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ABSTRACT

Bicelles form a disc-like planar lipid bilayer surrounded by short-chain lipids at the peripheral rim. Therefore,
they are well-suited to study purified transmembrane proteins in a more native-like environment. In this study,
we investigated the physico-chemical properties of bicelles using transmission electron microscopy, dynamic
light scattering, and fluorescence spectroscopy. The G protein-coupled receptor rhodopsin served as a proto-
typical membrane protein, which we reconstituted into bicelles having an average diameter of 11.6 + 0.6 nm
that increased to 14.9 + 0.7 nm upon incorporation of rhodopsin. These results were confirmed by transmission
electron microscopy and fluorescence spectroscopy. Comparing the molar concentration of bicelles and
rhodopsin, we determined an average of 4 + 1 bicelles per molecule of rhodopsin based on dynamic light
scattering, and 6 + 3 based on transmission electron microscopy data. Thus, only 14-25% of bicelles contained
rhodopsin without evidence of aggregation. Infrared and circular dichroism spectroscopy measurements
demonstrated that, in bicelles, rhodopsin forms a more packed structure compared to the detergent-solubilized
condition, and exhibits enhanced a-helical packing. Moreover, the bicelle-reconstituted form exhibited increased
thermal stability. When immobilized on sensor chip surfaces via concanavalin A anchoring, rhodopsin in bicelles
showed at least a 10-fold lower binding efficiency to the G protein transducin than in detergent, although
maintaining a 1:1 binding stoichiometry. These results indicate a monolamellar orientation of the bicelles on the
sensor chip surface, exposing rhodopsin in native folding.

1. Introduction

terminus, and a cytoplasm-facing C-terminus [3-5]. The solution of the
crystal structure of rhodopsin revealed that helices account for

Transmembrane proteins (TMPs) are found in almost all organisms,
and they play critical roles in cell metabolism, inter- and intra-cellular
communication, control of the membrane potential, ion homeostasis,
maintenance of cell structure integrity, and cell adhesion. Investigation
of the structure and function of membrane proteins in their natural
environment is a major challenge because purification of TMPs requires
removal of native lipids, bearing the risk of losing the native structure
and function of the protein [1]. Rhodopsin is considered a benchmark
membrane protein that operates as a prototypical G protein-coupled
receptor in processing the light signal in photoreceptor outer segments
into visual information [2]. The structure of this protein consists of
seven transmembrane regions, connecting loops, an extracellular N-

approximately 60-70% of the secondary structure elements [6]. Next to
a-helices, 31¢-helices have been identified in the transmembrane frag-
ments of rhodopsin [3,7]. The remaining parts consist of p-sheets and
unstructured loop regions [3,6]. Rhodopsin occupies an area of 2.8 x
3.9 nm within the membrane plane, while its height (along normal to the
membrane plane) is 6.4 nm [3]. The amino acid composition of
rhodopsin is dominated by hydrophobic residues, with phenylalanine
(8.9%), valine (8.9%), alanine (8.3%), and leucine (8.0%) being the
most abundant, contributing to the overall hydrophobic character of the
protein [6].

Earlier work applying Fourier transform infrared difference spec-
troscopy to study rhodopsin in thin membrane films assigned fingerprint
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regions in the spectra to light-triggered conformational changes [8].
Rhodopsin activity is affected by the composition of the disc membrane
in rod outer segments, which determines protein stability, kinetics, and
function [9]. The lipid membranes of the rod's discs are densely filled
with rhodopsin, with an average distance between the protein centers of
5.6 nm [10]. Previous work from the early 1970s stated that rhodopsin
shows no restricted diffusion in the disc membrane [11,12], but this
classical view was questioned by several more recent studies employing
atomic force microscopy [13-15] and cryo-electron tomography [16],
showing a paracrystalline or nanodomain arrangement of rhodopsin
dimers (see review by Park [17] for a full account on this controversial
topic). The supramolecular organization of rhodopsin is in line with a
dynamic scaffolding mechanism of G protein activation by rhodopsin
[18]. The molecular organization of rhodopsin in the membrane, its
diffusion, and protein-protein interaction modes depend on the local
lipid environment. The relationship between the lipid composition and
rhodopsin functionality, although widely studied, is not yet fully un-
derstood [10,19-24].

A promising experimental approach to study the conformation of
TMPs present in their native environment is the use of bicelles [1]. These
are disc-shaped lipid assemblies consisting of a planar bilayer core
formed by long-chain phospholipids, such as 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC), surrounded by a peripheral rim composed of
detergent-like short-chain lipids, typically 1,2-diheptanoyl-sn-glycero-
3-phosphocholine (DHPC) [25-28]. They are characterized by their q
ratio, a molar ratio of long-chain lipids to the short-chain lipids, as well
as the level of hydration (cy, weight percent of total lipid mass to the
total weight of the sample) [29,30]. Compared to micelles, bicelles have
been shown to exhibit excellent properties in terms of protein stabili-
zation due to the presence of a stable bilayer region in their structure
[31-34]. Additionally, they serve as valuable precursors for constructing
model lipid bilayers that mimic natural cell membranes [35-38].
Beyond rhodopsin, bicelles were used to stabilize and investigate other
TMPs, which demonstrate their versatility as membrane mimetics. Park
et al. [39] incorporated chemokine CXCR1 into bicelles, reporting usage
of this medium for high-resolution solid-state NMR studies, enabling
analyses of orientation, conformational dynamics, and ligand in-
teractions. Brettmann et al. [40] reported reconstitution of ion channel
domains in bicelles to probe gating and selectivity in a bilayer-like
environment. Additionally, Vinothkumar [41] demonstrated that
B-barrel proteins and intramembrane proteases, such as the GlpG
rhomboid protease, benefit from bicelle crystallization approaches that
preserve their native-like topology, as demonstrated by the successful
determination of the GlpG structure in a lipid environment. In previous
studies, McKibbin et al. [42] and Dong et al. [1] found that the mem-
brane, native-like environment created by the core bilayer part of the
bicelles significantly enhances the stability, folding, and functionality of
rhodopsin in comparison to regular detergents like dodecyl-p-D-malto-
side (DDM) or lauryldimethylamine oxide (LDAO). Rhodopsin retains
proper folding and structural competence in bicelles, and circular di-
chroism measurements confirm that opsin maintains the a-helical
structure [1,42]. Additionally, the thermal stability of rhodopsin in
bicelles is improved, providing better protection against denaturation
compared to widely used detergents [42]. These findings also show that
bicelles are suitable assemblies to analyze rhodopsin and GPCRs in
general by spectroscopic techniques.

In this work, the geometry and size of bicelles composed of lipids
(DMPC core and DHPC rim) incorporating purified rhodopsin were
elucidated using transmission electron microscopy (TEM), dynamic light
scattering (DLS), and fluorescence spectroscopy (FCS). Quantitative
analysis of the UV-vis spectra of rhodopsin in bicelles, combined with
size measurements, yielded the average ratio of protein-free to
rhodopsin-filled bicelles, a parameter critical for analytical applications.
Furthermore, infrared (IR) spectroscopy and near-UV circular dichroism
(CD) were employed to assess the secondary and tertiary structure of
rhodopsin in bicelles, respectively, in comparison to the protein
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embedded in surfactant micelles. The binding properties of rhodopsin in
bicelles were confirmed by surface plasmon resonance (SPR) studies
showing interaction with the a-subunit of the G protein transducin (Gy).

