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Abstract
G protein coupled receptors (GPCRs) can be activated by various extracellular stimuli, including
hormones, peptides, odorants, neurotransmitters, nucleotides or light. After activation, activated
receptors interact with heterotrimeric G proteins and catalyze GDP release from the Gα subunit,
the rate limiting step in G protein activation, to form a high affinity nucleotide-free GPCR-G
protein complex. In vivo, subsequent GTP binding reduces affinity of the Gα protein for the
activated receptor. In this study, we investigated the biochemical and structural characteristics of
the prototypical GPCR, rhodopsin, and its signaling partner, transducin (Gt), in phospholipid
bilayers to better understand the effects of membrane composition on high affinity complex
formation, stability, and receptor mediated nucleotide release. Our results demonstrate that the
high-affinity complex (rhodopsin-Gt(empty)) forms more readily and has dramatically increased
stability when rhodopsin is integrated into bicelles of a defined composition. We increased the half
life of functional complex to one week in the presence of negatively charged phospholipids. These
data suggest that a membrane-like structure is an important contributor to the formation and
stability of functional receptor-G protein complexes, and can extend the range of studies that
investigate properties of these complexes.

Transient complexes between integral membrane receptors and their signaling partners
mediate cellular responses to disparate signals and are of high biological importance.
However, these complexes are challenging to study with in vitro biochemical methods, since
purified receptors in detergent often have both reduced functional competence and lower
affinity for their binding partners, as compared to receptors in native membranes. To help
develop tools for the stabilization of membrane proteins with soluble signaling partners, we
selected the GPCR rhodopsin and cognate G protein Gt as a model system. These proteins
provide an ideal system for monitoring complex stability, since complex formation can be
monitored spectrophotometrically.

Rhodopsin is highly enriched in the rod outer segment (ROS) membranes of the retina and is
responsible for low-light vision. Rhodopsin itself consists of the apoprotein (opsin) and the
chromophore, 11-cis-retinal, which binds to Lys296 and acts as an inverse agonist (1).
Absorption of a single photon photoisomerizes 11-cis-retinal to all trans- retinal (ATR),
which is an agonist for rhodopsin. Subsequent conformational changes within rhodopsin are
associated with conversion to the metarhodopsin II (MII) state, which is evidenced by a shift
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in the wavelength of maximum absorbance by rhodopsin from 500 nm to 380 nm (2, 3). MII
binds to the GDP-bound form of cognate heterotrimeric G protein, transducin (Gt-GDP), and
catalyzes the release of GDP from the Gαt subunit, which is the rate-determining step of the
G protein signaling cycle. In this high-affinity, rhodopsin-Gt(empty) complex, the activated
receptor is thought to stabilize the nucleotide-free form of the Gα subunit, which, in turn,
stabilizes the agonist-activated, MII form of rhodopsin. As a result, spectrophotometric
monitoring of the MII signal can be used to measure formation of the catalytically
competent rhodopsin-Gt(empty) complex.

Previous studies indicated that pH, temperature (4, 5), and the presence of phospholipids (6–
8) all influence the formation of the rhodopsin-Gt complex. Despite known dependence
upon phospholipids, many biochemical assays investigating complex formation and G
protein activation are conducted in detergent micelles that are relatively poor membrane
substitutes for studying receptor signaling. Furthermore, the rhodopsin and Gt interaction is
significantly disturbed when detergent solubilized rhodopsin is used in functional assays (7–
9). Detergent micelles and native membranes differ in many of their physical properties
including packing, curvature and charge distribution. Any of these factors may result in the
observed decrease in Gt affinity for detergent-solubilized rhodopsin as compared to
rhodopsin in rod outer segment membranes. Interestingly, the addition of phospholipids or
fatty acids (phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine or
docosahexaenoic acid) to detergent solubilized rhodopsin has been shown to increase the
stability and protein-protein interaction capability of rhodopsin (7, 10–12). While mixing
exogenous phospholipids with detergent solubilized rhodopsin has improved protein-protein
interactions, the physical and structural properties of phospholipid-containing micelles are
heterogeneous, making the contributions from the above factors difficult to interpret.

