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Abstract
The ability of photo-activated rhodopsin to achieve the enzymatically active metarhodopsin II
conformation is exquisitely sensitive to bilayer hydrophobic thickness. The sensitivity of rhodopsin
to the lipid matrix has been explained by the hydrophobic matching theory which predicts that lipid
bilayers adjust elastically to the hydrophobic length of transmembrane helices. Here, we examined
if bilayer thickness adjusts to the length of the protein or if the protein alters its conformation to adapt
to the bilayer. Purified bovine rhodopsin was reconstituted into a series of monounsaturated
phosphatidylcholines with 14 to 20 carbons per hydrocarbon chain. Changes of hydrocarbon chain
length were measured by 2H-NMR and protein helical content quantified by synchrotron radiation
circular dichroism and conventional circular dichroism. Experiments were conducted on dark-
adapted rhodopsin, the photointermediates metarhodopsin I/II/III, and opsin. Changes of bilayer
thickness upon rhodopsin incorporation and photoactivation were mostly absent. In contrast, the
helical content of rhodopsin increased with membrane hydrophobic thickness. Helical content did
not change measurably upon photoactivation. The increase of bilayer thickness and helicity of
rhodopsin are accompanied by higher Metarhodopsin II/Metarhodopsin I ratios, faster rates of
Metarhodopsin II formation, an increase of tryptophan fluorescence, and higher temperatures of
rhodopsin denaturation. The data suggest a surprising adaptability of this G protein-coupled
membrane receptor to properties of the lipid matrix.

Keywords
rhodopsin; solid state NMR; membrane protein; membrane; hydrophobic matching; fluorescence;
DSC; Circular Dichroism

1. Introduction
Rhodopsin, the mammalian dim-light photoreceptor, is the best characterized G protein-
coupled receptor (GPCR) and the only one for which several high resolution structures are
available in both the dark adapted 1 and photoactivated 2 states. Absorption of light leads to
the formation of an active metarhodopsin II state (MII) in equilibrium with an inactive
metarhodopsin I state (MI). Membrane composition strongly modulates the early steps of the
visual process in rod cells by mechanisms that are still a matter of debate. Membrane
hydrophobic thickness 3, 4, acyl chain unsaturation 5, and lipid headgroups 6, 7 are key factors
in MII formation and Gt activation.
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Exposure of hydrophobic sidechains of proteins to water is energetically unfavorable. Since
membranes are known to deform elastically, it was proposed that membrane hydrophobic
thickness adjusts to the length of hydrophobic stretches on transmembrane helices of proteins,
also referred to as hydrophobic matching 8. Indeed, there is evidence from work on single
helix, membrane-spanning peptide molecules which supports the notion that bilayers may
adjust at least partially to transmembrane helices (see 9 and references therein). Another
possibility is that membrane-incorporated peptides and proteins adjust to the hydrophobic
thickness of lipid bilayers, see e.g. Killian at al. 9 and Jensen and Mouritsen 10. Recently it
was suggested that transmembrane helix I of lactose permease may flex as well as tilt to satisfy
the hydrophobic mismatch with the lipid matrix 11.

Here we examined whether dramatic changes of bilayer thickness result in matching of the
lipid matrix to the hydrophobic length of the 7-helix bundle of rhodopsin or if rhodopsin adjusts
to the bilayer. Experiments were conducted on bovine rhodopsin reconstituted into a series of
mixed-chain lipids with saturated hydrocarbon chains of chain length from C14 to C20 in
position sn-1 and matching monounsaturated chains with the same number of carbon atoms in
position sn-2. Lipid matrix properties were investigated by 2H NMR order parameter
measurements on the perdeuterated sn-1 chain lipids. Secondary structure of rhodopsin was
investigated by circular dichroism (CD) measurements. Key experiments were repeated with
synchrotron radiation CD (SRCD) to take advantage of the higher sensitivity of SRCD and the
reduced perturbation of spectra by light scattering at low wavelength.

