1206 Biophysical Journal Volume 95 August 2008 1206-1216

Regulation of Membrane Proteins by Dietary Lipids: Effects of
Cholesterol and Docosahexaenoic Acid Acyl Chain-Containing
Phospholipids on Rhodopsin Stability and Function

Michael P. Bennett and Drake C. Mitchell

Laboratory of Membrane Biochemistry and Biophysics, National Institute on Alcohol Abuse and Alcoholism, National Institutes of Health,
Bethesda, Maryland

ABSTRACT Purified bovine rhodopsin was reconstituted into vesicles consisting of 1-stearoyl-2-oleoyl phosphatidylcholine or
1-stearoyl-2-docosahexaenoyl phosphatidylcholine with and without 30 mol % cholesterol. Rhodopsin stability was examined
using differential scanning calorimetry (DSC). The thermal unfolding transition temperature (T,,) of rhodopsin was scan rate-
dependent, demonstrating the presence of a rate-limited component of denaturation. The activation energy of this kinetically
controlled process (E,) was determined from DSC thermograms by four separate methods. Both T,,, and E, varied with bilayer
composition. Cholesterol increased the T, both the presence and absence of docosahexaenoic acid acyl chains (DHA). In
contrast, cholesterol lowered E, in the absence of DHA, but raised E, in the presence of 20 mol % DHA-containing
phospholipid. The relative acyl chain packing order was determined from measurements of diphenylhexatriene fluorescence
anisotropy decay. The T, for thermal unfolding was inversely related to acyl chain packing order. Rhodopsin kinetic stability
(E4) was reduced in highly ordered or disordered membranes. Maximal kinetic stability was found within the range of acyl chain
order found in native bovine rod outer segment disk membranes. The results demonstrate that membrane composition has
distinct effects on the thermal versus kinetic stabilities of membrane proteins, and suggests that a balance between membrane
constituents with opposite effects on acyl chain packing, such as DHA and cholesterol, may be required for maximum protein

stability.

INTRODUCTION

An extensive literature, accumulated over the past 40 years,
demonstrates that variation of essentially any aspect of
membrane lipid composition leads to a modulation of the
functional efficacy or oligomeric state of membrane proteins
(1-3). The effects that membrane composition may also have
on membrane protein-folding and structural stability have
received somewhat less attention. Characterizing the funda-
mental forces that determine the thermodynamic stability of
membrane proteins is an area of intense interest (4). The
energetic contribution of lipid-protein interactions to mem-
brane protein stability is likely to be as important for this class
of proteins as the energetics of protein-solvent interactions is
to the stability of soluble proteins. Determining the effects of
membrane composition on the energy required for thermal
denaturation provides a measure of the effects of the lipid
bilayer on relative protein-folding energetics.

Rhodopsin, a G protein-coupled receptor found in the disk
membrane of retinal rod cells, is responsible for vision under
low-light conditions. Light-induced isomerization of the 11-cis
retinal chromophore initiates a series of rapid conformational
changes, resulting in the active metarhodopsin II state (Metall),
which is in quasistable equilibrium with an inactive con-
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formation, Metal (5). Metall binds and activates the G pro-
tein transducin, Gy, initiating the visual-signal transduction
cascade in retinal rod cells (6-9). The Metal-Metall con-
formational equilibrium is sensitive to membrane physical
properties such as elastic curvature stress (10,11), acyl chain
packing free volume (12), and hydrophobic thickness (13).
The Metall-Metal equilibrium is also altered by aspects
of membrane composition, including head group (14), acyl
chain unsaturation (11,15-17), and cholesterol (18,19). The
effects of cholesterol and acyl chain unsaturation are partic-
ularly relevant to receptor function in humans, because these
two aspects of biological membrane composition are subject
to alteration by dietary fat intake or changes in lipid metab-
olism. The formation of Metall is particularly enabled by the
presence of docosahexaenoic acid acyl chain (DHA) 22:6n3,
which is present in abundance in the rod outer segment disk
membrane (20). In contrast, increased cholesterol reduces
the formation of Metall in native disk membranes and in
rhodopsin-containing proteoliposomes. Cholesterol is pres-
ent in bovine disk membranes at 5-30 mol %, depending on
the age of the disk (21,22). One of the interesting questions
posed by the disk membrane-rhodopsin system involves how
the contrasting forces exerted by high levels of 22:6n3 acyl
chains and significant levels of cholesterol are balanced to
provide optimal receptor function and structural stability.
The goal of this study was a detailed calorimetric analysis
of the combined effects of 22:6n3 acyl chains and cholesterol
on integral membrane protein stability. Protein stability is a
term that requires explicit definition, because it can refer to
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several different characteristics of protein energetics. We
refer to thermal stability as the temperature at which a protein
denatures, defined here as the maximum heat capacity of a
thermal unfolding transition (7,,). Using this terminology,
more thermostable proteins possess higher denaturation
temperatures. The thermal stability of a protein is determined
by a complex balance of the number and energies of intra-
protein hydrogen bonds and salt bridges (23), interactions
with other molecules such as lipid and solvent, and the in-
terplay between the entropy and enthalpy change of unfold-
ing (24). The thermodynamic stability of a protein is defined
as the difference in free energy between the native and de-
natured states (24). For proteins that undergo irreversible
thermal unfolding transitions, thermodynamic stability in
terms of free energy cannot be determined by calorimetry
(25). The kinetic stability of a protein refers to the rate at
which a denaturation process occurs, where kinetic destabi-
lization results in an increase in the rate of denaturation. An
integral feature of any kinetic process is the activation energy
barrier (E,), where large activation energy barriers result in
low rates of denaturation. Thermal and kinetic stabilities are
quite different properties, with thermal stability resulting
from the energies of intramolecular and intermolecular in-
teractions, whereas kinetic stability results from the time-
dependence of the physical mechanics of the denaturation
processes.