A number of artificial membrane models (13–18) might be used to investigate the
underlying mechanism by which native membranes stabilize the rhodopsin-Gt(empty)
complex. Bicelles offer distinct advantages over other artificial membrane models since they
can be easily manipulated in solution and compared to other phospholipid bilayer systems
such as nanodiscs, bicelles are easily prepared with a high yield. Additionally, bicelles do
not interfere with the majority of biophysical measurements, and have been shown to
increase the stability of purified GPCRs as compared to receptors solubilized in detergent
(13). Furthermore, in the last decade, bicelles have been successfully used in crystallization,
resulting in structures for bacteriorhodopsin (14), the β2-adrenergic receptor (15),
xanthorhodopsin (16) and the mouse voltage dependent anion channel (17).

Bicelle morphology (Figure 1) is hallmarked by a disc-like bilayer composed of long chain
phospholipids that are capped by either short chain phospholipids or detergents (19). While
bicelle structure is highly dependent on lipid composition, temperature, pH and hydration,
their biochemical properties can be influenced by phospholipid-specific differences in chain
lengths, saturation, and head groups (19–22). Previous studies have shown that negatively
charged phospholipids such as DMPS, DMPG or DMPA can be mixed with neutral
phospholipids to prepare negatively charged bicelles (22–25), which are useful for studying
the effect of negatively charged phospholipids on the activity of membrane proteins. In this
study, we used bicelles to investigate the effects of membrane morphology, temperature, pH,
and surface charge density on the rhodopsin-Gt(empty) complex. Our results demonstrate
that charge density of the bilayer is important for the formation and stability of the high
affinity complex.
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MATERIALS AND METHODS
Materials

HTAC; Fluka 52366, DDM; Anatrace D310, LDAO; Anatrace D360, Concanavalin A
column; GE HealthScience 28-9520-85, α-methyl-D-mannopyranoside; Sigma M6882,
Superdex 200 10/300 GL column; GE Healthcare 17-5174-01, DMPC, DMPA, DMPG or
DMPS and the detergents DHPC, CHAPS and CHAPSO purchased from Avanti Polar
Lipids.

Preparation of urea washed ROS membranes
Under dim red light conditions, ROS membranes were stripped with 7 M urea as described
(26). Briefly, ROS membranes were washed twice with EDTA buffer (10 mM Tris-HCl, 1
mM EDTA, 1 mM DTT, pH 7.5) and once with urea buffer (10 mM Tris, 1 mM EDTA, 1
mM DTT, 7 M Urea, pH 7.5). After the final wash, the membranes were resuspended in
buffer A (10 mM MOPS, 200 mM NaCl, 2 mM MgCl2, 1 mM DTT, 100 μM PMSF, pH
7.5) and aliquot stored at −80 °C.

Purification of rhodopsin
Urea washed ROS membranes were solubilized in 50 mM Tris-HCl (pH 7.5) containing 100
mM NaCl and 20 mM DDM or 1% LDAO at 4 °C for 45 min. Insoluble material was
removed by centrifugation at 20,000 × g for 1 hour at 4 °C. Detergent solubilized rhodopsin
was purified by using Concanavalin-A chromatography as described (27). Briefly, the
Concanavalin-A column was equilibrated with binding buffer (20 mM Tris-HCl, pH 7.4, 1
mM MgCl2, 1 mM CaCl2, 1 mM MnCl2, 250 mM NaCl, 1 mM DTT, 0.5 mM DDM) for 48
hours at a flow rate 0.3 ml/min. Detergent solubilized rhodopsin was loaded onto the column
in a continuous loop for 4 hours. The column was then washed with binding buffer (10
column volumes) and bound protein was eluted with 20 mM Tris-HCl, pH 7.4, 100 mM
NaCl, 500 mM methyl α-D-mannoside and 0.5 mM DDM. Rhodopsin was concentrated
using a 10 kDa cutoff concentrator and concentration of rhodopsin was determined by
measuring the absorbance of rhodopsin at 500 nm before and after photo-bleaching. Molar
extinction coefficients of detergent solubilized rhodopsin and rhodopsin in ROS membrane
were taken as 40,600 M−1 cm−1 and 42,000 M−1 cm−1, respectively.

