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ABSTRACT: We report on a novel reconstitution method for G-protein-coupled receptors (GPCRs) that
yields detergent-free, single, tubular membranes in porous anodic aluminum oxide (AAO) filters at
concentrations sufficient for structural studies by solid-state NMR. The tubular membranes line the inner
surface of pores that traverse the filters, permitting easy removal of detergents during sample preparation
as well as delivery of ligands for functional studies. Reconstitution of bovine rhodopsin into AAO filters
did not interfere with rhodopsin function. Photoactivation of rhodopsin in AAO pores, monitored by
UV-vis spectrophotometry, was indistinguishable from rhodopsin in unsupported unilamellar liposomes.
The rhodopsin in AAO pores is G-protein binding competent as shown by a [35S]GTPγS binding assay.
The lipid-rhodopsin interaction was investigated by2H NMR on sn-1- or sn-2-chain perdeuterated
1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phospholine as a matrix lipid. Rhodopsin incorporation increased
mosaic spread of bilayer orientations and contributed to spectral density of motions with correlation times
in the range of nano- to microseconds, detected as a significant reduction in spin-spin relaxation times.
The change in lipid chain order parameters due to interaction with rhodopsin was insignificant.

Structural and functional studies on purified membrane
proteins are very challenging because of difficulties with
sample preparation. The most widely used protocols consist
of detergent solubilization of proteins, addition of lipid to
the micellar solution, formation of membrane vesicles by
detergent removal or by rapid dilution below the critical
micelle concentration (cmc) followed by detergent removal
with polystyrene beads via hydrophobic adsorption (1-3),
dialysis (4, 5), column chromatography (6-8), or a combina-
tion of the three approaches (9, 10). The commonly used
procedures for detergent removal are time-consuming, may
result in a substantial loss of precious material, and could
be detrimental for protein activity. Here, it was explored
whether the reconstitution of rhodopsin into a porous anodic
aluminum oxide (AAO) substrate is a better way to quickly
form GPCR-containing bilayers that are free of detergent.

The following goals were set: the reconstituted protein
must be functional, reconstitution should be completed within
minutes, one side of the membrane must be freely accessible
from the water phase, bilayers should be oriented, and
membrane concentration should be sufficiently high to enable
structural studies by NMR and diffraction methods. A
promising approach is to deposit membranes inside the pores
of AAO filters as single, tubular bilayers. Anodic oxidation
of aluminum producesγ-alumina with a reproducible pore
size in the submicrometer range, high pore density, and a
narrow pore size distribution. Several laboratories reported
feasibility of depositing phospholipid layers on the cylindrical
walls of AAO pores (11-14). The tubular lipid bilayers cover

pore walls over their entire length. A porous AAO filter with
a surface area of 1 cm2 and a thickness of 60µm allows a
very high density of solid-supported single bilayers per filter,
which for a typical phospholipid can be as high as∼250 to
300 µg of lipids per filter.

We previously reported on the formation of tubular lipid
bilayers by extrusion of multilamellar liposomes through
AAO filters and characterized their properties by1H-, 2H-,
and 31P solid-state NMR with and without magic angle
spinning (MAS) (15). In the fluid bilayer phase, membranes
were unperturbed by the solid support. Mosaic spread of
bilayer orientations exceeded mosaic spread of pore orienta-
tion considerably, indicating that bilayers do not adhere
strictly to the solid surface, but form wavy tubules with a 3
nm (on average) wide water layer between the membranes
and the AAO surface. We successfully trapped the water-
soluble polymer PEG 8000 in this water layer. Diffusion
experiments by NMR demonstrated that bilayer tubules
consisted of short pieces with an average length of less than
1 µm. They adhere to the AAO surface at their ends, such
that the water layer trapped between AAO and bilayers is
sealed off from the water column in the middle of the pores.
However, the seal can be broken by forceful flushing or by
decreasing the temperature below the gel phase transition
of lipids.