2. Results
2.1. Biophysical and biochemical characterization of bicelles

The morphology, size, and stability of the bicelles were investigated
by means of TEM, FCS, and DLS methods. Diluted lipid bicelle solutions
were placed on TEM grids to image the morphology and size distribution
of the bicelles obtained according to the procedure mentioned below.
Disc-shaped aggregates were clearly visible on stained grids fabricated
from bicelle solutions with total lipid concentrations ranging from 25 to
2.5 mM. TEM images of bicelle samples prepared from solutions at total
lipid concentrations > 2.5 mM appear to have an almost uniform
morphology and size, see Fig. 1A. In contrast, bicelles deposited on the
TEM grid from diluted samples (2.5 mM total lipid concentration) lost
their structural stability and displayed irregular often spherical shapes
with a broader size distribution, see Fig. 1B. Micrograph analysis
included bicelle size determination. Length measurements gave an
average bicelle length of 10.3 + 1.4 nm (n = 15) and a height of the core,
corresponding to the DMPC bilayer thickness, of 4.4 + 0.5 nm (n = 15),
as reported in Section S1, Table S1. The thickness of a DMPC bilayer (Dg)
has been reported to range from 4.2 to 6.2 nm [43] depending on the
physical state of the lipids and the hydration of the polar head group.
Thus, the thickness of the bicelles determined in this study is in the range
of the DMPC bilayer, confirming that our procedure yields well-
structured DMPC/DHPC bicelles.

The size of the bicelles was further characterized using fluorescence
anisotropy analysis and fluorescence correlation spectroscopy (Section
S2, Fig. S1). Bicelle samples were fluorescently labeled with 9,10-bis
(phenylethinyl)-anthracene (BPEA), a water-insoluble lipophilic dye
whose fluorescence indicates a successful intercalation of the dye into
the lipid chain region of the bicelles. [44] The location of the BPEA
molecule in the hydrophobic region of the bicelle does not affect the
quantitative analysis of the bicelle size, because it does not extend into
the solution phase but is buried in the hydrophobic region of the
aggregate. A reference measurement of isotropic BPEA in ethanol was
used to estimate the measurement of the observation volume [44]. The
measured translational diffusion time of the DMPC/DHPC bicelles (1)
obtained from FCS was 0.72 ms. Using this value, calibration of the
observation volume with BPEA in ethanol [44] and applying the Stokes-
Einstein equation, the hydrodynamic radius of the bicelles was calcu-
lated to be approximately 5.2 nm, corresponding to a diameter of 10.4
nm. This result agrees perfectly with the bicelles diameter of 10.3 nm
determined from TEM micrographs. As BPEA resides within the bicelle
lipid environment, the FCS-derived diffusion time reliably reflects the
overall bicelle size, confirming the expected dimensions and indicating
the structural integrity and homogeneity of the samples. Additionally,
rotational diffusion times g, extracted from fluorescence anisotropy
measurements were used to estimate an average diameter of 7.7 + 0.3
nm (n = 7). This value is lower than the diameter of bicelles measured by
FCS, because the model used for analyzing anisotropy data was origi-
nally established for spherical particles and not for flattened ellipsoids.
Despite the error introduced by the simplified model, values for bicelle
diameter are still similar to those of the other complementary methods.
To exclude that that BPEA disrupts the structure of DMPC/DHPC
bicelles, we systematically monitored the bicelle size using both fluo-
rescence anisotropy and DLS (hydrodynamic diameter and PDI) across a
concentration gradient of the dye (10 nM to 500 nM), as shown in
Table S2 in paragraph S2. The anisotropy sizes remain consistent,
varying from 7.2 nm to 8.0 nm. Those values correspond well to the
previously reported diameter of 7.7 + 0.3 nm at a 1.5 nM dye
concentration.

After analyzing the size and homogeneity of the bicelles, purified
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Fig. 1. TEM micrographs of bicelle samples. (A) Bicelles diluted to a final total lipid concentration of 25 mM. (B) Bicelles were diluted to a final total lipid con-
centration of 2.5 mM. The white scale bars in both images represent 50 nm.
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Fig. 2. Analysis of purified rhodopsin (Rho) in bicelles. (A) SDS-PAGE analysis of DDM-solubilized rhodopsin and rhodopsin in bicelles eluted from a ConA affinity
column (lane 1 and 3, respectively). A 25 mM bicelles solution was applied to the column after DDM-solubilized rhodopsin was bound to ConA. Rhodopsin in bicelles
was eluted with the competing carbohydrate methyl-a-mannopyranoside; Rhodopsin samples that were incubated at 96 °C for 5 min were applied in lanes 2 and 4.
Heating increased the oligomer formation in both cases forming characteristic ladders. A prominent dimer of rhodopsin is visible in lanes showing rhodopsin in DDM
and in bicelles, but the dimer vanished by heating the bicelles preparation thereby enforcing the building of higher oligomers. Protein bands were visualized by
Coomassie Brilliant Blue staining after electrophoresis on a 10% polyacrylamide gel (raw SDS-PAGE gel in Section S3, Fig. S2). (B) UV-vis spectra of dark-adapted
bovine rhodopsin reconstituted in DDM (black line) and bicelles (blue line). (C) Activation of Gt by illumination of rhodopsin in bicelles. Changes in relative
fluorescence emission was recorded at 345 nm (excitation wavelength was at 300 nm), which is coupled to GDP/ GTPyS at Gt catalyzed by bleached rhodopsin. The
first flash indicates illumination with white light for 30 s, the second flash was given for 5 s. The upward drift at the begin of the recording was prolonged for the time
of illumination by the red line to mark the increase of fluorescence emission attributable to Gt activation, because the recording was stopped during illumination.
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bovine rhodopsin was incorporated into them. To assess the fabrication
of bicelles containing rhodopsin, we analyzed the purity and concen-
tration by sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and UV-vis spectroscopy, respectively. SDS-PAGE analysis
in Fig. 2A revealed a distinct band at ca. 35 kDa of strong intensity that
was present in the rhodopsin bicelles fraction eluted from a concanav-
alin A (ConA) affinity column. It is consistent with the increase in the
bicelle diameter to 14.9 &+ 0.6 nm (n = 12), see blue dots in Fig. 3B,
caused by the incorporation of rhodopsin. The intensity of this band was
notably lower than that of the rhodopsin input, indicating a reduced
concentration of rhodopsin in bicelles compared to rhodopsin being
present in detergent DDM (left lanes in Fig. 2A). This result may indicate
that the amount of bicelles was insufficient to encapsulate all rhodopsin
bound to the affinity column. Additional oligomeric bands of rhodopsin
between 50 and 75 kDa and above 75 kDa were observed on the gel for
both preparations, rhodopsin in DDM and in bicelles. Heating the sam-
ples to 95 °C increased the formation of higher oligomers. Results are in
agreement with a previous report [1].