Transducin purification
Gt, was prepared as previously described (28). Briefly, ROS membranes were washed four
times with isotonic buffer (5 mM Tris-HCl, 130 mM KCl, 0.6 mM MgCl2, 1mM EDTA, 1
mM DTT, pH 8.0) and two times with hypotonic buffer (5 mM Tris-HCl, 0.6 mM MgCl2,
1mM EDTA, 1 mM DTT, pH 8.0). Membrane pellets were then washed twice with
hypotonic buffer containing 0.1 mM GTP to release Gt from the membrane. Membranes
were pelleted by centrifugation and the supernatant concentrated with a 10 kDa cutoff
concentrator. Protein samples were dialyzed against a 20 mM Tris-HCl, pH 7.5, buffer
containing 0.2 M NaCl, 10 μM GDP, 5 mM β-mercaptoethanol, 10% glycerol. Protein
purity was assayed by SDS-PAGE, and protein concentration determined by Bradford assay
(29).

Nucleotide Exchange Assay
Basal nucleotide exchange was determined by monitoring the intrinsic fluorescence (λex:
300nm, λem: 340 nm) of 500 nM Gt in 10 mM MOPS buffer containing 130 mM NaCl, 1
mM MgCl2 pH 7.2 for 40 min at 15 °C after addition of 10 μM GTPγS (30). Receptor
mediated nucleotide exchange was determined in the presence of 500 nM light activated
rhodopsin with and without addition of the indicated bicelle mixture. For bicelle
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experiments, dark rhodopsin was incubated with bicelles in a lipid:protein ratio of 64000:1
on ice for 45 min. before addition of Gt.

Extra Metarhodopsin II stabilization and decay assay
Stabilization of extra MII was assessed as described (28). Briefly, 10 μM urea washed ROS
membranes (or detergent solubilized rhodopsin) were incubated on ice for 15 minutes with
10 μM Gt. For bicelle experiments, detergent solubilized rhodopsin was incubated with the
indicated bicelles in lipid:protein ratios ranging from 1600:1 to 12800:1 (1–8% final
phospholipid concentrations) on ice for 45 min, followed by addition of varying amounts of
Gt. Absorbance by rhodopsin-G protein complexes was scanned from 350 to 650 nm both
before and after light activation in 50 mM HEPES (at the indicated pH) containing 0.1 M
NaCl, 1mM MgCl2, and 1mM DTT. In this assay, an initial dark-adapted spectrum was
measured. Rhodopsin was then activated with a flash of light (activating only 10–15% of the
rhodopsin). One minute after light activation a second, light adapted spectrum was collected.
Rhodopsin absorption at 390 nm normalized to absorption data collected at 440 nm (the
isosbestic point) was used to quantify MII formation. The extra MII signal was calculated as
the difference between ΔA390 (light - dark) and ΔA440 (light - dark) (28, 31–35). For
determination of extra MII decay, dark adapted 10 μM rhodopsin was incubated on ice for
15 minutes with 10 μM Gt (at this concentration over 90% of rhosdopsin was coupled with
Gt according to our assay system). Then, the protein sample was completely photobleached
for 10 minutes under ambient light. Spectra for the bleached samples were measured every
20 minutes over a course of 6 hours, and then again after 24 and 48 hours. After 48 hours,
HCl was added to a final concentration of 260 mM to protonate the retinal Schiff base in
rhodopsin and liberate free retinal (28). The half lives of the samples were calculated by
fitting data to an exponential decay equation using GraphPad Prism v. 4.03 (GraphPad
Software, San Diego, California).

Bicelle preparation
Bicelles composed of saturated, long-chain (14:0) DMPC, DMPA, DMPG or DMPS and the
detergents (6:0) DHPC, CHAPS, or CHAPSO were prepared as a 35% stock solution with a
2.8:1 lipid to detergent ratio (q ratio) using a procedure modified from (36). Neutral bicelles
were composed of DMPC and DHPC, CHAPS, or CHAPSO to form DMPC:DHPC,
DMPC:CHAPS, or DMPC:CHAPSO bicelles. Negatively charged bicelles were prepared by
substituting a percentage of the total molar lipid content of the neutral bicelles with
negatively charged DMPA, DMPG, or DMPS, while maintaining an overall 2.8:1
phospholipid to detergent ratio. The ratio of neutral to negatively charged phospholipids is
indicated within the parentheses in Figure 1. A custom extrusion apparatus was used for
mixing bicelles. The apparatus was constructed by connecting two 1 mL glass syringes with
tubing capped with luer locks. To prepare a 1mL, 35% stock of DMPC:DHPC bicelles,
282.50 mg DMPC was added to one syringe. 337.50 μL of a 20% DHPC solution was mixed
with 312.50 μL of water. 200 μL of the DHPC solution was then added to the syringe
containing DMPC. The remaining DHPC solution was added to the other syringe. The
bicelle mixtures were cycled through their phase transitions 4 times by incubating the entire
apparatus at 4 °C and 55 °C. Bicelles were homogenized by extrusion after each incubation.
Homogeneous bicelles were transferred into a microcentrifuge tube and centrifuged at
10,000 × g for 1 minute to remove excess air bubbles. Correctly formed bicelles appeared
clear at 4 °C and were stored at −20 °C. See Figure 1 for detailed information on the
compositions prepared.