Receptor thermal stability may be measured directly from
the thermogram obtained by differential scanning calorime-
try (DSC). Kinetic stability is obtained via model-dependent
analyses of DSC data, such as the widely used methods de-
scribed by Sanchez-Ruiz et al. (26). A ‘‘kinetically con-
trolled’” denaturation process is a process whose rate is on the
order of the timescale of the DSC measurement, such that
alterations in the rate of measurement result in apparent
changes in the kinetic process being observed. At high
thermal scan rates, few of the rate-limited denaturation events
have time to occur at a given temperature. At slower scan
rates, more of the rate-limited events have time to occur at
lower temperatures, causing a redistribution of denaturation
events in the temperature regime, and a shift of the observed
thermal transition curve to lower temperatures. This alters
both the shape of the curve and the temperature of transition
maximum, T,,. The four methods developed by Sanchez-
Ruiz et al. (26) involve calculation of E, from both the shape
of the transition and the shift in 7, induced by variation in
scan rate (26).

EXPERIMENTAL PROCEDURES
Materials

Concanavalin A sepharose was purchased from Amersham Biosciences
(Piscataway, NJ). Phospholipids 18:0, 18:1PC, and 18:0,22:6n3PC were
purchased from Avanti Polar Lipids (Alabaster, AL). The fluorescent probe
diphenylhexatriene (DPH) was purchased from Molecular Probes (Eugene,
OR). Cholesterol was purchased from Calbiochem (San Diego, CA). Bovine
retinas were from James and Wanda Lawson (Lincoln, NE).
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Sample preparation

Rod outer segments (ROS) were isolated from bovine retinas, using the
modified Shake-ate method (27). The ROS were solubilized in 30 mM octyl-
B-D-glucopyranoside (OG) and rhodopsin was purified using a concanavalin
A affinity column (28). Rhodopsin was eluted with 150 mM mannoside, and
fractions with an absorbance ratio (A»g0/Asoo) <1.8 were pooled and dialyzed
against OG-containing buffer to remove mannoside. Purified rhodopsin was
analyzed for residual native phospholipid by the method of Bartlett (29), and
the residual phospholipid content was <1 phospholipid per 10 rhodopsins.

Rhodopsin was reconstituted into vesicles consisting of five different
compositions, varying in acyl chain composition and cholesterol: 1), 18:0,
18:1 phosphatidylcholine (1-stearoyl-2-oleoyl-phosphatidyl choline, or
SOPC); 2), SOPC combined with 30 mol % cholesterol (SOPC/chol); 3),
18:0, 22:6n3 phosphatidyl choline (1-stearoyl-2-docosahexaenoyl phos-
phatidyl choline, or SDPC); 4), SOPC + 20 mol % SDPC (SOPC/SDPC);
and 5), SOPC/SDPC plus 30 mol % cholesterol (SOPC/SDPC/chol). Pro-
teoliposomes were prepared using the rapid dilution method, as previously
described (30). Briefly, lipids in chloroform were mixed at the desired ratio,
lyophilized to complete dryness, dissolved in OG-containing buffer, and
mixed with purified thodopsin in OG buffer. This mixture was equilibrated at
4°C with gentle stirring for 4 h to ensure complete mixing of lipid-containing
and rhodopsin-containing micelles. Suspensions of rhodopsin/lipid/OG
mixed micelles were slowly dripped (~1 drop/s) into rapidly stirred cold
PIPES-buffered solution (PBS) (10 mM PIPES, 30 mM NaCl, 60 mM KCl,
2 mM MgCl,, 30 uM DTPA, pH 7.0) to reduce the OG concentration below
10 mM. The resulting dilute proteoliposome suspension was concentrated
by spinning at 1000 X g in a Sorvall GSA rotor (Thermo Scientific, Wal-
tham, MA) in Vivacell 70 10,000 MWCO spin filters (VivaScience, Sartorius
Stedim Biotech, Goettingen, Germany) and dialyzed against PBS (100-fold
excess, changed 3 times) to remove OG monomers. All final samples had a
lipid/rhodopsin ratio of 100:1 * 5%, as shown by analysis for rhodopsin
content (AAsq nm, using an extinction coefficient of 40,600 cm ™ "M~ 31)
and phospholipid content (according to the method of Bartlett (29)). All
sample preparations involving 22:6n3-containing phospholipids were con-
ducted in an argon-filled glove box, and all buffers were thoroughly degassed
with argon before use. The functionality of rhodopsin in liposomes was
judged by the presence of the native 11-cis retinal absorption band at 500 nm,
and by the complete conversion of this band to a band at ~380 nm by ex-
posure to light, as shown in Fig. 1.
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FIGURE 1 Example of dark-adapted rhodopsin (solid curve) and bleached

rhodopsin (dashed curve) in SDPC proteoliposomes. The sold curve shows
the broad absorption band at 500 nm of native, unbleached rhodopsin,
whereas the dashed curve shows the characteristic shift to 380 nm of bleached
rhodopsin.
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Differential scanning calorimetry