Dynamic light scattering measurements provide insights into the size
distribution and reproducibility of bicelle fabrication and their stability
under varying conditions, including the presence of rhodopsin and a
freezing-thawing cycle, see Fig. 3A. The average size of bicelles before
and after freezing, represented by the green circles and stars in Fig. 3B,
was 11.6 + 0.6 nm (n = 12) and 11.2 + 1.05 nm (n = 12), respectively,
and agrees with TEM and FCS results. Based on the results, the bicelle
stock solution can be frozen in liquid nitrogen and subsequently stored
at —20 °C without significant changes in their size distribution, as shown
in Fig. 3. This finding might be useful for various biomimetic, biotech-
nological applications.

Summarizing, the results described above confirmed the successful
incorporation of rhodopsin into bicelles and indicated that the samples
were compositionally homogeneous. However, the average diameter of
the bicelles with rhodopsin increased to 17.2 + 1.4 nm (n = 12) after
freezing and thawing, see Fig. 3B. The post-freezing sample quality
varied, with some samples containing aggregates larger than 100 nm in
diameter while retaining the original pre-freezing peak, indicating
condensation and clustering of the original bicelle assemblies (see lower
traces in Fig. 3A); thus, the structural characterization was not per-
formed on frozen samples.

2.2. Quantitative analysis of the bicelle size, lipid and protein
concentration

We determined the ratio of the protein-free bicelles to bicelles with
rhodopsin by analyzing the number of bicelles per rhodopsin as a critical
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parameter for characterizing our fabrication procedure. The analysis
includes the determination of the molar concentration of rhodopsin in
the bicelle stock solution and the geometry of the bicelle size.

The absorbance spectrum of the bicelle solution with inserted
rhodopsin is shown in Fig. 2B. The distinct, intense absorption band
centered at 280 nm is characteristic of tryptophan and other aromatic
residues present in rhodopsin [45]. The weak band at 360 nm corre-
sponds to all-trans retinal after rhodopsin bleaching [46], and the
absorbance of dark-adapted rhodopsin bound to the chromophore 11-
cis-retinal is prominent at 500 nm [47]. The average concentration of
rhodopsin reconstituted in bicelles was determined from the absorbance
value measured at 280 nm yielding 14.5 + 2.8 pM (n = 5) and corre-
sponding to the total protein content in the sample. The concentration
was approximately 2.8-fold reduced relative to the initial protein con-
centration applied to the affinity column (40.5 + 4.9 pM; n = 5). All
values used to determine the rhodopsin concentration are provided in
Section S4, Table S3. The absorbance at 500 nm, specifically for the
dark-adapted, retinal-bound form of rhodopsin, indicated a concentra-
tion of 6.8 + 1.9 pM (n = 5). The Azg9/As00 ratio of 3.3 + 0.7 (n = 5) was
substantially higher than the typical value of ~1.6 observed for fully
retinal-bound native rhodopsin [48].

Rhodopsin in bicelles interacted with Gt upon light activation
monitored by an increase of tryptophan fluorescence (Fig. 2C). The in-
crease in fluorescence emission at 345 nm is due to the rhodopsin
catalyzed GDP/GTPyS exchange in Gt and the concomitant conforma-
tional change [48] showing that rhodopsin is functionally active.

In further analysis, the size of bicelles obtained from TEM, FCS, and
DLS measurements was used to determine the number of DMPC mole-
cules per bicelle. Details of this calculation are described in section S5a
and b, Table S4, and illustrated in Fig. S3 and S4. Briefly, knowing that
the rim of bicelles composed of DHPC molecules has a length of 2 nm
[49], the diameter of the DMPC core of the bicelle was determined to be
6.8 + 0.4 nm (Table S4 in Section S5a). Taking the area of the phos-
phatidylcholine head group (Agg) of 0.6 nm? [50,51], the number of the
DMPC molecules per core fragment of the bicelle and the concentration
of bicelles were calculated (Table S4). When comparing the molar
concentration of bicelles and rhodopsin (cajrro and cm,pmpc, respec-
tively), we determined an average of 4 + 1 bicelles per molecule of
rhodopsin based on DLS data, and 6 + 3 based on TEM data. These re-
sults indicated an excess of free bicelles in the system, with approxi-
mately 14-25% of bicelles containing rhodopsin.

2.3. Determination of the rhodopsin structure

CD and IR spectroscopies were used to determine the secondary
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Fig. 3. Dynamic light scattering measurements. (A) DLS measurements of fresh bicelles (green line), bicelles flash-frozen in the liquid nitrogen and thawed (green
dashes), fresh bicelles with inserted rhodopsin (blue line), and bicelles with inserted rhodopsin (Rho) flash-frozen in the liquid nitrogen and thawed (blue dashes). (B)
Size distribution statistics from 12 biological replicates. Statistical significance was determined using a one-tailed t-test. Green dots represent fresh bicelles; green
stars, bicelles flash-frozen in the liquid nitrogen (p = 0.339); blue dots, fresh bicelles with inserted Rho; and blue stars, bicelles with inserted Rho flash-frozen in the

liquid nitrogen (**p = 0.002).
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structure of bleached rhodopsin (opsin) embedded into bicelles. Average
CD spectra in far UV (200-250 nm) were analyzed to investigate the
secondary structure of opsin in bicelles (Fig. 4A, separate measurements
in Section S6, Fig. S5A and S5B). Two minima at 208 and 222 nm
appeared in the CD spectra, as expected for a protein with dominant
a-helical structure. Unlike proteins with a-helical structure, the CD
spectra of opsin in a hydrophobic environment of both bicelles and
micelles showed that the band at 222 nm has larger absolute molar
ellipticity values than the band at 208 nm. Indeed, this spectral char-
acterization has been observed for rod and cone outer segment opsins
[52]. Isolated, hydrated a-helix structures show the molar ellipticity
ratio [0]222/[0]20s ~ 0.85 [53], while coiled-coil motifs display
increased values around 1.02 [54-57]. When opsin was reconstituted in
bicelles, CD spectra showed the [0]222/[0]208 of 1.18 + 0.01, while in
the DDM-solubilized counterpart equaled 1.10 + 0.02 (Table 1 and
Fig. S5C and S5D). This result suggests that other helical arrangements,
such as tighter helix-helix interactions or 31¢ helices, contribute to the
structure of opsin embedded into its native lipid (hydrophobic)
environment.

The analysis of the CD spectra indicated a significant contribution of
increased inter-helical contacts to the overall o-helical content. Ac-
cording to X-ray diffraction data, rhodopsin has a predominantly o-he-
lical structure, with approximately 55% - 63% of its secondary structure
consisting of a-helices [3,58,59]. These helices are bent, and some
segments adopt a 31¢-helical conformation [6]. The remaining structure
comprises random coils in the extracellular and intracellular domains,
along with a small proportion of f-sheets, as determined from its crystal
structure [3].