Dynamic Light Scattering
Dynamic light scattering measurements were collected at ambient temperatures (18–22 °C)
using a DynaPro instrument (Protein Solutions, Inc). DDM detergent micelles, neutral
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bicelles, and negatively charged bicelles were prepared in a buffer containing 50 mM
HEPES pH 8.0, 100 mM NaCl, and 1 mM MgCl2. A 2 mg/mL Conalbumin protein standard
was prepared in 50 mM HEPES pH 7.4. Scattering data reported are the averages of at least
25 scans with 3 independent experiments on 60 μL samples. Data were analyzed by
Dynamics V5 software (Protein Solutions, Inc) and molecular translational diffusion
coefficients, DT, were calculated by fitting the data to an exponential autocorrelation
function generated by Dynamics V5. The hydrodynamic radius, Rh, was then calculated as a
function of the experimental DT using the equation DT = kT/6πηRh, where k is the
Boltzmann constant, T is the experimental temperature, and η is the solvent viscosity. Rh
was calculated under the assumption that scattering particles conform to diffusion properties
observed for globular proteins undergoing Brownian motion in an aqueous saline solution.

Data Analysis
Graphs and statistical analysis were performed using GraphPad Prism version 4.03
(GraphPad Software, San Diego, California).

RESULTS
Formation of the rhodopsin-Gt(empty) complex in detergent

While the formation of the rhodopsin-Gt(empty) complex in ROS membranes is relatively
efficient, multiple groups have demonstrated a dramatically decreased yield of the complex
when Gt is mixed with purified, detergent-solubilized rhodopsin (9, 13, 37). This result was
recapitulated here with DDM. In our experimental setup, we took advantage of the ability of
bound Gt to stabilize the activated MII state of rhodopsin, and monitored formation of the
high affinity rhodopsin-Gt(empty) complex spectrophotometrically using the extra MII
assay. As anticipated, we observed that the extra MII signal for DDM-solubilized rhodopsin
was only 20.7 ± 1.2 % of the maximum signal observed for complex formation in ROS
membranes (Figure 2), confirming the literature reports of inefficient complex formation in
detergent (9, 13, 37).

Formation of the rhodopsin-Gt(empty) complex in bicelles
Recent evidence supports a chemical role for phospholipids in formation of the rhodopsin-
Gt(empty) complex (7, 9); however, the influence of geometric constraints of the membrane
bilayer has not previously been addressed. Unlike spherical micelles, bicelles mimic the
morphology of phospholipid membranes [(Figure 1); (38, 39)], and thus represent a suitable
model system for testing the dependence of rhodopsin-Gt(empty) complex formation on
membrane structure.

Our first experiments used well-defined neutral bicelles composed of DMPC:DHPC,
DMPC:CHAPS, and DMPC:CHAPSO at a final concentration of 8% (w/v) (21, 24, 38, 40).
In the presence of all three bicelle compositions, the observed extra MII signal from the
rhodopsin-Gt(empty) complex was greater than it was in DDM (Figure 2) and reached at
least 43.4 ± 7.3 % of the maximum signal observed for complex formation in ROS
membranes.

ROS membranes contain both phosphatidylcholine (PC) and phosphatidylserine (PS) in a
concentration of ~45% and ~15%, respectively (41–43). To assess the contribution of
phosphatidylserine phospholipids to rhodopsin-Gt(empty) complex formation, we prepared
bicelles doped with DMPS and capped by DHPC. In the initial trials, the molar ratio of
DMPC to DMPS was fixed at 97:3 (PS (97:3) bicelles). In the presence of 8% PS (97:3)
bicelles, the extra MII signal was 73.4% ± 15.6% of the extra MII signal observed in ROS
membranes, essentially the same as that observed in the presence of DMPC:DHPC bicelles.
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To test the effect of phosphatidylserine percentage in the bicelles on rhodopsin-Gt(empty)
complex formation, the ratio of DMPS to DMPC was increased such that the DMPC:DMPS
ratios were 70:30 (PS (70:30) bicelles) and 50:50 [(PS (50:50) bicelles, Figure 1)]. This
further increased the yield of extra MII signal (Figure 3A) as compared to DDM-solubilized
rhodopsin, resulting in 79.5% ± 5.2% of the ROS membrane signal in the PS (70:30)
bicelles, and 87.4% ± 10.5% of the ROS membrane signal in the PS (50:50) bicelles. These
data suggest that the concentration of PS indeed contributes to formation of functional
rhodopsin-Gt(empty) complexes (Figure 3A).