Differential scanning calorimetry measurements were performed with a 6100
Nano-Scan II calorimeter equipped with capillary cells (Calorimetry Sci-
ences, Provo, UT). Samples were degassed and loaded into the DSC under a
stream of argon in complete darkness, using infrared night-vision goggles.
Cells were sealed in the dark and maintained at a pressure of 4.0 atm to
maintain a stable baseline. Samples were scanned at rates of 0.25, 0.5, 1.0,
and 1.5 C/min from 45°C to 95°C. A second heating scan was repeated after
the sample was cooled and equilibrated at 40°C, and this scan was used to
correct for heat capacity changes not related to the protein unfolding tran-
sition. The DSC scans were normalized to excess molar heat capacity (Cp),
using CpCalc 2.1 (Calorimetry Sciences), and the thermograms were ana-
lyzed for T, and AH using an Origin 7 (OriginLab, Northampton, MA)
baseline correction, as described elsewhere (32). Thermograms were fit using
the equation Asym2Sig in Origin.

Determination of E, from DSC data

The methods of determining E, developed by Sanchez-Ruiz et al. (26) make
use of either the shift in 7, with change in scan rate, or various aspects of the
shape of the denaturation transition. Each of the methods of calculating the
activation energy are based on a two-state model of the denaturation process,
N — D, in which native molecules proceed irreversibly in a single step to the
denatured state with a first-order rate constant k& (26). The scan rate-inde-
pendent methods utilize characteristics of the thermogram such as the total
heat of the transition, O, (obtained by integrating the peak), the heat evolved
as a function of temperature, Q(7); the scan rate, v; and the heat capacity
as a function of temperature, Cp(T). The Asym2Sig equations describing
the thermograms were integrated in Mathcad (Insightful, Inc., Seattle, WA)
to obtain Q; — Q(T) and Q,/(Q; — Q(T)), which are required for two of the
methods (described below).

Method A

In this method, the slope of an Arrhenius plot is used to calculate E,. The
denaturation rate constant, , is calculated from the shape of a single ther-
mogram according to k(T) = vC,(D/(Q; — Q(T)). A plot of In(k) vs. 1/T
yields a line whose slope is —E,/R (26), where R is the gas constant. Multiple
thermograms collected at different scan rates should yield similar activation
energies.

Method B

The unique feature of this method is explicit use of the dependence of T, on
scan rate. It is independent of thermogram shape, and utilizes thermograms
collected at different scan rates to calculate the thermal denaturation acti-
vation energy according to v/ T2 = AR/E, * e F/RTm where A is the fre-
quency factor or activation entropy (33). As in method A, the slope of the plot
In(v/T2) vs. 1/T, is equal to —E,/R (26).

Method C

This method strictly analyzes the shape of the transition, and does not make
use of the scan rate. By plotting In[In(Q/(Q, — O(T))] vs. 1/T, the slope of the
line is again equal to —E,/R. The intercept of this method corresponds to the
Ty, of the transition, and should be equal to the thermogram T, (26).

Method D

A unique feature of this method is the explicit dependence of E, on the height
of the transition peak, C;*™, relative to the peak area Q. This method ana-
lyzes the shape of the thermogram according to E, = eRCJ™ T2 /0, (26).
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Time-resolved fluorescence

Vesicles were suspended in PBS buffer at a phospholipid concentration of
0.5 mM. The DPH was dissolved in tetrahydrofuran, and added at a phos-
pholipid/DPH ratio of 300:1. Fluorescence lifetime and differential po-
larization measurements at 37°C were acquired with a K2 multifrequency
cross-correlation phase fluorometer (ISS, Urbana, IL), as previously de-
scribed (34). Fifteen modulation frequencies, logarithmically spaced from
5-150 MHz, were used for both lifetime and differential polarization mea-
surements. All measurements were repeated a minimum of three times with
each sample composition. Measured polarization-dependent differential
phases and modulation ratios for each sample were combined with the
measured total intensity decay to yield the anisotropy decay, (7). All an-
isotropy decay data were analyzed in terms of the Brownian rotational dif-
fusion model (34,35). The results of the Brownian rotational diffusion
model-based analysis were interpreted in terms of an angular distribution
function, which is symmetric about 8 = /2, f(#). The extent to which the
equilibrium orientational freedom of DPH is restricted by the phospholipid
acyl chains was quantified using the disorder parameter, f,, which is pro-
portional to the overlap of f(6)sinf, with the orientational distribution cor-
responding to randomly oriented DPH (34,36).