The response of dark adapted rhodopsin to changes of bilayer thickness was monitored by
measurement of intrinsic tryptophan fluorescence and by measurement of the temperature of
thermal denaturation. Photoactivation of rhodopsin was monitored by UV-Visible
spectroscopy and by flash photolysis experiments to explore the rates of MII formation. The
data show that rhodopsin structure and function are exquisitely sensitive to changes of
membrane hydrophobic thickness. The helical content of rhodopsin increased incrementally
with bilayer thickness, while the bilayers adjusted their thickness to the protein very little or
not at all.

2. Experimental Methods
Preparation of reconstituted membranes

Sample preparation was carried out in complete darkness. The phospholipids 1-perdeutero-
myristoyl-2-myristoleoyl-sn-glycero-3-phosphocholine (14:0d27-14:1-PC), 1-perdeutero-
palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphocholine (16:0d31-16:1-PC), 1-perdeutero-
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (18:0d35-18:1-PC) and 1-perdeutero-
arachidoyl-2-eicosanoyl-sn-glycero-3-phosphocholine (20:0d39-20:1-PC) were synthesized
by Avanti Polar Lipids Inc. (Alabaster, AL).

Rhodopsin was purified from bovine retinas using procedures that were developed by the
Litman laboratory 12. Rhodopsin fractions in 3 wt% octylglucoside (OG) which gave a UV/
Visible absorption intensity ratio at 280 nm/500 nm of 1.8 were used. To eliminate the
possibility that minor differences in rhodopsin purity may influence results, experiments were
conducted using one batch of rhodopsin for reconstitution of the entire series of lipids. For
rhodopsin reconstitution a glass round bottom flask was coated with phospholipids by slow
rotation and removal of solvent in a stream of pure nitrogen gas. The rhodopsin-OG solution
was added to lipid-OG mixed micelles so that the OG/lipid molar ratio was 10/1 and the
rhodopsin/phospholipid molar ratio was 1/250. The sample was vortexed to complete
solubilization of the lipid and then equilibrated for 12 hours under argon. Subsequently, this
rhodopsin/lipid solution was added dropwise at a rate of approximately 400 μL/min to
deoxygenated PIPES buffer (10 mM Pipes, 100 mM NaCl, 50 μm DTPA, pH = 7.0) under
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rapid stirring, resulting in formation of unilamellar proteoliposomes. Typically, the final OG
concentration was 7.2 mM which is well below the critical micelle concentration. For all
experiments but NMR, the proteoliposome dispersion (2.5-3 mL) was then dialyzed against 1
L of PIPES buffer (Slide-A-Lyzer membrane, 10 kD cut- off (Pierce, Rockford, IL)). The buffer
was exchanged 3 times over 16 hours. Final rhodopsin concentration in the samples was
measured by light absorption at 500 nm assuming a molar extinction coefficient ε500= 40,600
M-1cm-1 13. The concentration of residual OG in the lipid bilayers was lower than 0.4 mol%
of the lipid concentration as determined by high resolution 1H NMR.

For NMR experiments on dark adapted rhodopsin, tubular rhodopsin-containing bilayers were
formed by extrusion of the proteoliposomes after rapid dilution through porous anodic
aluminum oxide (AAO) filters (Anopore, Whatman) with a nominal pore diameter of 0.2 μm
and a thickness of 60 μm. Extrusion was performed at ambient temperature which is well above
the main phase transition temperature of 14:0d27-14:1-PC, 16:0d31-16:1-PC and 18:0d35-18:1-
PC, and at 30 °C in a heated glove box for the 20:0d39-20:1-PC membranes. For each
experiment, one AAO filter (diameter 25 mm) and one polycarbonate filter (nominal pore size
0.8 μm) were stacked and flushed with several milliliters of PIPES buffer before extruding the
dispersion of proteoliposomes. The 3 mL of proteoliposome suspension (0.3 - 0.7 mg lipids/
mL) were then extruded ten times through the stack of filters at a rate of 0.01 mL/s resulting
in entrapment of multilamellar structures inside AAO pores. All but a single tubular bilayer
covering the inner AAO pore surface, as well as residual OG in membranes, were removed by
flushing the filters with 5-10 mL of PIPES buffer at a rate of 0.2 mL/s as reported earlier 14,
15.