Porous AAO has been used to study the interaction of
protein with membranes (16). We used AAO filters for
reconstitution of rhodopsin to conduct1H MAS NMR
experiments with magnetization transfer from protein to
lipids (17) as well as for reconstitution of recombinant human
cannabinoid receptor CB2 (18). Other laboratories reported
the first spectra of labeled peptides reconstituted into tubular
bilayers in porous AAO (19-21).
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Here, we demonstrate that the GPCR rhodopsin retains
function upon reconstitution into porous AAO filters. Rhodop-
sin represents a paradigm for the large and diverse family
of GPCR that plays an essential role in the transduction of
signals from the extracellular environment across the plasma
membrane to the interior of eukaryotic cells and thus are
important pharmacological targets. Rhodopsin was recon-
stituted into a lipid matrix with polyunsaturated, docosa-
hexaenoic acid (DHA, 22:6n3) hydrocarbon chains to
simulate its natural environment. Reconstitution at concentra-
tions sufficient for NMR structural studies was achieved
within minutes. Structural transitions of rhodopsin after
photoisomerization of retinal were unperturbed by the solid
support. The activated receptor was G-protein binding
competent. Perturbations of lipid chain order due to the
presence of the protein are very small. However, rhodopsin
increased mosaic spread of bilayer orientations and signifi-
cantly reduced2H spin-spin relaxation times.

MATERIALS AND METHODS

Lipids.The phospholipids 1-perdeutero-stearoyl-2-docosa-
hexaenoyl-sn-glycero-3-phosphocholine (18:0d35-22:6n3-
PC), 1-stearoyl-2-perdeutero-docosahexaenoyl-sn-glycero-3-
phosphocholine (18:0-22:6d31n3-PC), and 1-palmitoyl-2-
oleolyl-sn-glycero-3-phosphocholine (16:0-18:1n9-PC) were
synthesized by Avanti Polar Lipids Inc. (Alabaster, AL).
Perdeuterated DHA was produced by growingCryptheco-
dinium cohnii(Martek Biosciences, Inc.) on 50% deuterated
water. According to high resolution1H and 2H NMR
experiments, the DHA chain was deuterated to 38%, except
for the terminal methyl group, which was deuterated to 30%.
Polyunsaturated lipids were stored at-80 °C in sealed,
argon-filled ampules as a solution in methylene chloride with
the antioxidant butylated hydroxytoluene (BHT) added at a
lipid/BHT molar ratio of 200:1. Texas Red-DHPE for
fluorescence labeling of the lipid matrix was obtained from
Invitrogen (Carlsbad, CA).

BoVine Rhodopsin.Rhodopsin was purified from bovine
retinas using previously published procedures (22). Rhodop-
sin fractions that gave a 280/500 nm intensity ratio of 1.9 or
lower in the UV-vis absorption spectra were used for
reconstitution. Particular care was taken to remove traces of
retinal lipids including cholesterol from the preparation.
Residual lipid content was monitored by choline and
cholesterol assays. Only rhodopsin fractions with less than
0.3 molecules of cholesterol per rhodopsin were selected.

Reconstitution into AAO Pores.To reconstitute rhodopsin
into lipid bilayers, a micellar solution of rhodopsin and lipid
in octylglucoside (OG) was rapidly diluted below the cmc
of OG (19 mM) by injection into PIPES buffer (10 mM
Pipes, 100 mM NaCl, 50µM DTPA, pH 7.0) prepared with
deuterium-depleted water. The final concentration of OG
after dilution was 10 mM or less. Tubular rhodopsin-
containing bilayers were formed by extrusion of proteoli-
posomes through Anopore filters (Whatman) with a nominal
pore diameter of 0.2µm and a thickness of 60µm. Extrusion
was performed in a stainless steel thermobarrel extruder
(Lipex Biomembranes, Inc., Vancouver, BC, Canada) at
ambient temperature, well above the main phase transition
temperature of 16:0-18:1n9-PC (271 K) and 18:0-22:6n3-
PC (271 K). For each experiment, from two to five AAO

filters (Ø 13 mm) were stacked and flushed with several
millileters of PIPES buffer before extruding the dispersion
of proteoliposomes. 1 mL of proteoliposome dispersion (0.3-
0.7 mg lipids/mL) was then extruded five times through the
stack of filters at a rate of 0.01 mL/s resulting in entrapment
of multilamellar structures inside the pores. All but a single
bilayer near the AAO pore surface, as well as residual OG
in membranes, were removed by flushing the filters with 5
mL of PIPES buffer at a rate of 0.2 mL/s. The lipid
concentration in the proteoliposome dispersion before and
after extrusion was measured by following the fluorescence
intensity of 0.1% Texas Red-DHPE that was added to the
lipid. The rhodopsin concentration was determined by light
absorption at 498 nm. Samples were prepared in complete
darkness in a glove box filled with pure nitrogen gas,
generated from liquid nitrogen, to prevent oxidation of the
polyunsaturated lipid.