Meta I-Meta Il equilibrium measurements

Spectra of the MI-MII equilibrium of photoactivated rhodopsin were col-
lected and deconvolved according to Straume et al. (37). Briefly, rhodopsin-
containing vesicles were diluted to 0.3 mg/mL in PBS buffer, pH 7.0, and
equilibrated at 37°C in a thermally regulated sample holder. A set of four
absorption spectra was collected sequentially in an Agilent 8453 diode array
spectrophotometer (Agilent Technologies, Santa Clara CA). These included
the spectra acquired 1), after the sample was equilibrated in the dark at 37°C;
2), 3 s after the sample was 15-20% bleached 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 complete bleaching of the sample.
Individual MI and MII spectra were deconvolved from their equilibrium
mixture, using a nonlinear least-squares method, and the equilibrium con-
stant, K4, was calculated according to K.q = [MII]/[MI].

RESULTS

The DSC thermograms were collected by heating from 40°C
to 95°C at four different scan rates for rhodopsin in all
five bilayer compositions: SOPC, SOPC combined with
30 mol % cholesterol (SOPC/chol), SDPC, SOPC + 20 mol
% SDPC (SOPC/SDPC), and SOPC/SDPC plus 30 mol %
cholesterol (SOPC/SDPC/chol). Increasing the scan rate
from 0.25°C/min to 1.5°C/min caused a progressive increase
in the apparent T}, of thermal unfolding for rhodopsin in all
five bilayer compositions, as shown for rhodopsin in SOPC
in Fig. 2. The T, for thermal denaturation of rhodopsin was
also dependent on lipid composition (Fig. 3). At the fastest
scan rate, the T,,, of rhodopsin in SOPC increased by 3.3°C
with the addition of 30 mol % cholesterol. In 80/20 SOPC/
SDPC, cholesterol increased Ty, by 4.25°C, suggesting that
the presence of a polyunsaturated 22:6n3 acyl chain in the
membrane amplifies the thermostabilizing effects of choles-
terol, perhaps by enhancing the interaction between rho-
dopsin and cholesterol. At all scan rates, the essential features
of the effects of cholesterol and 22:6n3 acyl on thermosta-
bility were qualitatively similar. Cholesterol raised T, by
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FIGURE 2 Thermograms of rthodopsin in SOPC collected at scan rates of
1.5°C/min, 1.0°C/min, 0.5°C/min, and 0.25°C/min (from top to bottom,
respectively). Dotted line corresponds to the T, of rhodopsin in SOPC at
1.5°C/min, and is included to illustrate the shift in 7, with scan rate.

3-4°C, and the difference in T, between rhodopsin in SOPC
and SDPC was <0.5°C.

The T}, of rhodopsin was found to be scan rate-dependent
for all compositions, consistent with a previous report for
rhodopsin in ROS disk membranes (38). To facilitate com-
parisons with other studies, the scan rate-induced T, shift
(AT,,) is normalized to the scan rate range, Av. The value of
AT,/Av ranged from 1.7-2.4°C, and varied with membrane
composition, as shown in Table 1. The addition of 30 mol %
cholesterol produced opposite changes in T,,/Av in SOPC
and 80/20 SOPC/SDPC. The addition of 30% cholesterol to
SOPC increased AT,,/Av by ~0.5°C, but in SOPC/SDPC, 30
mol % cholesterol lowered AT,,/Av by 0.6°C. The addition of
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FIGURE 3 Effects of lipid composition on thermal denaturation temper-
ature and scan rate-induced T, shift of rhodopsin. Gray bars correspond to
transition temperature at the fastest scan rate (1.5°C/min, average of two
scans), and open bars correspond to T, at the slowest scan rate (0.25°C/
min).
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20 mol % SDPC to an SOPC membrane raised AT,,/Av by
~0.7°C, to a value approximately the same as that obtained
in pure SDPC. This suggests that with respect to the rate-
limited process, the destabilizing effects of SDPC may sat-
urate at 20 mol %. Interestingly, the addition of both SDPC
and cholesterol to an SOPC membrane resulted in a AT,,,/Av
close to what is observed in pure SOPC bilayers, suggesting
that the individual destabilizing effects of cholesterol and
SDPC may cancel each other out when both cholesterol and
22:6n3 acyl chains are present in the membrane.

The dependence of T}, on scan rate and the shape of the
denaturation transition were used to calculate the activation
energy of the kinetically limited process (26), using each of
the 4 methods developed by Sanchez-Ruiz et al. (26).
Methods A and C use the shape of the thermogram, specifi-
cally vCp/(Qi— Q(T)) in method A and Q/(Q— O(T)) in
method C, as shown in Fig. 4. Values of E, determined by
methods A and C were in good agreement with each other for
every thermogram, i.e., at all scan rates for each membrane
composition. In method C, the x axis intercepts correspond to
T, and these values were compared to the actual thermo-
gram T, to validate the calculation. This analysis typically
yielded values of T, that were <1°C different from the actual
T,,, and data from analyses that exceeded a 1°C error in T},
were discarded.