To get more detailed information about the secondary structure
composition of opsin in bicelles, the IR spectrum in the amide mode
absorption region in D50 solution was recorded, as shown in Fig. 4B. The
secondary structure composition of the protein was quantified by
deconvoluting the amide I' region of the spectrum (1700-1600 cm ™!,
with band positions identified via the second derivative analysis
(Fig. 4B). The strongest and broadest (fwhm = 25 cm™Y) amide I’ ab-
sorption band centered at 1656 cm ™! corresponds to a-helices. This
dominant secondary structure element accounts for 48% of opsin
composition and is comparable to the content of a-helices reported for
rhodopsin in disc membrane [60]. These other helical/random coil
structures, assigned to the amide I' band centered at 1640 cm™!, consist
of ca. 15% of secondary structure elements in opsin. The bands at 1628
em ™! and 1687 cm™! are attributed to -sheets, while the band at 1675
em™! corresponds to f-turns. Random coils may also give amid I mode
around 1630 cm ™' as well as 1670-1680 cm™!, complicating
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Table 1

The molar ellipticity [0]1222/[0]20s ratios of bleached rhodopsin (opsin) in
DMPC/DHPC bicelles and DDM micelles, obtained from three independent CD
measurements. They suggest a significantly tighter packing (one-tailed t-test, p-
value = 0.002) of the helices.

[01222/[0]208
Aggregate from RunI Run II Run IIT Avg SD
opsin in bicelles 1.17 1.19 1.18 1.18 0.01
opsin in DDM 1.11 1.12 1.08 1.10 0.02

one-tailed t-test.
p-value = 0.002.

quantitative secondary element structure analysis.

2.4. Thermal stability of opsin in bicelles

Thermal stability of opsin in bicelles was studied in comparison to
the sample in the detergent environment (DDM) by means of CD
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Fig. 5. Temperature-dependent recordings compare changes in the ellipticity
of opsin (Rho) in bicelles with opsin in DDM. Representative thermal unfolding
profiles were monitored at 208 nm. Data fitting to a 4-parameter Hill sigmoidal
function (R = 0.941 for opsin in bicelles; R = 0.987 for opsin in DDM).
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spectroscopy (Fig. 5). All samples were bleached prior to measurement
and were not dark-adapted. The molar ellipticity at 208 nm, charac-
teristic of the o-helical structure, was measured over the temperature
range of 4-96 °C. A decrease in ellipticity as a function of the increase in
temperature indicates a loss of a-helical structure of opsin (Fig. 5). The
experimental data were fitted to a 4-parameter Hill sigmoidal function,
see eq. 1 in the experimental section, as shown in Fig. 5. The thermal
profiles of opsin exhibited an inflection point representing the melting
temperature (T,,) at 65.4 + 1.5 °C (n = 3) when embedded in bicelles
and at 57.2 + 2.0 °C (n = 3) in the presence of DDM, indicating that
bicelles increase opsin's stability. Moreover, the estimated T, values for
opsin in bicelles (Section S7a, Table S5) showed lower standard devia-
tion compared to the protein sample in DDM, suggesting higher thermal
stability and lower experimental variability. A t-test (Section S7,
Table S6) comparing the mean T, values indicated the difference be-
tween the bicelles and DDM being statistically significant (p < 0.05),
which supports the conclusion that opsin is more thermally stable in
bicelles.

We further compared the thermostability of DDM micelles and
bicelles by DLS measurements at increasing temperatures between 20
and 90 °C showing that bicelles maintained a nearly constant hydro-
dynamic diameter of ~10-13 nm over the entire temperature range. In
contrast, DDM micelles exhibited a narrow stability window limited to
25-35 °C, where hydrodynamic diameters ranged from 47 to 72 nm with
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low polydispersity (PDI = 0.19-0.23 + 0.01-0.05). Above 40 °C, Z-
Average increased sharply to 139-329 nm (PDI = 0.25-0.29), followed
by massive aggregation exceeding 400 nm at 55 °C and reaching 2294 +
790 nm at 85 °C (PDI = 0.82 + 0.16). See Figs. S6 A to S6C and an
extended experimental description in paragraph S7b.

2.5. Immobilization of rhodopsin in bicelles on sensor surfaces

Dark-adapted rhodopsin in detergent/micelle preparations can be
captured on dextran-coated SPR sensor chips using immobilized ConA as
a binding ligand [18,61-63]. The immobilization density of ConA was
very similar, reaching 2498 + 360 RU, corresponding to 5.35 x 10'°
monomers per mm>2 We applied this experimental approach to test
whether and how rhodopsin in bicelles can be anchored to functional-
ized surfaces. Rhodopsin solubilized in 3-[(3-cholamidopropyl)dimethy-
lammonium]-1-propanesulfonate (CHAPS) was used as a control, as it
was previously documented by Komolov et al. [62] as the most effective
medium for subsequent protein-protein interaction studies (e.g.
rhodopsin-Gy). Fig. 6A shows the immobilization of rhodopsin in three
different lipophilic media: CHAPS, DDM, and bicelles. After washing
with a buffer of unspecifically adsorbed protein, rhodopsin in CHAPS
reached 5236 RU and in DDM about 2500 RU on average (1800 RU in
Fig. 6A), corresponding to 125 fmol/mm? and 63 fmol/mm?, respec-
tively, in agreement with previous results [18,61-63]. SPR curve of
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Fig. 6. Immobilization of rhodopsin on ConA-coated sensor chips and interaction study. (A) Rhodopsin in CHAPS, DDM, and bicelles was flushed over a ConA-coated
CMS5 sensor chip. The black bar indicates the time of injection, and open bars represent buffer flow. (B) Rhodopsin in bicelles flushed over a ConA-coated CM5 sensor
chip. (C) Comparison of immobilization levels of rhodopsin in DDM (2425 RU =+ 550 RU) and in bicelles (229 RU + 43 RU) as indicated (n = 6). (D) Purified G, at 1
pM was injected into the buffer flow during the time indicated by the black bar, resulting in the displayed sensorgram (black trace). Two-state reaction model gave
the following parameters: ki = 2.49 x 10> M ' s™1), ki = 6.11 x 107* (s71), k2 = 9.48 x 10* M ! s71), k3 = 1.46 x 1077 (s°1), Rmax' = 18.6 RU, Rmax? =

6.08 RU.
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bicelles containing rhodopsin (Fig. 6A and B) displays a decrease in
resonance units during their interactions with the ConA-modified SPR
sensor. The drop in RU to negative values is likely due to a change in
bulk refractive index between buffer composition and bicelles. Micelles
formed during spreading of the DMPC-rhodopsin bilayer on the ConA-
coated surface. Free bicelles are found above a bilayer surface in a
different system [64] and are washed away by the buffer. The same
phenomenon might have occurred in our system leading to a final in-
crease of RU to positive values. Compared to CHAPS and DDM micelles,
the increase in RU is small, reaching only 229 RU =+ 43 (Fig. 6A, B, C),
indicating an increase in mass of 229 pg mm 2. Since only bicelles with
incorporated rhodopsin were attached to the sensor chip surface via
ConA binding, we calculated that 7.3% or 16.7 pg mm ™2 of the mass
corresponded to rhodopsin. (details of the calculation are described in
Section S5b). Thus, the protein concentration on the sensor surface
equaled 0.42 fmol mm~2 or 2.5 x 10% molecules per mm?.

In a subsequent binding study, we tested the binding of purified
native Gy (SDS-PAGE analysis in Section S8, Fig. S7) to immobilized
rhodopsin embedded in bicelles. One example of the binding signal is
shown in Fig. 6D. Evaluation of several recordings yielded a mean RU
amplitude of 28 + 22 (n = 4) corresponding to 4.3 x 10® molecules of G¢
per mm?2.