For NMR experiments with photoactivation, the dialyzed proteoliposomes were pelleted by
centrifugation at 500,000xg and 10°C for 12 hours in a TLX-Optima centrifuge (Beckmann-
Coulter Inc, Fullerton, CA, USA) and the pellet transferred to a 50 μL NMR tube. Rhodopsin
was bleached by illuminating samples

NMR experiments
Solid state 2H NMR experiments were carried out on a Bruker AV800 spectrometer equipped
with a double resonance Bruker probe (Bruker Biospin, Karlsruhe, Germany) operating at
a 2H NMR resonance frequency of 122.8 MHz. A home-made flat coil was used for experiments
on oriented bilayers, and a 4 mm solenoid coil for experiments on proteoliposomes with
photoactivation. Data were acquired at a temperature of 27°C with a quadrupolar echo pulse
sequence, d1-90°x-τ-90°y-τ-acq, a relaxation delay time, d1=250 ms (d1 was reduced to 100
ms in the photoactivation experiments), a 4.25-μs or 3-μs 90° pulse (flat coil or solenoid coil,
respectively), a delay time, τ=50 μs, and a 200 kHz spectral width. Typically, 100,000 transients
were acquired.

Order parameter profiles, mosaic spread of bilayer orientations, and resonance line width were
determined by fitting the spectra with a program written in Mathcad (PTC, Needham, MA).
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.

CD experiments.
Far-UV CD spectra of rhodopsin were recorded at 21°C with a JASCO J-810 spectrometer or
by SRCD at beamline U11 of the National Synchrotron Light Source, Brookhaven National
Laboratory. Rhodopsin concentration was about 5 μM unless stated otherwise, and the
rhodopsin/lipid molar ratio was 1/250 except for a control experiment conducted at a molar
ratio of 1/1,000. The exact rhodopsin concentrations were measured by light absorption at 500
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nm. Cells with an optical pathlength of 0.01cm were used to minimize light scattering. Control
experiments with cuvettes of 0.05 cm pathlength were conducted as well. Spectra on the
JASCO J-810 were recorded from 260-180 nm with a data pitch of 0.2 nm, a bandwidth of 1
nm and an integration time of 4 s. The SRCD spectra were acquired with a Wadsworth
monochromator at wavelength increments of 1 nm and a bandwidth of 1 nm. Four data points
per wavelength were collected at a time constant of 1 s per data point.

Experiments with photobleaching of rhodopsin were conducted by recording CD spectra before
and after illumination of samples with the light of a high powered green laser pointer for 30 s
which results in complete bleaching. Measurements were conducted at a constant wavelength
of 222 nm as a function of time.

CD intensities are expressed as the mean residue molar ellipticity [θ], calculated from the
equation below, where θobs is the measured ellipticity in millidegrees, l is the optical path
length, c is the final molar concentration of rhodopsin, and n is the number of amino acid
residues.

The percentage of helicity was calculated from the residue ellipticity according to the method
of Chen 16, using the following empirical equation to correct for helix length dependence,

where [θ]222 is the observed mean residue molar ellipticity at 222 nm,  is the theoretical
mean residue molar ellipticity for a helix of infinite length (-39,500 at 222 nm), η is an effective
number of amino acid residues per helical segment of rhodopsin, and k is a wavelength-
dependent constant (2.57 for 222 nm).