Method B is based on the scan rate-induced temperature
shift, and does not depend on the shape of the thermogram.
Fig. 5 shows representative plots used to determine activation
energy by this method. The shallower slope in the plot of
SOPC/cholesterol in Fig. 4 A, reflects the lower activation
energy in this sample compared with rhodopsin in pure
SOPC. In contrast, the steeper slope of the plot for SOPC/
SDPC/cholestrol in Fig. 4 B shows that the addition of cho-
lesterol to an SOPC/SDPC bilayer raises the activation en-
ergy of denaturation. The values of E, derived via method B
were approximately twice the values produced by the other 3
methods (Table 2). Method B is based solely on the shift in
T, with scan rate, whereas the other methods are derived
from the detailed shape and height of the thermogram. All 4
analytical methods produced values of E, that varied with
membrane composition in an essentially identical manner, as
shown in Fig. 6. Because of their similar theoretical basis, the
values of E, determined by methods A, C, and D were
combined in Fig. 5 B.

The most striking effect of variation in membrane com-
position on E, involves the differential effects of 30 mol %
cholesterol. The addition of 30% cholesterol to an SOPC
membrane results in a decrease in the E, for rhodopsin de-
naturation. The addition of this amount of cholesterol to an
80/20 SOPC/SDPC membrane raises E,, and both of these
effects are statistically significant (Fig. 6). A second unex-
pected result is that the addition of 20% SDPC to an SOPC
membrane also results in a decrease in E,. All 4 methods
indicate that the simultaneous incorporation of SDPC and
cholesterol into an SOPC bilayer results in a rhodopsin de-

Biophysical Journal 95(3) 1206-1216
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TABLE 1 Effects of membrane composition on rhodopsin thermal transition properties

Bennett and Mitchell

Sample AT,./JAv T, (°C) AH_, (kJ/mol) o T (°C)
SOPC 1.7 = 0.30
1.5°C/min 71.65 £ 0.30 590 *= 21 204 = 1.5 6.1 = 0.2
1.0 71.43 = 0.04 536 = 25 20.6 = 0.7 5.7 = 0.1
0.5 70.73 £ 0.18 544 = 17 20.6 = 0.2 5.8 = 0.1
0.25 69.49 * 0.02 578 £ 4 21.1 £ 0.2 6.2 = 0.0
SOPC + cholesterol 2.2 £0.20
1.5°C/min 7490 = 0.14 766 = 8 25.1 = 04 6.6 = 0.0
1.0 74.40 £ 0.14 766 = 42 253 + 0.5 6.5+ 03
0.5 73.50 *+ 0.28 729 * 38 264 + 04 6.1 = 0.7
0.25 72.20 £ 0.14 846 £ 59 255 £ 32 7.1 = 0.1
SOPC/SDPC 24 *+ 0.67
1.5°C/min 71.25 = 0.21 846 + 38 272+ 14 7.0 = 0.1
1.0 70.95 * 0.07 909 *+ 92 30.0 = 1.3 6.8 = 0.1
0.5 69.95 £ 0.49 1005 = 50 29.8 + 04 72 04
0.25 68.25 + 0.64 1197 = 301 38.3 = 4.7 73+ 1.0
SOPC/SDPC + cholesterol 1.8 = 0.00
1.5°C/min 75.50 £ 0.00 557 = 13 21.2 £ 0.6 5.8 0.0
1.0 75.30 = 0.28 758 £ 193 28.2 + 8.5 58 03
0.5 74.00 = 0.00 729 *= 155 24.0 = 1.6 6.5 =09
0.25 73.20 * 0.00 582 = 50 21.8 + 1.6 6.0 = 0.1
SDPC 2.3 +0.38
1.5°C/min 71.80 = 0.14 720 *= 46 258 * 1.2 6.3 = 0.0
1.0 71.65 £ 0.07 716 = 54 25.5 £ 29 6.3+ 04
0.5 70.35 = 0.21 967 = 100 292 +23 7.1 = 0.1
0.25 68.95 £ 0.35 1285 = 130 312 * 4.6 9.5+ 02

naturation activation energy that is nearly the same as in pure
SOPC bilayers. All 4 methods show that E, for rhodopsin
thermal denaturation is significantly lower in SDPC than in
SOPC. Method B indicates that the E, of rhodopsin in SDPC
is slightly larger than in 80/20 SOPC/SDPC, whereas the
average of methods A, C, and D indicates that it is slightly
less. The differences are not significant, suggesting that the
kinetic acceleration of rhodopsin thermal denaturation by
SDPC is saturated at 20 mol % SDPC.

The compositional parameters that varied in this study
(cholesterol and DHA content) were selected because they are
aspects of biological membrane composition that may be al-
tered by diet. The principal membrane property that is altered
by an adjustment of both of these compositional variables is
acyl chain packing, or fluidity. To quantify the changes in acyl
chain packing because of variations in membrane composi-
tion, we measured DPH fluorescence anisotropy decays for all
rhodopsin-containing proteoliposomes at 37°C. The effects of
membrane composition on acyl chain packing were quanti-
fied in terms of the disorder parameter f, (34,36). The values
of f, obtained for SOPC/cholesterol and SOPC/SDPC/cho-
lesterol are <<0.06, indicating a narrow orientational proba-
bility distribution for DPH which is interpreted as the result of
relatively condensed acyl chain packing. In the cholesterol-
free bilayers, f, ranged from 0.129-0.158, indicating that acyl
chain packing in these three bilayers is much less constrained,
or more fluid, than in cholesterol-containing bilayers.