3. Discussion

In our study, DMPCcore)/DHPC(rim) bicelles were prepared with a g-
value of 0.5. The concerted use of TEM, FCS, and DLS techniques
confirmed a flattened ellipsoid shape and uniform size distribution of
the lipid bicelles. The size analysis revealed that the bicelles had an
average diameter of 11.6 + 0.6 nm (DLS) and 10.5 nm (TEM, FCS), and
the DMPC bilayer core thickness of 4.4 + 0.5 nm (TEM). Our results
align well with the values reported by McKibbin et al. [42] and Kaya
et al. [33]. It is worth noting that freezing and thawing cycles do not
affect the size and stability of the pure lipid bicelles. Instead, bicelles
solutions that are unstable for longer times under room temperature can
be stored frozen for longer times.

DLS results showed that after incorporation of rhodopsin, the
average diameter of the bicelles increased to 14.9 + 0.6 nm, see Fig. 3.
This increase in size by 3-4 nm correlates with the dimensions of the
membrane-inserted part of rhodopsin, 2.8 x 3.9 nm, while the protein
height equals 6.4 nm [65], suggesting that one rhodopsin molecule is
incorporated into a bicelle. Theoretical and experimental studies have
shown that the ideal hydrophobic thickness of rhodopsin is 2.7 + 0.1 nm
[66-68]. The DMPC core bilayer thickness is close to 4.4 + 0.5 nm. After
subtracting 1.6 nm to account for the phosphatidylcholine headgroup
regions on both sides of the bilayer [69,70] the remaining 2.8 nm cor-
responds to the thickness of the hydrophobic hydrocarbon core. This
value matches perfectly with the hydrophobic part of the TMP. Conse-
quently, the C- and N-termini of rhodopsin extend on each side by ca. 1
nm above the DMPC core bilayer surface. However, freezing and
thawing cycles showed an increase in the average size of bicelles to 17.2
+ 1.4 nm, indicating clustering or agglomeration, pointing to the rho-
dopsin's property to form oligomers in the lipid environment [66,71,72].

Although the higher Ajgo/Asoo ratio (3.3 £ 0.7) that we calculated
from UV-vis spectra of samples of bicelles with rhodopsin (Fig. 2B)
could at first suggest that protein incorporation into lipid particles
causes partial bleaching of rhodopsin, our data does not support this
interpretation (see Fig. 2B). If the reconstitution of rhodopsin in a
bicellar environment were responsible for such bleaching, keeping at the
same time dark conditions, a pronounced absorbance band character-
istic of all-trans retinal would be prominent near 380 nm [46]. Instead,
only a weak peak is observed around this wavelength, indicating that
most rhodopsin molecules remained in the dark-adapted state after
reconstitution. Therefore, the increase in the Ajgo/Asgo ratio likely re-
flects minor bleaching from sample handling or brief dim light exposure.
Furthermore, similar preparations of rhodopsin in DDM micelles yielded
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an Apgo/Asgo ratio of 2.5 (Fig. 2B), indicating a strong influence of the
apolar versus more polar environment on the absorbance properties of
aromatic side chains in rhodopsin. Wild-type rhodopsin in micelles
showed the Aggo/Asgp ratio in the range of 1.6-2.4, being similar to our
results. Variations of the Ajgg/Asgo ratio in wildtype rhodopsin have
been reported in the literature with values reaching 2.4 and more, but
these were mainly explained by contaminations or protein aggregates
[1]. However, according to our SDS-PAGE analysis the rhodopsin sam-
ple in bicelles contained no visible protein contaminants (Fig. 2A).

Opsin embedded in the bicelle structure retains predominant helical
secondary structure of dark-adapted rhodopsin, as confirmed by CD and
IR spectroscopies (Fig. 4). The CD spectrum, in the 200-250 nm, dis-
plays two molar ellipticity minima at 208 and 222 nm, confirming that
helical structures are the dominant secondary structure element of
rhodopsin. Similarly, deconvolution of the amide I' band of the IR
spectrum of bicelles with opsin in the D20 phosphate buffer solution
gives the strongest absorption band at 1656 cm™!, confirming that
a-helices are the main component of rhodopsin's structure [52]. How-
ever, non-typically for a protein with a-helical structure, the band at
222 nm has a higher absolute value of the molar ellipticity than the band
at 208 nm, indicating either some conformational changes in the helices
of the membrane protein or changes in their packing [52,73]. For the
opsin embedded in bicelles, the [0]222/[0]20g ratio equals 1.18 + 0.01
and is comparable to CD spectra recorded by Liu et al. [52] for rhodopsin
solubilized in DDM. The [0]222/[0]20g ratio > 1 is an indicator for the
formation of coiled-coil helices [54,55]. The presence of the deconvo-
luted amide I' mode at 1639 cm ™! may indeed support this finding.
However, Garcia-Quintana et al. [60] assigned the amide I' mode at
1639 cm ™! to the presence of 3;¢-helices in rhodopsin within rod disc
membranes. In literature, the amide I' mode assigned to 37¢-helices is
centered either around 1660-70 cm ™+ [74,75] or around 1640-30 em !
[58,76]. In the 3j¢-helix, the y torsion angle undergoes fluctuations
depending on the polarity of the surrounding medium [60], reflecting its
conformational instability in polar medium (water). In a non-polar
medium, the 3pp-helix conformation is more stable. The CO“HyN
hydrogen bonds occur between every third amino acid, while in the
a-helix, every fourth amino acid is involved in the formation of
hydrogen bonds. The average length of the hydrogen bond in the 3;¢-
helix varies between 2.4 and 2.7 A, going from non-polar to polar media,
while in the a-helix its length is close to 2.1-2.2 A and does not depend
on the solvent polarity. Considering longer and therefore weaker
hydrogen bonds between the amino acids at the 3;¢-helix, its amide I'
mode is expected at higher wavenumbers compared to the a-helix. Since
the 31¢-helix is more tightly wound, longer, and thinner, the hydrogen
bond network in the helix will change in water since the water molecules
will hydrate it [60,77]. Thus, in a polar environment, a down-shift of the
amide I' mode of a 31¢-helix below the expected maximum of absorption
of the amide I' mode of a-helices may occur, complicating the assign-
ment of the deconvoluted amide I' mode. Interestingly, the CD spectra
show that in a protein with 3;p-helices the [0]222/[0]20g ratio drastically
changes and is close to 0.4 [73,78]. Taken together, in our case 31¢-
helices do not contribute to the opsin structure. Based on the analysis of
the CD and IR spectra described above, the amide I' mode in opsin
embedded into bicelles pointed to a tighter helix-helix interactions.
Hydrophobic amino acids seem to be essential for folding into coiled
coils [79], and indeed the primary structure of rhodopsin is dominated
by hydrophobic residues [6]. In addition, the hydrophobic environment
of the lipid bilayer may enhance the interactions between the hydro-
phobic amino acids, facilitating the stabilization of the enhanced a-he-
lical packing.