Fluorescence experiments.
The tryptophan fluorescence of rhodopsin was measured with a PTI QuantaMaster™
spectrofluorimeter (Birmingham, NJ). Briefly, rhodopsin-containing proteoliposomes
(rhodopsin concentration 0.5-2.0 μM) were equilibrated at 25°C for 5 minutes in dark. The
excitation and emission slits were set at 1 nm and 8 nm, respectively, to minimize bleaching
of rhodopsin during measurement. The sample was excited at 295 nm and the emission from
305 to 400 nm was recorded. The sample was then fully bleached and, the emission spectrum
of bleached rhodopsin was acquired at the same instrumental settings.

DSC experiments.
Differential scanning calorimetry (DSC) measurements were conducted with a Nano-scan II
calorimeter (Calorimetry Sciences Co., Provo, UT) equipped with capillary cells which
minimize the sedimentation of proteoliposomes during heating or cooling processes.
Membrane suspensions were degassed for 5 minutes prior to loading into the sample cell in
complete darkness. The reference cell was loaded with buffer only. The cell was sealed under
a stream of argon and pressurized to 2.8 atm. At least two heating scans and two cooling scans
were collected at a scan rate of 1.0 °C/min from 25°C to 85°C for each sample.

Measurement of MII/MI ratio after photoactivation
The equilibrium constant for MI ↔ MII, Keq, was determined from rapidly acquired spectra
of the MI-MII equilibrium as previously described 17. Briefly, vesicles were diluted to a
rhodopsin concentration of 0.3 mg/mL in pH 7.0 PBS buffer and equilibrated at 37°C in a
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thermally regulated sample holder. A set of four absorption spectra were collected sequentially
in an Agilent 8453 diode array spectrophotometer. These included the spectra acquired 1) after
the sample was equilibrated in the dark at 37°C; 2) 3 s after the sample was 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 bleach of the sample. Individual
MI and MII spectra were deconvolved from spectra of their equilibrium mixture; [MI] and
[MII] were determined using extinction coefficients at their absorbance maximum of 44,000
cm-1 and 38,000 cm-1, respectively.

Rate of MII formation.
The rate of MII formation was determined from flash photolysis measurements at 380 nm
acquired with an LKS60 spectrophotometer (Applied Photophysics, Leatherhead, UK). The
actinic flash was provided by a Nd-YAG laser (Surelite™ I, Continuum, Santa Clara, CA)
frequency doubled to 532 nm. Changes in photomultipier tube output were acquired by a 600
MHz Infiniium digital oscilloscope (Agilent Technologies, Santa Clara, CA), at 2 μs per point.
A microcuvette containing 130 μL of proteoliposomes with 0.2-0.3 mg/mL rhodopsin was
incubated in the sample holder at 37°C for 5 minutes. The 0% transmission level (baseline
signal) and 100% transmission level were determined prior to the activation of rhodopsin by
a laser flash. The signal was differentially amplified and recorded by the digital oscilloscope
in the oversampling mode, which collects 32,000 data points/trace. The data were reduced to
2,000 points using boxcar averaging. The vendor software Laser (Applied Photophysics,
Leatherhead, UK) allocates 10% of the points as pretrigger data points, which were used to
convert the voltage signal into absorbance. The transient absorbance was calculated as: ΔA =
log VA/VA’, where VA is the voltage of the pre-trigger data and VA’ is the voltage of the
transient signal. Samples were measured in triplicate and the transient absorption traces were
averaged.

3. Results and Discussion
Influence of rhodopsin on bilayer thickness.

According to the hydrophobic matching hypothesis, exposure of hydrophobic residues of
protein or lipid to water is energetically unfavorable. Because acyl chains of fluid lipid phases
are considered disordered and flexible, it has been hypothesized that they may stretch to match
the hydrophobic length of the protein or compress and tilt if they are too short. Such a change
in effective acyl chain length is easily detected by 2H NMR on perdeuterated, saturated
hydrocarbon chains as a change of quadrupolar splittings.