Biophysical Journal 95(3) 1206—1216

The ability of photo-activated rhodopsin to undergo the
Metal-to-Metall conformation change was assessed from
corrected difference spectra of equilibrium Metal-Metall
mixtures acquired at 37°C, as shown in Fig. 7. The Metal/
Metall equilibrium constant ranged from 0.94 for SOPC/
cholesterol to 3.2 for rhodopsin in SDPC (Table 2). Both a
reduction in K4 with the addition of cholesterol (19,39), and
an increase in K, with the addition of DHA, are consistent
with previous reports (11,12,17).

DISCUSSION

The thermal and kinetic stabilities of rhodopsin are affected
by the composition of the surrounding lipid membrane. The
values of T}, for thermal denaturation of rhodopsin in Fig. 3
show that the thermostability of rhodopsin in SOPC bilayers
is increased by ~3°C by the addition of 30% cholesterol, and
modestly decreased by ~0.5°C by the addition of 20%
SDPC. The thermal stabilization of rhodopsin by cholesterol,
and destabilization by polyunsaturated acyl chains, was previ-
ously observed (40,41). We report here that the presence of
both 30 mol % cholesterol and 20% SDPC in an SOPC bi-
layer results in rthodopsin that is ~4.4°C more thermostable
than in 80/20 SOPC/SDPC, and ~0.6°C more thermostable
than rhodopsin in SOPC/cholesterol. This suggests that the
presence of SDPC in an SOPC bilayer containing cholesterol
amplifies the thermostabilizing effect of cholesterol on rhodopsin.
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gram. (A) Representative plots of In(k) vs. 1/T (method A): rhodopsin in
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circles). Activation energy is determined from the slope of the line. (B)
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SOPC/SDPC/cholesterol (open diamonds). Activation energy is determined
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We considered a possible relationship between acyl chain
packing and rhodopsin stability by comparing the parameters
that characterize the thermal denaturation of rhodopsin with
acyl chain packing, as summarized by f, (Fig. 8, B and C).
This comparison was motivated by the linear relationship
between f, and the Metal-to Metall conformation change,
summarized by K4, reported previously for rhodopsin in
ROS disk membranes (19) and in reconstituted membranes
consisting of a wide range of phospholipid compositions
(12,18). For the bilayer compositions examined in this study,
a comparison of these two parameters at 37°C showed this
same linear relationship, as seen in Fig. 8 A. However, Fig.
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FIGURE 5 Scan rate-dependent method of determining denaturation
activation energies. Activation energies are determined from the slopes of
the lines. (A) Application of the scan rate-dependent method to rhodopsin in
SOPC (solid triangles) and in SOPC + 30% cholesterol (open circles). (B)
Rhodopsin in SOPC + 20% SDPC (solid circles) and in SOPC/SDPC/
cholesterol (open diamonds).

8, B and C show that there is not a simple relationship be-
tween acyl chain packing and the thermal or kinetic stability
of rhodopsin.

A striking feature of Fig. 8 B is that the values of T,, for
rhodopsin in the 2 cholesterol-containing membranes (open
symbols) vary by ~0.9°C, and are ~4°C higher than T,,, in
the 3 membranes without cholesterol (solid symbols), which
vary by only ~0.7°C. One clear difference between these 2
groups is the hydrophobic thickness of the bilayer. Choles-
terol at 30 mol % increases the phosphate-to-phosphate
spacing of SOPC by ~5 A (42), whereas an SDPC bilayer is
<1 A thicker than an SOPC bilayer (43). This suggests that

TABLE 2 Values of E, (kJ/mol) determined by the four methods of Sanchez-Ruiz et al. (26)

Sample Method A Method B Method C Method D Keq fv
SOPC 394 + 14 758 £ 41 440 £ 10 414 = 19 2.00 £ 0.13 0.129 *+ 0.009
SOPC/cholesterol 352 =23 645 £ 22 352 £ 31 377 £ 31 0.94 = 0.09 0.050 = 0.004
SOPC/SDPC 335 + 33 519 * 31 406 = 53 356 + 27 2.65 £ 0.21 0.139 = 0.004
SOPC/SDPC/cholesterol 398 + 23 703 £ 27 444 + 51 419 = 32 1.14 = 0.07 0.058 = 0.003
SDPC 301 = 42 557 £ 26 385 £ 51 348 + 56 3.20 = 0.20 0.158 *+ 0.005
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FIGURE 6 Comparison of activation energies determined by different
methods. (A) Activation energies determined by method B. (B) E, values
obtained by averaging methods A, C, and D. In all four methods, the
addition of either 22:6 acyl chains or cholesterol separately reduces the
activation energy of rhodopsin denaturation. All four methods also suggest
that the presence of both cholesterol and 22:6 acyl chains essentially nullifies
the destabilizing properties that each exhibits when added alone.