2H NMR. Solid-state2H NMR experiments were carried
out on a Bruker DMX500 spectrometer equipped with a flat
coil probe (Doty Scientific, Columbia, SC). Data were
acquired at a temperature of 308 K with a quadrupolar echo
pulse sequence (23) of d1-90°x-τ-90°y-acq, a relaxation
delay time ofd1 ) 250 ms, a 5µs 90° pulse, a delay time of
τ ) 75µs, and a 200 kHz spectral width. Typically, 200 000
transients were acquired.2H NMR spin-spin relaxation times
(T2) were measured with a quadrupolar spin echo experiment
(π/2-τ-π/2-acq) following the reduction of signal intensity
with increasing delay time,τ. To improve spectral resolution,
the experiments on the randomly deuteratedsn-2 chain were
performed with proton decoupling. The spin-spin relaxation
times, T1q, were measured by an inversion-recovery pulse
sequence (π-τ-π/2-acq).

PhotoactiVation of Rhodopsin.UV-vis absorption spectra
of rhodopsin were recorded at 291 K with a Hewlett-Packard
8452A diode array spectrophotometer. Measurements were
conducted on a single AAO filter containing∼120-160µg
of rhodopsin reconstituted into 16:0-18:1n9-PC or 18:0-22:
6n3-PC bilayers at a protein/lipid molar ratio of 1:100. The
water in AAO pores was replaced by a 5 Msucrose solution
to match refractive indices of pores and AAO substrate. This
reduced the scattering of light from AAO filters to acceptable
levels. The filters were mounted on the inner surface of a
cuvette with a path length of 1 cm, filled with a 5 Msucrose
solution. Four consecutive UV-vis absorption spectra were
recorded over the wavelength range 300-800 nm. Spectrum
1 was from unbleached rhodopsin. Light exposure from the
instrument was sufficiently low to prevent a measurable
bleaching of rhodopsin, as confirmed by repeating the
experiment. Spectrum 2 was taken immediately after expo-
sure to a single flash from a Metz 451 camera strobe passed
through a 500 nm interference filter (bandwidth 25 nm).
Spectrum 3 was acquired after addition of 30µL of a freshly
prepared 2 M hydroxylamine solution in PIPES buffer at
pH 7 to the sucrose solution. Spectrum 4 was obtained after
exposure to the light of a green laser pointer (wavelength
532 nm, power 5 mW) for 60 s (Figure 4).

Although scattering was reduced by the high sucrose
concentration in solution, it was necessary to correct the
spectral baseline for the influence of light scattering. This
was done by fitting spectral baselines over the spectral ranges
350-450 nm and 600-800 nm (spectra 1-3, Figure 4) and
450-800 nm (spectrum 4, Figure 4) to a polynomial function
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of fourth-order and subtracting the fitted baseline from the
spectrum over the entire recorded range. The difference
spectrum (2-3), with an absorption maximum at 478 nm,
corresponds to the spectrum of metarhodopsin-I (MI).
Therefore, an additional criterion for acceptance of the
baseline correction was that the baseline-corrected spectrum
had the proper absorption maximum.

GRi1 Binding to Rhodopsin.GRi1 was expressed in
Escherichia coliand purified as described earlier (24). The
30 µL of proteoliposome dispersion in PIPES buffer,
containing 1 nmol/mL of rhodopsin at a rhodopsin/16:0-18:
1n9-PC molar ratio of 1:1000, was extruded by centrifugation
(6 min, 2000g) through one AAO filter (tissue culture inserts
with a 0.2 µm Anopore ,membrane, Nalge Nunc Interna-
tional, Rochester, NY). The amount of lipid in AAO filters
was measured by recording the fluorescence of 0.1% Texas
Red-DHPE in the bilayers before and after filtration. The
filters were washed twice with PIPES buffer (30µL, 1 min,
10000g) to remove all but the last tubular membrane layer
at the pore surface. Rhodopsin was bleached by exposing
samples to the light of a green laser pointer for 60 s. Within
1 min, rhodopsin was exposed to a solution of GRi1 (30 µL,
5.33 nmol/mL GRi1, 50 mM MOPS buffer, pH 7.5, 100 mM
NaCl, 11 mM MgSO4, 1 mM EDTA, 1 mM DTT) that was
sent through the filter by centrifugation (6 min, 2000g). The
filters were then washed twice with MOPS buffer (30µL, 1
min, 10000g) to remove excess GRi1 that did not bind to
rhodopsin. GDP-GTPγS exchange was performed by ex-
posing filters to 30µL of a 41µM solution of [35S]GTPγS/
GTPγS, molar ratio 0.0043, in MOPS buffer as above that
was sent through the filter by centrifugation at 2000g. The
filters were then washed twice with MOPS buffer (30µL, 1
min, 10000g) to collect GRi1-GTPγS complexes, and the
eluted volume was mixed with 1 mL of chilled stop buffer
(20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 25 mM MgCl2,
4 °C). The eluent was filtered immediately through a
nitrocellulose membrane that trapped the GRi1-GTPγS
complex (retention efficiency 80% (25)). The nitrocellulose
filter was washed three times with 1 mL of stop buffer and
air-dried. The amount of filter-bound [35S]GTPγS was
determined by scintillation counting using 4 mL of scintil-
lation cocktail Scintisafe Plus 50% from Fisher Scientific
(Pittsburgh, PA). In order to quantify the rhodopsin-contain-
ing membranes on the AAO filters, they were eluted from
filters with a 1% SDS solution. The quantity of eluted lipid
was measured via the fluorescence intensity of the Texas
Red-DHPE marker.