Circular dichroism (CD) measurements at 208 nm were also used to
determine the melting temperature (T;,) of bleached rhodopsin incor-
porated into bicelles and, for comparison, in a detergent environment
(DDM) over a temperature range of 4 °C to 96 °C (Fig. 5). Previous
studies reported Ty, values of 71.9 + 0.4 °C for dark-adapted rhodopsin
in rod outer segments and 55.9 + 0.4 °C for the bleached form (opsin),



P.K. Bielski et al.

indicating that the bleached state is thermally less stable [80,81]. In our
experiments, bleached rhodopsin incorporated into bicelles exhibited T,
of 65.4 + 1.5 °C, suggesting that the bicellar environment enhances
thermal stability relative to detergent micelles. Bicelles without opsin
maintain a constant hydrodynamic diameter over a large temperature
range, which confirms that the denaturation of bleached rhodopsin is
not due to the disintegration of bicelles (Fig. S6). This stabilization likely
results from the more compact and membrane-like organization
imposed by bicelles, which promotes tighter helix-helix interactions
within the protein (Fig. 4). Such interactions reduce solvent exposure of
hydrophobic residues and strengthen intramolecular packing, thereby
increasing resistance to thermal unfolding [82,83]. Schneider et al. [84]
showed that helix-helix contacts significantly contribute to the stability
of membrane proteins, which may explain the higher T;, observed for
opsin in bicelles. The lipid bilayer environment can also alter the
denaturation temperature of rhodopsin [85,86], supporting our
conclusion that bicelles serve as an effective membrane-mimetic me-
dium for maintaining native-like structural stability. Concluding, opsin
in a bicelle has a structure and conformation comparable to those found
in rod outer segment membranes [1,52].

In addition, bicelles also provide a suitable platform for the inter-
action processes of rhodopsin. Arrestin-1 loses its native structure in the
presence of detergent micelles, but bicelles prevent the denaturation of
arrestin-1 allowing complex formation with light-activated (phosphor-
ylated) rhodopsin [87,88]. Therefore, we tested the interaction of
rhodopsin in bicelles by SPR. Anchoring of dark-adapted rhodopsin on
surface-functionalized sensor chips has been a straightforward approach
to study protein-protein interaction processes by SPR spectroscopy.
Previous attempts used rhodopsin preparations in detergent-lipid mixed
micelles for immobilization on sensor chips [18,61-63]. Rhodopsin was
not embedded in a bilayer in these previous studies, but was nearly
stripped off from lipids and detergents, leaving a small ring of hydro-
phobic molecules around the transmembrane helix part [18]. However,
protein interaction studies with purified G; revealed kinetic binding data
consistent with data obtained by other biophysical methods
[24,33,48,89]. In the present work, we extended those studies by testing
how bicelles might be used in surface-anchored protein-protein inter-
action studies. One unexpected result was the low immobilization level
of bicelles with rhodopsin on the sensor chip surface (Fig. 6). Given that
the mass concentration of rhodopsin in bicelles is approximately 7.3%,
ConA captured about 0.42 fmolxmm™2, corresponding to 2.5 x 108
rhodopsin molecules per mm?. This value is close to the number 4.3 x
108 G molecules as calculated from the binding signal amplitudes (see
above), and nearly identical to the lower value of the range 2.3 x
108-9.4 x 108 that we measured. We conclude that rhodopsin and Gq
form a 1:1 complex, leaving some G; molecules free. An acceptable fit of
the binding curve in Fig. 6D was only obtained by applying the hetero-
geneous ligand two-state reaction model of the BIAevaluation software.
Heterogeneity of the ligand is a reasonable assumption because we have
two components on the sensor chip surface, rhodopsin and the lipid
bilayer. Therefore, assuming that the majority of G; is bound to
rhodopsin, the affinity (Kp value) relates to ké/ké = 249 nM. This value
is similar to 360 nM for dark-adapted rhodopsin reported previously
[18]. Finally, our results of a 1:1 stoichiometry for rhodopsin and G¢
showed that all rhodopsin molecules have a uniform orientation and
expose their cytoplasmic regions, making them accessible for protein-
protein interactions. Our results further point to a monolamellar
orientation of bicelles on the sensor chip surface.

In the present study, we provide a comprehensive characterization of
bicelles with respect to size, size with an incorporated transmembrane
protein, stability and influence on the protein structure, making bicelles
a valuable tool for IR and CD spectroscopy studies. By applying both
methods, we observed enhanced a-helical packing stabilized by a native-
like lipid bilayer.
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4. Materials and methods
4.1. Chemicals

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (14:0-14:0)
and 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC) were pur-
chased from Avanti Polar Lipids, USA. Deuterium oxide (Dy0) was
purchased from Deutero, Germany. Anhydrous KoHPO4 and KoHPO4
and 9,10-bis(phenylethinyl)-anthracene (BPEA) were purchased from
Sigma-Aldrich (Germany). HCI (25%), ethanol, and methanol (analyt-
ical grade) were from AnalaR Normapur, VWR, France. All aqueous
solutions were prepared using freshly filtered water of conductivity
<0.50 pS cm~!' (PureLab Classic, Elga LabWater, Celle, Germany).
Concanavalin A (ConA), an affinity chromatography resin, and a CM5
Biacore chip were purchased from Cytiva Europe GmbH, Germany. n-
dodecyl-f-D-Maltoside (DDM), methyl-a-D-mannopyranoside, sodium
dodecyl sulfate (SDS) pellets, 3-(N-morpholino) propanesulfonic acid
(MOPS) and n-octyl-p-D-glucopyranoside (OGP) were from Carl Roth,
Germany. ConA and coupling reagents were purchased from Sigma-
Aldrich (Cat. No. 11028-71-0, USA). The Bradford reagent for the
determination of protein concentration was from Bio-Rad (Hercules,
USA). Brilliant Blue R250 was from Serva (Germany).

4.2. Preparation of bicelles

Bicelles were prepared based on the previously described method by
Dong et al. [1] For the preparation of 0.4 mL of bicelles, lipids in powder
form (22.59 mg of DMPC and 32.10 mg of DHPC) were first dissolved in
phosphate buffer (KoHPO4/KH5POy, pH 7.2) using 0.25 mL and 0.15 mL
of buffer, respectively. The resulting milky DMPC solution was vortexed
and incubated on a thermomixer at 42 °C for 5 min. DHPC solution was
then added, gently mixed, and incubated at 42 °C for an additional 10
min. The final mixture, with a lipid molar ratio of ¢ = 0.5 and a total
lipid concentration of 250 mM (corresponding to 12% w/w), was then
stirred at room temperature for 1 h until it became clear. The resulting
bicelles remained stable for up to 48 h in the refrigerator and could be
stored at —20 °C after freezing in liquid nitrogen.

4.3. Transmission electron microscopy (TEM)

TEM imaging was performed using a JEOL JEM-2100F instrument
with a field emission gun operated at an acceleration voltage of 200 kV.
A Gatan Orius SC600CCD camera was used for image acquisition. Prior
to sample deposition, pioloform-coated copper grids (3.05 mm, 200
mesh; Plano GmbH, Germany) were washed with ethanol and treated in
an ozone chamber for 10 min to remove any organic contaminants. A
drop of the bicelle solution at a total lipid concentration equal to either
25 mM or 2.5 mM was deposited onto pioloform-coated copper grid and
allowed to dry for one hour. Samples were prepared using negative
staining with 1% uranyl acetate (Sigma Aldrich, Germany). After incu-
bation for 30 min, grids were gently washed in a droplet of distilled
water and subsequently imaged. ImageJ 1.51w software (University of
Wisconsin, USA) was used to analyze the size of the bicelles on the TEM
grid. The average diameter and height were obtained by a manual
measurement of 15 random bicelles from a sample diluted to 25 mM.