the 3 cholesterol-free bilayers have essentially the same hy-
drophobic thickness, whereas the 2 cholesterol-containing
bilayers are ~5 A thicker. Previous studies demonstrated that
the thermal and thermodynamic stabilities of membrane-
spanning proteins are altered by changes in the hydrophobic
thickness of the surrounding membrane. In di-saturated
lipids, the AG® for urea-induced reversible unfolding of
OmpA increases ~8 kJ mol ™", for a 5-A increase in hydro-
phobic thickness (44), and cytochrome c oxidase is 6°C more
thermostable in di-18:1n9(trans) phosphatidylcholine (PC)
bilayers than in di-14:0 PC bilayers (45). Thus, the variation in
T,, with bilayer composition in Fig. 8 B may reflect differ-
ences in membrane thickness. The lack of correlation between
acyl chain packing and T, is consistent with a previous study
in which f, was varied by changing the lipid/protein ratio in
SDPC membranes, but there was no variation in T, (46).
Fig. 8 C shows the relationship between acyl chain packing
and the activation energy barrier to thermal denaturation, E,,
and summarizes the complex relationship between bilayer
composition and E,. In the cholesterol-free bilayers, SOPC
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FIGURE 7 Examples of spectra of MI-MII equilibrium mixtures obtained at
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30 mol % cholesterol (C). A spectrum acquired in the dark was subtracted
from a spectrum acquired immediately after a brief (~1 ms) green flash that
bleached 20-25% of the sample. The band corresponding to unbleached
rhodopsin in the resulting difference spectrum was subtracted after analytical
determination of the shape and height of the rhodopsin absorption band.

(solid triangles) produced the highest value of E, (420 kJ/
mol), SDPC (solid squares) produced the lowest value of E,
(345 kJ/mol), and 80/20 SOPC/SDPC (solid circles) had an
intermediate value (365 kJ/mol). This large variation indi-
cates that bilayer thickness is unlikely to determine E,, be-
cause these 3 bilayers have essentially the same hydrophobic
thickness, as discussed above. The addition of 30 mol %
cholesterol produced opposite effects, depending on the host
phospholipid matrix; it lowered E, by 60 kJ mol in SOPC
(open circles), and raised E, by 55 kJ/mol in the SOPC/SDPC
mixture (open diamonds).

It is particularly informative to consider the similar values
of E, obtained in SOPC and in the ternary lipid mixture
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ity, Tpy, at a scan rate of 1.5°C/min. (C) Denaturation activation energies, E,,
determined from the average of methods A, C, and D.

E_, kJ/mole

SOPC + 20% SDPC + 30% cholesterol. The addition of
either cholesterol or SDPC to SOPC lowers E,, so the lack of
a destabilizing effect in the ternary mixture is surprising and
suggests several possibilities. One possibility is that rho-
dopsin denaturation activation energy is controlled by acyl
chain packing, regardless of bilayer composition. Fig. 8 C,
suggests that the kinetic stability of rhodopsin may be max-
imal within an intermediate range of acyl chain packing. We
note that the apparent maximal value of E, occurs within
the range of free volume reported for native disk membranes
(fv ~0.12) (36). A biphasic effect of acyl chain packing on
rhodopsin kinetic stability is consistent with the observations
of Albert and Boesze-Battaglia (47), who found that E, for
rhodopsin thermal denaturation was increased by cholesterol
up to 14 mol %, and was decreased by higher levels of
cholesterol. Nonlinear effects of cholesterol were also ob-

1213

served in functional studies of membrane proteins (48).
Several proteins, including the Na/Ca exchanger (49), Na/K
ATPase (50), glutamate transporter (51), and GABA trans-
porter (51), exhibit an increase in activity with increasing
cholesterol concentrations, followed by a decrease in activity
at higher cholesterol concentrations. The comparison be-
tween acyl chain packing and E, in Fig. 8 C suggests that
membranes may modulate the kinetics of protein thermal
denaturation.

A second possibility is that specific rhodopsin-lipid inter-
actions play a role in the modulation of denaturation kinetics.
Evidence for specific GPCR-cholesterol and GPCR-DHA
interactions was presented in a number of reports. Albert
et al. reported fluorescence resonance energy transfer be-
tween rhodopsin and a fluorescent cholesterol analog which
was specifically quenched by cholesterol, but not ergosterol,
and suggested there may be a specific binding site on rho-
dopsin for cholesterol (52). The recently reported crystal
structure of the (B2 adrenergic receptor includes ordered
cholesterol molecules in close proximity to the protein (53).
Soubias et al. reported magnetization transfer between rho-
dopsin and both DHA and oleic acid acyl chains, and pro-
posed that there are distinct interaction sites on the surface of
rhodopsin for these two acyl chains (54). In addition, mo-
lecular dynamics simulations provide support for rhodopsin-
DHA interactions (55,56). Further experiments involving the
incremental titration of cholesterol and DHA-containing
phospholipid and variations in rhodopsin/lipid ratio will be
required to unambiguously the possible specific roles of in-
teractions between rhodopsin DHA acyl chains and choles-
terol in determining rhodopsin kinetic stability.