Phosphatidylserine contains specific fatty acids and a negative charge associated with the
head group. In GPCR signaling, non-specific electrostatic interactions between peripherally
bound G proteins and the cell membrane influence the ability of the G protein to target to the
membrane and guide its orientation on the membrane surface such that it is poised to interact
with receptor (44–46). To deconvolute the contribution of chemical structure and negative
charge that PS confers to the stabilization of the rhodopsin-Gt(empty) complex, we used
bicelles doped with negative charges from phosphatidic acid (PA). Although PA isn’t an
abundant component of ROS membranes, it is important for regulation and regeneration of
11-cis retinal (47) and in the photo-transduction pathway as a precursor in the regulation of
diacylglycerol and phosphatidylinositol (48, 49). The formation of the rhodopsin-Gt(empty)
complex in 8% PA (97:3) bicelles was similar to that found in the presence of 8% PS (97:3)
bicelles, and it wasn’t significantly different from that measured in the presence of neutral
bicelles. Similar to PS (70:30) bicelles, complex formation in the presence of 8% PA (70:30)
was also improved, increasing complex formation to 85.9% ± 4% of that measured for ROS
(Figure 3B). This suggests that the negative charge of the surface of the membrane bilayer is
of greater importance to the stabilization of rhodopsin-Gt(empty) complex than any specific
chemical component. The phase transition properties of PA (50:50) and all bicelles doped
with the negatively-charged phosphatidylglycerol precluded detection of extra MII
formation because of difficulties in sample handling.

Rhodopsin activation is also dependent on the receptor:lipid ratio (50–52). We evaluated the
limiting concentration of total lipid, as well as the ratio of neutral to negatively charged
lipids, required to stabilize extra MII formation. We decreased the concentrations of PS
(70:30), PA (70:30), and PS (50:50) bicelles from 8% to 4%, and phospholipids were
reduced from 2% to 1%, and we then assessed their ability to stabilize extra MII formation.
The change in extra MII signal in the presence of decreasing total concentrations of PS
(70:30), PS (50:50), and PA (70:30) phospholipids was not statistically significant between
8% and 1% (Figure 4A). This suggests that total phospholipid concentration is not a
determinant of rhodopsin-Gt(empty) complex formation in the context of our assay.

To test the effect of different head groups in the negatively charged bicelle preparations on
rhodopsin-Gt(empty) complex formation, PA and PS bicelles were mixed together to form a
composition containing both PA and PS in the bicelle bilayer. The final concentration of
negatively charged bicelles was 8% (4% PA + 4% PS bicelles). The yield of extra MII signal
was further increased. We observed 94.3% ± 3.76 % of the ROS membrane signal in the
presence of PA + PS (70:30) bicelles and 96.4% ± 3.50 % of the ROS membrane signal in
the presence PA + PS (60:40). While not statistically significant, there was nevertheless a
trend towards greater extra MII formation using a combination of PA and PS in bicelles,
compared to bicelle preparations containing either PA or PS (Figure 4B).