RESULTS

QuantitatiVe Loading. Proteoliposomes were prepared and
extruded through two stacked AAO filters. The amount of
lipid and rhodopsin in the AAO filter pores, reproducibility
of loading, and the protein/lipid ratio were monitored by
UV-vis spectrophotometry on rhodopsin and the Texas
Red-DHPE fluorescence intensity. A buildup of multiple
bilayers at the AAO pore walls was removed by flushing
pores with buffer. The amount of rhodopsin and lipids
retained inside the pores was measured by recording
concentrations of rhodopsin and lipids before and after
extrusion, as well as in the wash fractions. Experiments were
conducted at two protein/lipid molar ratios, 1:1000 and 1:100.
Protein/lipid ratios before and after extrusion were identical,

indicating that neither protein nor lipid were selectively
retained by AAO. At a protein/lipid ratio of 1:100, one AAO
filter (exposed filter area 1.32 cm2) retained 90µg of
rhodopsin and 200µg of lipid. Assuming a pore density of
1.6× 109 pores/cm2 (calculated from filter porosity reported
by Whatman), a pore diameter of 0.2µm, and a filter
thickness of 60µm, the total exposed pore wall area is∼600
cm2. The 200µg of lipids corresponds to a bilayer area of
470 cm2, and the 90µg of rhodopsin corresponds to an area
of 125 cm2, assuming a rhodopsin lateral area of 900 Å2

(26). Adding those areas yields a total membrane area of
595 cm2, which is in good agreement with the estimated area
of pore walls. Reproducibility of filter loading with single,
tubular bilayers was within a few percent.

Tubular GeometrysLipid Order.The properties of bilayers
at the pore walls were characterized by2H NMR on
18:0d35-22:6n3-PC withsn-1 chain perdeuterated stearic
acid. AAO filters were oriented with their filter normal
parallel to theB0 magnetic field of the NMR instrument (pore
axes parallel to the magnetic field). Order parameter profiles,
mosaic spread of bilayer orientations, and resonance line
width were determined by fitting the spectra with a program
written for Mathcad (Mathsoft) (15). The program reported
a smoothed order parameter profile of lipid hydrocarbon
chains, the orientational distribution function of bilayer
normals (assumed to be Gaussian), and the resonance line
width of all resolved quadrupolar splittings. The experimental
and simulated spectra as a function of protein/lipid ratio are
shown in Figure 1A.

The order parameter profile of the saturated stearic acid
chains in AAO filters was compared with order in fully
hydrated, multilamellar liposomes. With increasing protein
content, both mosaic spread of bilayer orientations and
homogeneous line broadening increased. The latter correlated
with shorter spin-spin relaxation times, T2.

The orientational distribution function of bilayer normals
indicated unambiguously that bilayers have cylindrical sym-
metry. The cylinder axes are oriented parallel to the AAO
filter normal, in agreement with bilayers lining the walls of
the 0.2µm wide and 60µm long pores that traverse AAO
filters. The order parameter profile of 18:0-22:6n3-PC in
tubular lipid bilayers was indistinguishable from order in
fully hydrated, multilamellar liposomes. Because an OG
content in bilayers of less than 3 mol % is sufficient to induce
measurable order changes, this also confirms that OG was
very effectively removed from the tubular bilayers by
flushing filters with buffer. Experiments on plain 18:0-22:
6n3-PC bilayers yielded a width of the Gaussian distribution
of bilayer orientations of 8° and a homogeneous line
broadening of 500 Hz, corresponding to a T2 ) 0.64 ms.