The structural changes of lipids are largest near the protein, and perturbations decay with
increasing distance from the protein/lipid interface. 2H NMR order parameters are measured
on the relatively long timescale of ten microseconds. Since only one set of quadrupolar
splittings per deuterated methylene segment has been observed in this and other studies (see
e.g. 3, 14), lipids are in rapid exchange between the rhodopsin annulus and the bulk phase.
Consequently, quadrupolar splittings are the geometric mean over lipid order near the protein
and in the bulk. Because the quadrupolar splittings are measured with a resolution of a fraction
of one percent, even small changes of lipid order near the protein are detectable.

Bilayer hydrophobic thickness depends on the number of methylene segments per hydrocarbon
chain and on lipid order. The 2H NMR order parameters of methylene segments were converted
into a time averaged hydrophobic thickness of bilayers as originally proposed by Schindler
and Seelig 18. More accurate procedures for prediction of bilayer thickness from order
parameter measurements have been introduced 19. Nevertheless, the conversion is likely to
remain somewhat model dependent, in particular for membranes of rather different
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hydrocarbon chain length, and in the presence of membrane proteins. Thus we analyzed the
data using the original approach 18. When differences of bilayer thickness are calculated as in
this study, all methods essentially yield the same result. Even when assuming that the entire
change of lipid order stems only from the contribution of the first lipid layer surrounding
rhodopsin, corresponding to about 10 % of all lipids at a protein/lipid ratio of 1/250, the methods
employed would still be able to detect thickness changes in the lipid annulus of less than 1 Å.

We incorporated dark-adapted rhodopsin into phosphatidylcholine membranes with sn-1
saturated and sn-2 monounsaturated acyl chains of 14 to 20 methylene segments in length
(rhodopsin/lipid molar ratio 1/250). 2H NMR spectra were aquired on single lipid bilayers
supported by porous anodic aluminum oxide as reported earlier 14 (Fig 1A-E). The order
parameter measurements show that hydrophobic thickness between 14:0d27-14:1-PC and
20:0-20:1d39-PC bilayers differs by 12 Å (Table 1). The increase stems primarily from the
increase of carbon atoms per hydrocarbon chain. However, there is also a small contribution,
less than 10%, from a reduction of lateral area per lipid, seen as an incremental increase of
average chain order with increasing chain length (Fig. 2). The latter is probably caused by an
increase of attractive van der Waals interaction between hydrocarbon chains.

For lipids with 16, 18 and 20 methylene segments, changes of lipid order in the presence of
dark adapted rhodopsin are smaller than the detection limit, translating into a membrane
thickness variation of less than 0.5 Å near the protein (Fig 1, 2, Table 1).

The only bilayer for which the average order parameter changed measurably upon addition of
protein was 14:0d27-14:1-PC (see Fig. 1A). Still, even for the bilayer with lowest hydrophobic
thickness the increase of lipid order was very small, corresponding to an average bilayer stretch
of only 0.2 Å, equivalent to a stretch of 2 Å or less in the first layer of lipids surrounding the
protein.

Hydrophobic thickness after photoactivation
The pressure dependence of the MI-MII equilibrium as well as surface plasmon resonance
studies suggest that MII has a larger volume, and possibly longer transmembrane helices 6,
20. If so, one would expect an additional increase of lipid C-D bond order parameters after
photoactivation at pH 6 where MII formation is favored over MI. To test this hypothesis, order
parameters were measured before and after photoactivation at 1-minute intervals. Experiments
were conducted on 14:0d27-14:1-PC multilamellar proteoliposomes prepared by dialysis and
ultracentrifugation to achieve higher sample densities. Samples were bleached by exposure to
the light of a high-powered laser pointer (532 nm) for one minute at ambient temperature.
According to UV-Vis absorption spectra, typical levels of bleaching are 98%. No changes of
lipid order parameters were detected upon bleaching. This observation rules out any significant
adjustment of membrane hydrophobic thickness to formation of MII. Sensitivity was such that
changes in the lipid annulus of rhodopsin equal to or larger than 0.5 Å were detectable. Also,
under conditions where the MI-MII equilibrium is greatly shifted toward MI, no measurable
change of bilayer thickness occurred. At longer times after bleaching, when rhodopsin had
converted predominantly to Meta III or opsin, no changes were observed as well.