Characterization of negatively charged bicelles by dynamic light scattering
Since not much is known regarding the morphology of bicelles containing negatively
charged lipids, we verified that the addition of the negatively charged lipids did not disrupt
bicelle formation using dynamic light scattering techniques. In neutral bicelles, dynamic
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light scattering experiments (20, 53, 54), NMR (19, 20, 38, 53) and atomic force microscopy
(20) have been used to characterize bilayer properties. Hydrodynamic radii have been
determined for DMPC:DHPC bicelles, and NMR studies have confirmed that their
morphology exhibits a disc-like planar bilayer at concentrations of 3% and higher (38, 53,
55), while concentrations of DMPC:DHPC below 3% may be more indicative of a vesicular
morphology (38). The presence of charged phospholipids has been shown to directly affect
the physical properties of phospholipid membranes, but their effects on bicelle morphology
and size are largely unknown (56, 57). Dynamic light scattering (DLS) was performed to
determine the homogeneity and molecular size of negatively charged bicelles compared to
neutral bicelles (Figure 5). All DLS measurements were performed between 18–22 °C.
Although data collection at temperatures used in the functional experiments performed in
this study (4 °C and 15 °C) would have been ideal, technical limitations restricted these
measurements to ambient temperatures. The calculated hydrodynamic radii derived from
translational diffusion coefficients for scattering detergent micelles (54) and DMPC:DHPC
bicelles were comparable to those previously reported (Figure 5) (53, 55). Compared to
neutral bicelles, negatively charged bicelles exhibited larger hydrodynamic radii in solution
(Table S1). The hydrodynamic radii of 8% PA (70:30), PS (70:30), and PS (50:50) bicelles
were determined to be 5.7 ± 0.1 nm, 5.4 ± 0.1 nm, and 5.4 ± 0.3 nm, respectively (Figure 5).
Introducing heterogeneity into the negatively charged lipid content did not affect the bicelle
size; 8% PA+PS (70:30), PA+PS (60:40) bicelles were determined to have hydrodynamic
radii of 5.4 ± 0.1nm and 5.4 ± 0.1 nm, respectively (Figure 5). Consistent with previous
studies on DMPC:DHPC bicelles (38), decreasing the bicelle concentration below 3%
dramatically affected their size. The hydrodynamic radii in the presence of a total lipid
concentration of 2% for neutral or negatively charged compositions were over 12 nm, a size
more typically observed in large vesicles, suggesting that the lipids no longer aggregate into
disc-like bicelle membranes (Table S1) at ambient temperatures required for DLS
measurements. While this may not be the case at lower temperatures used in our functional
studies, we nevertheless chose to focus the remainder of our studies on complex formation
in the 8% bicelle system, which maintain a disk like bicelle structure according to our DLS
measurements.

Affinity of the rhodopsin-Gt(empty) complex in bicelles
Having identified bicelle compositions that allow the efficiency of rhodopsin-Gt(empty)
complex formation to approach that observed in ROS membranes, we next measured the
affinity of this complex using the extra MII assay comparing ROS membranes, DDM
detergent, and various bicelle compositions (Figure 6). Consistent with previous studies
(28), the EC50 value of Gt for rhodopsin in ROS membranes was 0.64 ± 0.09 μM (Table S2).
As anticipated, DDM-solubilized rhodopsin exhibited a significant decrease in the affinity
between rhodopsin and Gt, with an increased EC50 value of 3.14 ± 0.05 μM (Table S2).
Bicelle-solubilized rhodopsin exhibited an intermediate affinity for Gt. In the presence of
either PA (70:30) or PS (70:30) bicelles, Gt had an EC50 value for rhodopsin of 1.08 ± 0.12
μM and 1.08 ± 0.09 μM, respectively. Increasing the negative charge density by using PS
(50:50) bicelles did not alter this affinity (EC50 of 1.07 ± 0.07 μM). Heterogeneity of the
negatively charged lipid content improved the affinity of Gt for rhodopsin, and the EC50
value decreased to 0.94 ± 0.05 μM in the presence of PA+PS (70:30) bicelles. However, the
affinity of Gt for rhodopsin was most comparable to that measured in ROS membranes in
the presence of heterogeneous PA+PS (60:40) bicelles, where the EC50 value was 0.79 ±
0.05 μM. This suggests that variations in both phospholipid head group and charged density
of bicelles affect the affinity between rhodopsin and Gt.

The rhodopsin-Gt(empty) complex rapidly disassociates when GTP binds to the empty
nucleotide binding pocket, which is observed as a decrease in the extra MII signal. As a
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control for formation of functional complexes in bicelles, rhodopsin-Gt(empty) complexes
from the previous experiment were incubated with excess GTPγS. As expected, a loss in the
extra MII signal was observed (Figure 6, open circles), confirming that the rhodopsin-Gt
complex was functional.