The experiment was repeated at increasing concentrations
of dark-adapted rhodopsin in the range 1000-100 lipids per
rhodopsin. Lipid order parameter profiles were almost
independent of protein content (Figure 1A(a-e)). Even at
the highest protein concentration, only a small decrease of
order parameters was observed, less than 0.005 for the
plateau region (hydrocarbon chain segments C2-C8, Figure
1B); no change of order for segments located in the bilayer
center (C9-C18) was observed. Results were similar over
the temperature range 5-40 °C. Bleaching of rhodopsin did
not change order parameters. However, the presence of
protein increased mosaic spread of bilayer orientations from
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8° for bilayers without rhodopsin to 13°, 18°, and 20° at
protein/lipid molar ratios of 0.001, 0.005, and 0.01, respec-
tively. Obviously, with increasing protein content, bilayers
are less likely to orient parallel to the pore walls.

A model of tubular membranes containing rhodopsin is
presented in Figure 2.

Lipid Dynamicss2H NMR Relaxation.Lipid dynamics
were explored by measurement of lipid2H NMR spin-spin,
T2, and spin-lattice, T1q, relaxation times as a function of
concentration of dark-adapted rhodopsin. At all protein/lipid
ratios, the dependence of signal height on relaxation delay
time could be fitted by a single-exponential decay, indicating
that membranes contained one homogeneous population of

lipids. Samples also had only one set of quadrupolar
splittings, suggesting that lipids exchange rapidly between
the rhodopsin interface and the bulk of the lipid matrix on a
time scale of 10-4 s. Figure 3 shows the dependence of T2

on rhodopsin content for bothsn-1 perdeuterated
18:0d35-22:6n3-PC (resonances of C2-8-2H bonds) and of
sn-2 chain perdeuterated 18:0-22:6n3d31-PC (resonances of
C2,3-2H bonds). The presence of rhodopsin significantly
reduced acyl chain T2 relaxation times. Values for thesn-1
chain decreased in a linear fashion from T2 ) 0.65 ms of
protein-free membranes to T2 ) 0.32 ms at a rhodopsin
concentration of 250-300 lipids per rhodopsin (protein/lipid
molar ratio ∼0.004) and remained constant down to 100
lipids per rhodopsin (molar ratio 0.01). Results forsn-2 chain
deuterated 18:0-22:6n3d31-PC are similar, with T2 ) 0.57
ms for plain lipid membranes and T2 ) 0.43 ms at lipid/
protein ratios of 0.04 and lower.

Contrary to T2 relaxation, the changes of spin-lattice
relaxation times, T1q, with increasing rhodopsin content were
mostly too small to be measured reliably, assuming error
limits in the range of 5-10%. We observed a small reduction
of the T1q values of the terminal methyl group of thesn-1
chain with increasing protein content. The changes are barely
outside experimental error limits. In experiments on rhodop-
sin-containing bilayers that were oriented between glass
plates, a reduction of T1q of sn-2 chain vinyl resonances with
increasing protein content was detected as well (I.V. Polozov
and K. Gawrisch, unpublished work).

FIGURE 1: (A) (a-d) (left) Experimental2H NMR spectra ofsn-1
chain perdeuterated 18:0d35-22:6 PC-rhodopsin tubular bilayers
reconstituted into AAO filters at a rhodopsin/lipid molar ratio of 0
(a), 0.001 (b), 0.005 (c), and 0.01 (d). Samples were oriented in
the magnetic field such that the axis of pores was oriented parallel
to B0. The quadrupolar splittings correspond to an orientation of
bilayer normals perpendicular to the field confirming the tubular
geometry of lipid bilayers inside the pores. (A) (e-h) Simulated
2H spectra were obtained as reported in ref 15. The analysis yielded
hydrocarbon chain order parameters (Figure 1B), the distribution
of bilayer normals, including the mosaic spread, and the line width
of the superimposed quadrupolar splittings (see text). (B) Order
parameter profile of thesn-1 chain perdeuterated 18:0-22:6n3-PC
at a rhodopsin/lipid molar ratio of 0 (open square) and 0.01 (filled
square).

FIGURE 2: Cartoon of single tubular bilayers containing rhodopsin
inside the pores of AAO filters.