Rhodopsin structural changes.
CD spectra of dark adapted rhodopsin were recorded in all four lipid matrices. To reduce light
scattering, experiments were conducted at a very short optical path length. Measurements for
every lipid were repeated several times to confirm observations, and 14:0d27-14:1-PC and
18:0d35-18:1-PC samples were investigated by SRCD which permitted recording spectra to a
wavelength of 190 nm without exceeding the limits of high tension voltage for a linear response
of the photomultiplier tube (Fig. 3). Spectra recorded with the JASCO J-810 spectrometer are
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in agreement with SRCD spectra in the wavelength range from 260 — 200 nm. Also, CD and
SRCD spectra recorded at lower rhodopsin content (rhodopsin/lipid=1/1,000, mol/mol) are
identical over this wavelength range after adjustment for concentration differences and the
longer optical pathlength, suggesting that light scattering has negligible influence on results in
the 260-200 nm range.

At 21°C, taking the helical content of 14:0d27-14:1-PC of 48.9 %, determined by SRCD as
base level, helicity increased by 3.2 ±1.5 % (CD) for 16:0d31-16:1-PC and by 7.7 ±3% (CD)
or 8.0 ±3.5% (SRCD) for 18:0d35-18:1-PC. The increase of helicity from 18:0d35-18:1-PC to
20:0d39-20:1-PC is 4.6 ±1.5% (CD). The latter experiments were conducted at 27°C to be well
above the main phase transition of 20:0d39-20:1-PC bilayers. The increase in helicity with
increasing bilayer thickness suggests that rhodopsin helical content increases incrementally
with increasing hydrophobic thickness of bilayers.

Helical content was calculated assuming an effective number of amino acids per helix of η=25.
If it is assumed that the increase of helical content of 8% (SRCD) from 14:0d27-14:1-PC to
18:0d35-18:1-PC occurs entirely in the transmembrane helices of rhodopsin, each helix is
elongated by one turn or ∼6 Å, roughly equivalent to the difference in membrane hydrophobic
thickness between those bilayers.

Our spectra predict similar helical content as SRCD spectra of rhodopsin in DHPC/DMPC
bicelles that were reported recently 21, but show some differences in the 215 - 190 nm spectral
range that require further evaluation. In our spectra the minimum at 208 nm is not as deep and
intensity at 195 nm is somewhat higher. The latter suggests that differences are not caused by
light scattering that would have lowered intensity more at the lower wavelength. The lower
intensity at 208 nm compared to 222 nm may indicate that the effective number of amino acids
per helical segment, η, is in the range of twenty or fewer amino acids per helix as in myoglobin
16 rather than the 25 amino acids per transmembrane helix assumed on the basis of rhodopsin
models.

Increasing bilayer thickness also stabilized dark adapted rhodopsin to temperature-induced
denaturation as measured by DSC (Table 1). The increase is incremental, about 2°C per 3 Å
increase of bilayer thickness. Furthermore, the tryptophan fluorescence of dark adapted
rhodopsin is sensitive to differences between 14:0d27-14:1-PC and 18:0d35-18:1-PC bilayers.
Excitation of rhodopsin in the dark state at 295 nm produces a weak fluorescence signal with
an emission maximum at 326 nm that stems from the five tryptophan residues. Fluorescence
intensity stems mostly from tryptophans 35 (helix I) and 175 (helix IV) located on the N-
terminal side of the protein in the lipid-water interface. The other tryptophans are efficiently
quenched by retinal 22. The fluorescence intensity was lower in 14:0d27-14:1 PC bilayers
compared to those formed from 18:0d35-18:1 PC by 20% (Fig. 4).

The lower intensity may result from collisional quenching by water suggesting that tryptophans
are more accessible to solvent in the thinner bilayers. Alternatively, the structural change of
rhodopsin itself may be responsible for the altered fluorescence yield.