A third possibility is that lipid segregation in the ternary
mixture prevents cholesterol or DHA from interacting with
rhodopsin as they do in the binary mixtures, leaving the de-
naturation activation energy unchanged. In these pure lipid
bilayers, cholesterol interacts with both SOPC and SDPC via
association with the saturated 18:0 acyl chain (57). Thus, it
seems unlikely that that the ternary SOPC/SDPC/cholesterol
mixture is not uniformly mixed. However, the possibility that
rhodopsin may induce de-mixing of this ternary mixture has
not been explored.

Recent reports demonstrate that rhodopsin reconstituted in
phospholipid bilayers does not exist strictly as monomers
(13,58). In particular, Botelho et al. showed that the extent of
rhodopsin monodispersion or oligomerization varies with
bilayer thickness over the thickness range spanned by di-14:1
PC and di20:1 PC, for a lipid/rhodopsin ratio of 100 (13).
They also showed that thodopsin dispersion varies substan-
tially with lipid/protein ratio. Their results indicate that at the
100:1 lipid/rhodopsin ratio employed in this study, the rela-
tive monodispersion of rhodopsin is quite high. Variation in
rhodopsin monodispersion/oligomerization with bilayer
thickness suggests that thodopsin may be dispersed differ-
ently in cholesterol-containing and cholesterol-free bilayers.
However, the large variation in E, within each of these

Biophysical Journal 95(3) 1206-1216
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TABLE 3 Denaturation activation energies for other proteins

Bennett and Mitchell

Structural
Molecular fold (60),
mass oligomeric

Protein (kDa) state

Methods used
to E,

determine E, AT,/Av* (kJ/mol) Reference

Concanavalin A 26.5 All-B Tetramer

Thermolysin 36.4 a + B Monomer

Hemocyanin 400.0 a + B Didecamer

Glutathione-s-transferase 26.0

a + B Dimer

Annexin V E17G 35.7

Nitrite reductase 37.0 All-B Trimer

Subtilisin BPN' 275 a + B Monomer

All-a Monomer (cytosol),
polymeric (membrane)

21 126 (59)
138
129

6 275 (26)
269
296
287

2 582 (61)
594
626
587

3 398 (62)
456
431
402

> gawmy» Taw» Tawr> QOF >

2 601 (63)

713
546
611

3 574 (64)
435
523
556 (65)

3 255
218
280
251

Saw» TOwW» TUTOW

*Some values of AT,,/Av were estimated from published thermograms.

groups indicates that the relative oligomeric state does not
play a role in determining the kinetic stability of rhodopsin
thermal denaturation.

Previous studies that used all four methods of Sanchez-
Ruiz et al. (26) reported discrepancies between the values of
E,, as summarized in Table 3. Values of E, determined by
method B often differed significantly from the values ob-
tained via the methods based on the detailed shape of the
DSC thermogram (methods A, C, and D). Various ranges of
scan rates were used in the studies summarized in Table 3,
and thus the ratio of T, shift to scan rate range, AT,,/Av, is
provided to facilitate comparisons of the magnitude of the
scan rate-induced Ty, shift. Values of AT, /Av are weakly
correlated with the extent of agreement between the four
methods. For proteins with relatively large T, shifts, such as
concanavalin A (59) and thermolysin (26), the values of E,
calculated by method B are within 10% of the average values
calculated by the other three methods. The other five proteins
in Table 3 yielded values of AT, /Av similar to the value
obtained in this study. Comparing the method B value to the
average of the other three methods for these five proteins

Biophysical Journal 95(3) 1206—1216

shows that for glutathione-s-transferase and annexin V, the
method B value is high, and for nitrite reductase and subtil-
isin BPN’, the method B value is low. However, for hemo-
cyanin, the method B value is consistent with the values from
the other methods. Consideration of structural fold, protein
size, or oligomerization state provided no correlation with the
extent of agreement of the method B value and the values
obtained the other 3 methods. In our study, the discrepancy
between E, determined by method B and the values from the
other 3 methods is 40—80%, much higher than the differences
for the proteins summarized in Table 3. We speculate that this
may be because ~50% of the mass of rhodopsin is embedded
in the membrane, whereas the proteins in Table 3 are soluble
or bind to the membrane surface.

In conclusion, we examined the role of lipid composition
in the modulation of the thermal and kinetic stability of
rhodopsin. The thermal stability, T, of rhodopsin in SOPC
reconstituted membranes is increased by the addition of 30
mol % cholesterol, and decreased by the addition of 20%
SDPC. The simultaneous addition of cholesterol and SDPC
further enhances the thermostability of rhodopsin beyond the
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effects of cholesterol alone, which may suggest the promo-
tion of rhodopsin-cholesterol interactions by SDPC. The
highest value of thermal denaturation activation energy was
also obtained in a bilayer containing both cholesterol and DHA
acyl chains. These results imply that one important function of
the combination of DHA acyl chains and cholesterol found in
the rod outer segment disk membrane is to provide maximal
thermal and kinetic stability to rhodopsin.
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