FIGURE 3: Variation of the deuterium T2 relaxation times of both
sn-1 chain perdeuterated 18:0d35-22:6 PC (filled squares) andsn-2
chain perdeuterated 18:0-22:6d31 PC (open triangles), reported as
function of protein/lipid ratio. Thesn-1 chain data represent T2
relaxation times of methylene segments from the plateau region of
order parameters, carbons C2-C8; sn-2 chain T2 was measured for
carbons C2 and C3.
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PhotoactiVation of Rhodopsin.Illumination of rhodopsin
causes isomerization of the retinal chromophore, which
initiates the conversion of dark-adapted rhodopsin to a
metastable equilibrium between two intermediates, Metar-
hodopsin I and II (MI and MII) (27). Only the conformer
MII triggers G-protein binding and activation (28). The MII
formation is favored by low pH, high temperature, and
interaction with lipids with polyunsaturated acyl chains (29-
31). To detect a possible influence from the AAO support
on MII formation, we reconstituted rhodopsin into 16:0-18:
1n9-PC or 18:0-22:6n3-PC bilayers, measured the amount
of MII formed after partial bleaching, and compared the
values with previously published data that were obtained on
rhodopsin in small liposomes (see Discussion).

Figure 4 shows the UV-vis absorption spectra recorded
over the wavelength range 425-600 nm. Spectra were
baseline-corrected, as described in the Materials and Meth-
ods. Spectrum 1 is the dark-adapted rhodopsin (λmax ) 498
nm). Spectrum 2 was recorded after partial bleaching by a
strobe flash. It has contributions from the remaining un-
bleached rhodopsin as well as MI (λmax ) 478 nm). The
superposition of spectra reveals a hypochromic shift of the
maximum in spectrum 2. Spectrum 3 was recorded after
addition of hydroxylamine, which left the unbleached
rhodopsin intact but converted MI and MII to opsin and free
retinal oxime. The spectrum reports the fraction of un-
bleached rhodopsin, because opsin and free retinal oxime
do not adsorb at a wavelength of 450 nm and higher.
Spectrum 4 is a control, acquired after complete bleaching
of rhodopsin (31).

The amount of bleached rhodopsin (MI+ MII) was
determined by subtracting spectrum 3 from spectrum 1. The
UV-vis absorption spectrum of pure MI was generated by
subtracting spectrum 3 (unbleached rhodopsin) from spec-
trum 2 (MI + unbleached rhodopsin). Spectral intensities
were converted to concentrations of MI and dark-adapted
rhodopsin usingε values of 44 000 and 40 000 M-1 cm-1,
respectively (31). This yielded aKeq ) [MII]/[MI] of 0.42
( 0.1 for 16:0-18:1n9-PC and 1.0( 0.2 for 18:0-22:6n3-
PC (Figure 4).

GRi1 Binding to Rhodopsin.It was shown previously that
the rhodopsin-stimulated GTPase activity of GiR is compa-
rable or slightly higher than that of GtR (32). Northup and
colleagues determined that GtR forms a complex with MII
with a dissociation constant ofKd ) 10-7 M (25). The
rhodopsin-containing bilayers in the AAO filter pores were

exposed to GRi1 for complexation with the MII photointer-
mediate. The exchange of GDP for GTPγS results in
formation of a nonhydrolyzable GRi1-GTPγS complex that
is released from rhodopsin. The GRi1-GTPγS complex was
eluted from AAO pores, trapped on a nitrocellulose filter,
and the amount of [35S]GTPγS quantified by scintillation
counting (Figure 5A). Figure 5B reports radioactivity mea-
surements averaged over eight filters after GRi1 exposure to
dark-adapted rhodopsin (left) and bleached rhodopsin (right).
The amount of lipid membranes per AAO filter was
determined by following fluorescence intensity of 0.1 mol
% Texas Red-DHPE that was added as tracer. Losses of
MII due to conversion to opsin were deemed to be negligible
on the time scale of the experiment. Therefore, the difference
in concentrations of GRi1-GTPγS between dark-adapted and
bleached rhodopsin is proportional to the amount of G-
protein binding-competent MII photointermediate. The con-
centration of GRi1-GTPγS was on the order of 40% of the
estimated MII concentration.

DISCUSSION

Reconstitution of Rhodopsin.Reconstitution of rhodopsin
into single, tubular lipid bilayers, supported by porous AAO
substrates, yielded functional rhodopsin. Neither the lipid
matrix properties nor the equilibrium of MI/MII photoint-
ermediates were different from unsupported unilamellar
liposomes. The volume density of supported membranes was
sufficient for solid state2H NMR studies.

Sample preparation included formation of proteoliposomes
by rapid dilution of a micellar solution of phospholipids,

FIGURE 4: Example of a set of four successive UV-vis absorbance
spectra acquired for determination of the MI/MII equilibrium of
rhodopsin after partial bleaching. Rhodopsin was reconstituted into
single bilayers of 18:0-C22:6n3-PC supported by porous AAO. (1)
Before bleaching. (2) After partial bleaching. (3) After addition of
hydroxylamine to the partially bleached sample. (4) After complete
bleaching in the presence of hydroxylamine.