Taken together, the increase of helicity observed by CD, the higher temperature of thermal
denaturation, and the higher intensity of fluorescence spectra with increasing bilayer thickness
suggest that the hydrophobic mismatch between a lipid bilayer and the GPCR rhodopsin is
compensated for by an increase in the length of transmembrane helices of rhodopsin rather
than a substantial modulation of bilayer thickness.
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Influence on rhodopsin function
How do these bilayer-induced changes in helix length impact rhodopsin function? We
measured the equilibrium concentration of MII by UV-Visible spectroscopy for the series of
lipids and calculated Keq=MII/MI (Fig. 5). As reported previously 3, an increase of bilayers
thickness raised the amount of MII (Table 1). The Keq rises incrementally with increasing
bilayer thickness.

Experiments on the MI↔MII equilibrium were complemented by measurements of rates of
MII formation. Results of flash-induced, time-resolved absorbance increases are shown in Fig.
6. The post-flash increase in absorbance at 380 nm is almost entirely due to the MII
conformational state. The transient absorbance increase of MII formation, ΔA, was analyzed
in terms of a sum of three exponentials, ΔA=Σai(1-exp(-kit)), shown as solid curves. For
simplicity, the kinetics of MII formation was characterized in terms an apparent time constant,
τapp, which is the time when the best-fit curve had risen to (1-1/e) of the plateau value, where
the plateau value is a1+a2+a3(Table 1). The time constant of MII formation after
photoactivation by flash photolysis declined progressively with increasing bilayer thickness.
The change in bilayer thickness appears to have a differential influence on the time constants
of subtransitions, a subject that requires a separate investigation. In summary, the MII/MI
equilibrium and the rate of MII formation clearly demonstrate that rhodopsin
photointermediates sense differences in membrane hydrophobic thickness as well.

Experiments were conducted at the rhodopsin/lipid molar ratio of 1/250 to minimize any
influence on results from rhodopsin oligomerization. In earlier experiments, conducted as a
function of rhodopsin concentration, a dependence of the MI↔MII equilibrium as well as of
lipid dynamics on rhodopsin concentration at higher rhodopsin content were observed 14,
23. Brown and coworkers reported recently that association of rhodopsin is promoted by a
reduction of membrane thickness as well as by an increase in protein/lipid molar ratio 3.
Molecular simulations conducted as a function of bilayer thickness at the rhodopsin/lipid molar
ratio of 1/100 also showed some formation of rhodopsin oligomers, in particular for lipids with
shorter hydrocarbon chains 24. But in bilayers of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine rhodopsin, fluorescence resonance energy transfer between rhodopsin
molecules at protein/lipid molar ratio of 1/200 and lower had low efficiency, suggesting that
rhodopsin molecules were mostly monomeric 3. While we may not exclude that some
oligomerization has occured in our experiments, the sensitivity of rhodopsin structure and
function to changes of membrane hydrophobic thickness indicate that rhodopsin molecules
remain well exposed to the lipid matrix. Any rhodopsin-rhodopsin association must be low
scale and temporary to be compatible with experimental observations. Indeed, freeze-fracture
electron micrographs of rhodopsin in similar membranes of 14:0-14:0-PC 4, 25 and 18:0-22:6-
PC (Kachar, Polozov & Gawrisch, unpublished results) investigated at a rhodopsin/lipid ratio
of 1/100 did not show any large aggregates of protein. However, formation of dimers or trimers
may not be excluded, and these could explain recent experimental and theoretical observations
on rhodopsin oligomerization as a function of membrane thickness 3, 24.