4.4. Dynamic light scattering (DLS)

DLS measurements were performed using a Zetasizer Nano ZS in-
strument (Malvern Instruments, UK) equipped with a 633 nm laser. The
temperature was maintained at 20 °C throughout the measurements.
Bicelle samples, both with and without rhodopsin, were diluted to lipid
concentrations ranging from 50 mM to 17 mM and analyzed in UV-
transparent disposable cuvettes with a 1 cm path length. Prior to each
measurement, samples were equilibrated at the set temperature for 2
min to ensure stability. Each experiment consisted of at least 12
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individual measurements, which were averaged to obtain reliable size
distribution data. The analysis was conducted using Zetasizer Software
v7.13. The dispersant refractive index and viscosity were set to 1.33 and
0.89 cP, respectively. The material refractive index was set to 1.45, with
an absorption value of 0.001.

4.5. Fluorescence correlation spectroscopy (FCS)

The FCS measurements were performed on a standard FCS setup
described in detail in [90]. For time-resolved fluorescence anisotropy,
the setup has been upgraded with a polarizing filter between the
supercontinuum source and the dichroic mirror, and two polarizing
filters in front of the single-photon avalanche photodiode (SPAD) de-
tectors. The supercontinuum source has been operated at an emission
wavelength of 470 nm and a 4.8 MHz repetition rate. Data processing
has been performed with the Burst Analyzer 2 software (Becker&Hickl,
Germany). Bicelles were fluorescently labeled by incorporating BPEA, a
membrane-intercalating lipophilic fluorophore well-suited for studying
membrane dynamics. Labeling was achieved by adding a 50 mM stock
solution of bicelles to dried BPEA, previously dissolved in chloroform.
The mixture was gently stirred overnight at room temperature to ensure
uniform dye incorporation. For fluorescence anisotropy measurements,
the total lipid concentration was adjusted to 25 mM, while g = 0.5. For
FCS, this solution was diluted with a 25 mM solution of not labeled
bicelles to a final BPEA concentration of 1.5 nM. Dilution with label-free
bicelle solution ensured that the lipid concentration was above the
critical micelle concentration.

4.6. Purification of rhodopsin and Gt

Native proteins were obtained from bovine rod outer segments (ROS)
that were either prepared according to [91] or purchased from InVision
BioResources (USA). Rhodopsin was isolated from hypotonically strip-
ped disc membranes under dim red light according to [33]. Initially,
ROS membranes were washed three times with GTP buffer consisting of
0.1 mM GTP in buffer A (10 mM Tris/HCl, pH 7.4, 0.5 mM MgCl,, 1 mM
DTT, 0.1 mM PMSF, 1:500 mPIC) and centrifuged at 120000 xg for 5 min
at 4 °C. The resulting pellet was resuspended in urea buffer composed of
5 M urea in buffer A and incubated on ice for 10 min, followed by
another centrifugation under the same conditions. Obtained pellet was
resuspended in buffer B consisting of 10 mM Tris/HCI, pH 7.4, 0.1 M
NaCl, 5 mM MgCly, 1 mM DTT, and 0.1 mM PMSF and washed twice.
Subsequently, the pellet was washed two times with EDTA buffer con-
taining 10 mM Tris/HCl, pH 7.5, 1 mM EDTA, 1 mM DTT and centri-
fuged for 15 min at 120000 xg at 4 °C. Finally, the ROS membrane pellet
was solubilized in a solubilization buffer composed of 50 mM Tris/HCI,
pH 7.5, 100 mM NacCl, and 20 mM DDM and incubated on a thermo-
mixer at 4 °C for 20 min. To eliminate insoluble material, the sample was
subjected to a final centrifugation step at 120000 xg for 15 min at 4 °C.
The G-protein transducin (G;) was purified as described [18], SDS-PAGE
analysis in Section S8, Fig. S6. To obtain G¢ in the most suitable condi-
tions for interaction studies, the buffer was exchanged to the SPR
running buffer [18], using an NAP™-5 column (Cytiva, USA). The pro-
tein concentration was quantified using the Bradford assay [92] and
confirmed by UV-Visible spectroscopy. To assess rhodopsin concentra-
tion in lipid-containing samples, the Bradford assay with OGP was used.
The purity of the samples was evaluated by SDS polyacrylamide gel
electrophoresis (PAGE) using a 10% polyacrylamide gel.

4.7. Incorporation of rhodopsin into bicelles

This procedure was conducted under both dim red light and ambient
light conditions according to [33], depending on the protein's state.
Initially, the ConA affinity column was equilibrated with ten column
volumes of binding buffer consisting of 20 mM Tris/HCl, pH 7.4, 1 mM
MgCl,, 1 mM CaCly, 1 mM MnCly, 200 mM NaCl, 1 mM DTT, and 0.5
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mM DDM. DDM-solubilized rhodopsin was applied to the column and
incubated on the rotating platform overnight at 4 °C to facilitate effi-
cient binding to ConA. The following day, the unbound fraction was
collected, and the column was washed with washing buffer containing
competing sugar and 50 mM bicelles made up of 20 mM Tris/HCl, pH
7.4, 100 mM NaCl, 500 mM methyl-a-D-mannopyranoside, which pro-
motes the encapsulation of rhodopsin. This step was followed by 3 h
incubation at 4 °C on a rotating platform. Finally, the fraction containing
rhodopsin incorporated into bicelles was eluted and subjected to further
analysis. For IR, CD, EM, FCS, and SDS-PAGE analyses, rhodopsin in
bicelles was bleached prior to measurements, whereas for SPR and
UV-Vis spectroscopy, dark-adapted samples were used.

4.8. Light-triggered activation of Gt

Activation of Gt was measured by a tryptophan fluorescence assay
similar to previous reports [33,48] with some modifications. Briefly,
bicelles containing 220 nM rhodopsin were mixed with 150 nM freshly
purified native Gt under dark conditions in a buffer containing 10 mM
Tris pH 7.5, 100 mM NaCl, 5 mM MgCl,, 0.1 mM EDTA, 2 mM DTT,
0.006% (w/v) DDM, 1 uM GDP and 10 uM GTPyS. Fluorescence emission
was recorded at 345 nm by setting the excitation to 300 nm in a spec-
trofluorimeter from Photon Technology International. The exchange of
GDP to GTPyS in Gt was triggered by bleaching rhodopsin in the mixture
with white light for 30 s.

4.9. SDS-PAGE analysis of the proteins

SDS-PAGE was performed using a 5% polyacrylamide stacking and
10% resolving gel. The protein bands were visualized by incubating the
gel in Coomassie staining solution for a minimum of 30 min under
continuous shaking. Afterwards, the gel was washed with a destaining
solution until the protein bands were visible over the clear background.
The results were captured by the Azure 400 Visible Fluorescent Western
System.

4.10. UV-visible absorption

To determine the dark state of rhodopsin in bicelles, UV-vis spectra
were acquired with a SPECORD 200 Double Beam spectrophotometer
(Analytik Jena, Germany). The spectra were recorded in the range
260-650 nm with a bandwidth of 2 nm, a response time of 0.5 s, and a
scan speed of 2 nm s~ 1. The rhodopsin concentration was determined
according to Lambert-Beer law by measuring the absorbance at 280 nm
and 500 nm and applying the respective extinction coefficients (egg0 =
61,800 cm ™! M! and 50 = 42,000 cm™* M™Y) [45,47,48,61].