FIGURE 5: (A) Protocol of the GRi1 binding experiment. (B)
Concentration of GRi1-GTPγS released from dark-adapted and
bleached rhodopsin in porous AAO. The assay was performed as
described in the Material and Methods. Results are averages over
eight experiments.
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rhodopsin, and OG, followed by extrusion of proteoliposomes
through the pores of AAO. Loading of AAO filters with
tubular bilayers was rapid and highly reproducible. All but
the first bilayer at the walls of AAO pores were easily
washed out by flushing with buffer, as determined from
estimates of the covered area of pore walls. Flushing removed
residual detergent from the bilayers as well. Reproducibility
of AAO loading with reconstituted bilayers was(5 % or
better. The protein/lipid molar ratio in the tubular bilayers
was identical to the ratio in the solution of mixed micelles;
neither rhodopsin nor the phosphatidylcholines were selec-
tively retained by AAO. Porous AAO (1 cm2) (thickness 60
µm, 0.2µm nominal pore size,∼109 pores per cm2) retained
∼200 µg of membranes containing rhodopsin at a protein/
lipid molar ratio of 1:100. It is feasible to stack up to 100
filters in one experiment, yielding milligram quantities of
reconstituted GPCR per sample, arranged in single, oriented
lipid bilayers that are freely accessible at one side from the
water phase. Sample preparation is simple and rapid, without
loss of lipid or protein. The short preparation time of a few
minutes per filter is beneficial for the reconstitution of labile
proteins. Of particular importance is the very efficient
removal of residual detergent from the bilayers, afforded by
the convenience of sending buffer through pores. Rates of
detergent removal are only limited by detergent flip-flop
between lipid layers and the rate of detergent migration from
the outer monolayer to the water phase.

Rhodopsin PhotoactiVation. By UV-vis spectrophotom-
etry and G-protein binding experiments, we established that
rhodopsin function was unperturbed by the solid support. In
18:0-22:6n3-PC membranes (molar ratio of protein/lipid)
0.01, 18°C), aKeq ) MII/ MI ) 1.0( 0.1 was obtained, in
good agreement with the value of 1.0( 0.02 (same molar
ratio, 20 °C) (33). As expected, theKeq of rhodopsin in
16:0-18:1n3-PC membranes was lower (0.44( 0.1, 17°C),
in good agreement with literature data (26, 34). Minor
differences may have resulted from the use of sucrose
solution to reduce light scattering, which lowers the chemical
potential of water (35, 36), as well as from the slightly
different temperature.

The activated rhodopsin was G-protein binding competent.
Differences in concentration of GRi1-GTPγS between dark-
adapted and bleached rhodopsin were rather large and are
easily detected. The G-protein activation experiment greatly
benefited from the large accessible surface area of lipid
bilayers. Conducting the experiments with tubular bilayers
supported by porous AAO yields 2 to 3 orders of magnitude
stronger signals compared to measurements on a single
bilayer at a flat solid interface. This intensity gain is critical
for NMR and many other methods. Furthermore, the tubular
bilayers are stabilized and protected by pore walls, which is
beneficial for reproducibility of results.

Tubular Bilayer Properties.Distortions of membrane
properties due to the solid support were not observed. The
tubules were reasonably well-oriented, although there was a
considerable increase of mosaic spread of bilayer orientations
with increasing protein content. This increase points at
additional “waviness” of tubular bilayers introduced by the
protein. The mosaic spread of tubular bilayer normals in this
study (20° at a lipid/protein molar ratio of 0.01) is compa-
rable to previously reported orientational spread of bilayer
normals at glass surfaces for membranes at similar rhodopsin

content; see, e.g., rhodopsin/DMPC membranes studied by
31P NMR (37) and rhodopsin/POPC membranes (38) ana-
lyzed by a static uniaxial distribution analysis (39).

The presence of protein did not alter chain order param-
eters, except for some minor reduction of lipid order
parameters of hydrocarbon chain segments near the carbonyl
group. Similar observations were reported for rhodopsin in
the review by Davis (40). Bacteriorhodopsin reconstituted
into oriented di-14:0-PC bilayers showed similar behavior
as well (O. Soubias, V. Re´at, and A. Milon, unpublished
work). Order parameters reflect tilt of chain segments as well
as their conformational freedom on the time scale of the2H
NMR experiment (10µs). Because there is almost no
detectable change in lipid order parameters in the presence
of rhodopsin, it can be concluded that hydrocarbon chains
in the bulk of the lipid matrix and at the protein-lipid
interface essentially explore the same configurational space.
These findings address a long-standing controversy over the
influence of rhodopsin on lipid order parameters. There has
been the perception that order of lipids near integral
membrane proteins may be significantly lower due to
interaction with the rugged surface of the protein. Because
it is difficult and time-consuming to prepare reconstituted
samples by conventional methods, it may be possible that
changes in lipid order parameters were introduced by sample
preparation procedures, e.g., low radii of liposome curvature,
presence of trace amounts of detergents, trace amounts of
other lipids, or trace amounts of oxidation products due to
lengthy reconstitution procedures. However, it remains to
be shown if observations for reconstitution of rhodopsin are
also applicable to other integral membrane proteins.