4. Conclusion
The results presented here underline the importance of hydrophobic matching between proteins
and membranes and promote a novel view of hydrophobic matching. Rather then observing
the anticipated adjustment of membrane hydrophobic thickness to match the hydrophobic
length of rhodopsin’s transmembrane helices, we observed an increase of helical content with
increasing bilayer thickness. This suggests, then, that transmembrane helices of rhodopsin have
an underappreciated plasticity for matching bilayer thickness. Furthermore, there is no
evidence that helical content or bilayer thickness undergo an adjustment when photoactivated
rhodopsin undergoes the conformation changes required for G-protein binding.
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It is well known that the stability of helical turns at the ends of helices is generally lower since
they are not as well stabilized by intrahelical hydrogen bonding 26. Therefore, it is plausible
that the protein responds to changes of bilayer thickness by increasing or decreasing the length
of transmembrane helices. Those bilayer-induced structural changes persist after
photoactivation. The altered helical content of rhodopsin could be directly responsible for
changes in the amount of MII, and of rates of MII formation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
2H NMR spectra of sn-1 chain perdeuterated 14:0d27-14:1-PC (A), 16:0d31-16:1-PC (B),
18:0d35-18:1-PC (C), 20:0d39-20:1-PC (D) with (red trace) and without rhodopsin (black trace)
at 27°C. The rhodopsin/lipid ratio is 1/250. Rhodopsin was reconstituted by rapid dilution from
octylglucoside micellar solution. The proteoliposomes were extruded through porous
aluminum oxide filters to form single, tubular lipid bilayers that line the pores (E). Filters were
oriented in the magnetic field such that the axis of pores is oriented parallel to B0.
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Figure 2.
Order parameter profiles of perdeuterated sn-1 chains without (A) and in the presence of
rhodopsin, lipid/rhodopsin=250/1, mol/mol (B) recorded at 27°C. Chain order increases with
increasing chain length. ■ 14:0d27-14:1-PC, ◆ 16:0d31-16:1-PC; ▲18:0d35-18:1-PC, •
20:0d39-20:1-PC.
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Figure 3.
SRCD spectra of rhodopsin reconstituted into 14:0d27-14:1-PC (black traces) and
18:0d35-18:1-PC membranes (red traces) at 21°C. The spectra of three samples of both lipids,
each recorded four times, are superimposed. Vertical bars reflect the experimental uncertainty
of [θ] derived from precision of concentration measurements. In order to reduce scattering,
experiments were conducted with a slide setup of 0.01 cm pathlength at a rhodopsin
concentration of 5 μM.
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Figure 4.
Fluorescence emission spectra of dark and bleached rhodopsin in 14:0d27-14:1-PC and
18:0d35-18:1-PC vesicles. The spectra were obtained at 25°C in PIPES buffer, pH 7.0. The
solid lines are emission spectra of dark rhodopsin in 14:0d27-14:1-PC (red) and 18:0d35-18:1-
PC (blue). The dashed lines are emission spectra of dark rhodopsin in 14:0d27-14:1-PC (red)
and 18:0d35-18:1-PC (blue).
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Figure 5.
Deconvolved UV-VIS difference spectra of rhodopsin in 16:0d31-16:1-PC bilayers showing
MI and MII photointermediates. The equilibrium concentrations of MI and MII were
determined following a brief, actinic flash. Red trace: MII, black trace: MI, Green trace: total
fit, MI + MII. Spectra of dark-adapted rhodopsin were subtracted from spectra acquired ∼2
seconds after a brief flash with green light. Spectra were acquired in 0.3 s with a diode array
instrument. Absorbance due to unblached rhodopsin in this difference spectrum was subtracted
by using a set of 3 difference spectra containing only rhodopsin and retinal oxime (absorbance
maximum at 365 nm) to analytically determine the bandshape of the unbleached rhodopsin.
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Figure 6.
Flash-induced absorbance increases at 380 nm showing the effects of membrane thickness on
the time course of MII formation. Traces were scaled to the same amplitude to facilitate
comparison of the variation in kinetics. Blue points: 20:0d39-20:1-PC, green points:
18:0d35-18:1-PC, red points: 16:0d31-16:1-PC, black points: 14:0d27-14:1-PC. Smooth curves
through the data points are best-fit curves of the sum of three exponential terms.
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