4.11. Transmission IR spectroscopy

Bicelles with inserted opsin were freshly prepared consisting of a
total lipid concentration of 57 mM in phosphate buffer in D,O at pD 7.6
(background) and opsin concentration of 14.5 + 2.8 pM (n = 5) as an-
alyte. The IR transmission spectra of these bicelles were recorded in a
flow cell between two ZnSe windows (Aldrich, Germany) and a 50 pm
thick Teflon spacer at room temperature. A Vertex 70 IR spectrometer
(Bruker, Germany) was used to record 64 spectra with a resolution of 4
cm ! for the background and analyte spectra.

4.12. Circular dichroism spectroscopy (CDS)

CD spectra were recorded in the far-UV (200-250 nm) to analyze the
secondary structure of rhodopsin inserted into bicelles. The spectra were
recorded on a Jasco (Japan) J-710 spectropolarimeter equipped with a
Peltier-type cell holder in a 0.1 cm path length quartz cuvette with the
following parameters: 1 nm bandwidth, 1 nm data pitch, 4 s integration
time, 50 nm min ! scanning speed, 20 °C temperature, 3 accumulations.
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The far-UV CD spectrum of an 18-fold dilution of the bicelles stock was
considered as a blank and subtracted from the spectrum of 6 uM bicelles-
reconstituted rhodopsin. Thermal denaturation profiles of rhodopsin in
bicelles or DDM were collected by monitoring the ellipticity at 208 nm
between 4 °C and 96 °C at 1.5 °C min~! under the same experimental
conditions as for far-UV spectra. CD spectra and thermal denaturation
profiles were analyzed using JASCO Spectra Manager 1.53.04. Melting
profile curves were analyzed using eq. 1:

(€Y

representing a sigmoidal Hill model containing 4 parameters; where
yo is the baseline signal of the native folded state, a represents the
amplitude of the unfolding transition, b is the Hill coefficient indicating
cooperativity, and c corresponds to the melting temperature (Ty,), the
midpoint of the unfolding transition [93,94].

f=y,+ax"/(c”+x)

4.13. Surface plasmon resonance (SPR)

SPR measurements were conducted using the Biacore 3000 system
(GE Healthcare, now Cytiva, USA) with a CM5 sensor chip. The analysis
was performed according to the step-by-step procedure described in
[63]. The SPR running buffer consisted of 50 mM MOPS pH 7.5, 150 mM
NaCl, 3 mM MgSO4 and 10 pM CaCl, as described in [18]. All solutions
were filtered before use in SPR experiments through 0.22 pm filter. SPR
experiments aimed at immobilizing rhodopsin in detergent or bicelle
preparations via binding to ConA. The dextran matrix of the CM5 sensor
chip was first activated by 35 pL of 50 mM N-hydroxysuccinimide and
200 mM N-ethyl-N"-[(dimethylamino)propyl] carbodiimide at a flow
rate of 5 pL/min. The carboxy-activated dextran on the sensor chip
surface was coated with ConA by amine linkage chemistry using 7-min
injection of 0.1 mg/ml ConA (diluted in 100 mM sodium acetate, pH
5.0). Remaining reactive carboxy groups were deactivated with a 7-min
pulse of 1 M ethanolamine hydrochloride, pH 8.5. Dark-adapted
rhodopsin incorporated into bicelles was obtained after elution from
the ConA affinity column using bicelles and methyl-a-D-mannopyrano-
side, following a 3-h incubation on a rotating platform. Subsequently,
the protein in disc-shaped lipids was diluted 20-fold (total bicelles
dilution — 100-times) with 50 mM MES buffer pH 6.0, 1 mM MnCl, and
1 mM CaClj, to reach a final rhodopsin concentration of 34.4 pg x mL L.
The solution was injected into the system with a flow rate of 2 pL x
min~! for 30 min. Immobilization of rhodopsin on the chip via ConA was
previously described in [61,62]. Then, the flow cell was rinsed with SPR
running buffer to wash off unbound rhodopsin and surplus bicelles. The
extended immobilization time and high dilution (100-times) were meant
to allow bicelles containing rhodopsin to spread across the chip surface
and form a lipid bilayer [64]. Diluting the stock bicelle solution by a
factor of 100-200 destabilizes the structure of the aggregate and leads to
their spreading to a planar DMPC bilayer while the DPHC micelles
remain in the solution phase [64]. Functional tests of rhodopsin on the
sensor chip surface involved interaction studies with purified native
bovine Gt. G; at a final concentration of 0.3 or 1 pM was injected into the
system with a flow rate of 5 pL min ™~ for 15 min. A blank sensogram was
recorded by injecting only the SPR running buffer into the system
(without analyte) and subtracted from the experimental data to remove
non-specific signals, such as baseline drifts or bulk refractive index
changes, thus allowing the isolation of the specific binding response of
rhodopsin in bicelles with G¢. Densities of receptor and analyte binding
amounts were calculated using the Biacore relation 1 RU = 1 pg of
protein per mm?2. 28 RU corresponds to 18 pg of Gt (molecular mass 39
kDa), or 7.2 x 107'® mol. Multiplying by the Avogadro number yields
4.3 x 10® Gt. Association and dissociation rate constants were obtained
by applying nonlinear fitting to the primary sensorgram data using
BIAevaluation 4.1 version software. Rhodopsin was handled in the dark
under dim red light, but we cannot exclude at least partial bleaching due
to laboratory conditions.
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Abbreviations

AU absorbance units

BPEA 9,10-bis(phenylethinyl)-anthracene

cP centipoise

CDS circular dichroism spectroscopy

CHAPS  3-[(3-cholamidopropyl)dimethylammonium]-1-
propanesulfonate

ConA concanavalin A

DO deuterium oxide

DDM dodecyl-f-D-maltoside

DHPC  1,2-diheptanoyl-sn-glycero-3-phosphocholine

DLS dynamic light scattering

DMPC  1,2-dimyristoyl-sn-glycero-3-phosphocholine

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

FCS fluorescence correlation spectroscopy

fwhm full width at half maximum

GPCR G protein-coupled receptor

GTP guanosine triphosphate

Gt G protein transducin

IRS infrared spectroscopy

LDAO  lauryldimethylamine oxide

MES 2-(N-Morpholino)ethanesulfonic acid

MOPS  3-(N-morpholino)propanesulfonic acid

mPIC protease inhibitor cocktail

NMR nuclear magnetic resonance

OGP n-octyl-p-D-glucopyranoside

PMSF phenylmethylsulfonyl fluoride

RU resonance units

Rho rhodopsin

ROS rod outer segments

SDS-PAGE sodium dodecyl sulfate - polyacrylamide gel electrophoresis

SPAD single-photon avalanche photodiode
SPR surface plasmon resonance

TEM transmission electron microscopy
Tm melting temperature

Tris tristhydroxymethyl)aminomethane
TMPs transmembrane proteins

TRy rotational diffusion time

UV-Vis ultraviolet-visible spectroscopy

vas asymmetric stretching vibration

C) ellipticity
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