The lack of substantial changes in T1q in the presence of
rhodopsin indicates that fast lipid motions, mostly chain
isomerization with correlation times in the range of pico- to
nanoseconds, are not affected, except for some minor
increase of very short correlation times of motions on the
time scale of picoseconds, e.g., isomerization of the methyl
terminal end of saturated hydrocarbon chains and vinyl bond
isomerization in polyunsaturated chains. We had shown
previously (41, 42) that DHA performs surprisingly rapid
bond isomerization at the methylene groups that separate the
cis-locked double bonds. Apparently, those correlation times
may increase somewhat near rhodopsin.

Interestingly, the presence of rhodopsin promotes a large
change of lipid spin-spin relaxation times, T2. These are
sensitive to motional correlation times in the range from
nano- to microseconds; the spin-lattice relaxation time (T1q)
is exclusively sensitive to fast motions with correlation times
from pico- to nanoseconds. Obviously, spectral density of
slower motions increased in the presence of rhodopsin. It is
important to point out that this change was not accompanied
by a significant reduction of chain order parameters. There-
fore, it is unlikely that the protein introduced a new type of
lipid isomerization or change of molecular tilt, which, most
certainly, would have reduced order parameters as well.
Rather, the presence of protein may have increased the length
of motional correlation times. Alternatively, the changes in
T2 could be the result of very slow motions with negligible
impact on lipid order. Considering that rhodopsin increased
mosaic spread of bilayer orientation, it is conceivable that
the observed T2 effects result from lateral lipid diffusion over
curved bilayer regions. We estimated that local radii of
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curved surfaces with a radius of curvature of 1µm are
sufficient to yield a measurable T2 effect without a significant
reduction of order parameters.

Additional information about the rhodopsin-lipid interac-
tion may be extracted from the relaxation rates, 1/T2, plotted
as a function of the rhodopsin/lipid molar ratio (Figure 3).
Both sn-1 and sn-2 chains show the same dependence:
relaxation rates increase up to a protein/lipid molar ratio of
∼1:275 and remain constant down to 1:100. Concentrations
up to ∼275 lipids per protein result in perturbations that
increase with protein content in a linear fashion, as could
have been expected from the linear increase of protein-lipid
interface area. However, instead of leveling off at a value
close to the expected number of boundary lipids (∼22-24
(43, 44)), the relaxation rates became constant at∼275 lipids
per protein and lower. Because relaxation rates are increased
because of the protein-lipid interaction, it can be concluded
that near 275 lipids per protein those interactions are altered.
A concentration dependence of protein oligomerization is
most likely responsible for this behavior. Recently, fluores-
cence resonance energy transfer (FRET) experiments de-
tected multimeric association of rhodopsin molecules in
azolectin liposomes (45) and in bilayers of well-defined lipids
of different length (46). Spots with higher rhodopsin density
in ROS disks were observed by atomic force microscopy
(47). However, the results of this experiment are controversial
(48-51). Furthermore, a recent in vivo study established that
a reduction of rhodopsin density in disk membranes increased
the speed of visual transduction (52). This effect was linked
to a reduced lateral diffusion rate (52) and a lower propensity
for MII formation (53). In the same study, a dramatic
decrease of MII formation with increasing rhodopsin/lipid
ratio at concentrations higher than 1/250 was observed. All
those results combined suggest that rhodopsin oligomeriza-
tion changes at rhodopsin concentrations higher than one
rhodopsin molecule per 250 lipids.

In summary, adsorption of rhodopsin-containing bilayers
at the pore walls of AAO did neither result in a measurable
change in protein function nor did it perturb lipid bilayer
properties. Sample preparation is simple and rapid. The
approach is likely to be applicable to reconstitution of other
membrane proteins as well. It appears to be particularly
beneficial for studies that require a change of ionic strength,
pH, and addition of ligands or soluble proteins during the
course of the experiment. Most importantly, it enables
structural studies on membrane proteins at functional condi-
tions.
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