Half-life of the rhodopsin-Gt(empty) complex in bicelles
The half-life of rhodopsin-Gt(empty) in the presence of negatively charged bicelles was next
measured as a function of extra MII decay over time and compared to the half-life of the
complex in ROS membranes and DDM. The half-life of rhodopsin-Gt(empty) was 0.63 ±
0.01 days in ROS membranes versus 0.07 ± 0.01 day in DDM micelles at pH 8.2 and 4°C.
This confirms that detergent solubilization not only affects the formation efficiency of
rhodopsin-Gt complexes, but also their stability. A remarkable increase in the half-life of
rhodopsin-Gt(empty) complexes was observed in the presence of several bicelle
compositions at pH 8.2 and 4°C (Figure 7A, Table S3). PA (70:30), PS (70:30), and PS
(50:50) bicelles extended the half-life to 5.4 ± 0.2, 5.8 ± 0.3 and 5.8 ± 0.3 days, respectively.
The half-life of the rhodopsin-Gt(empty) complex increased further to 6.8 ± 0.3 days in PA
+PS (70:30) bicelles and 7.0 ± 0.3 days for PA+PS (60:40) bicelles. This result was not
surprising, because while not statistically significant, we did observe a trend towards greater
extra MII formation using the mixture of negatively charged lipids, and over the time span
of decay experiments, the mixture of negatively charged lipids were found to be
significantly enhanced over that seen using either negatively charged lipid alone. As a
control, we incubated the samples at the end of the decay experiments in GTPγS (Figure
S1), confirming that rhodopsin and Gt are both functional and form a reversible complex
within these bicelles. The differences observed in the affinity and stability experiments
reflect differences between how these experiments are performed; while affinity assays
roughly reflect EC50 values, stability assays are conducted using greater than EC90 values of
Gt. Furthermore, affinity assays employ rhodopsin that is 10–15% bleached, versus 100%
bleached rhodopsin used in decay assays. Nevertheless, both experiments provide important
information regarding the affinity and stability of the rhodopsin-Gt(empty)complex.

Since the MII state of rhodopsin is the physiologically relevant binding partner of Gt (5),
stabilization of MII is likely to improve the half-life of the rhodopsin-Gt(empty) complex.
Previous studies have demonstrated that temperature and pH influence the half-life of the
rhodopsin-Gt complex (4, 5, 58), perhaps reflecting changes in stability of MII and/or
changes in membrane fluidity and protein dynamics. Increasing the temperature decreased
the half-life of the rhodopsin-Gt(empty) complexes formed in the presence of all
compositions of bicelles tested by at least 1.5-fold, as compared to results obtained at 4 °C
(Figure 7B, Table S3).

The effect of bicelle concentration on the stability of rhodopsin-Gt(empty) complex was
tested in the presence of both 2% phospholipids and 8% negatively charged bicelles at
different temperatures. The half life of the rhodopsin-Gt(empty) complex was decreased
when the concentration of phospholipids decreased from 8% to 2% (Figure S2). This result,
taken together with the DLS data, suggests that that membrane structure is an important
factor for rhodopsin-Gt(empty) complex stability.

The stability of rhodopsin-Gt(empty) complexes in PA+PS (70:30) bicelles was additionally
tested for pH-dependence (Figure 7C). A decrease in pH from 8.2 to 6.5 at 4 °C resulted in a
1.5 fold decrease in the complex half-life. This was much longer than the half-life of the
complex in ROS membranes (28), suggesting that extra MII instability at pH 6.5 is not a
property of extra MII only but of the native membrane environment. While increasing the
pH from 8.2 to 9.0 at 4 °C had a negligible effect on stability (Figure 7C, black bars),
increasing the temperature had a more pronounced effect. Increasing the temperature from 4

Kaya et al. Page 8

Biochemistry. Author manuscript; available in PMC 2012 April 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to 15 °C resulted in a nearly 1.5 fold decrease in the half-life of the complex, regardless of
pH value tested (Figure 7C, grey bars).

It is well established that the addition excess of ATR to rhodopsin can activate rhodopsin
and stabilize the MII state (59, 60). Accordingly, we measured the half-life of rhodopsin-
Gt(empty) complex in the presence of 1.5 fold molar excess of ATR in both ROS and in a
negatively charged phospholipid preparation. Not surprisingly, the half life of complex
increased from 0.62 ± 0.01 to 0.97 ± 0.03 days at 4 °C in presence of ROS membranes, and
in our 2% PA+PS (60:40) phospholipid preparation, addition of ATR increased the half life
of the complexes to 4.0 ± 0.5 days at 15 °C. Lowering the temperature to 4 °C further
extended the half life to 7.2 ± 0.2 days in this lipid preparation. These data are consistent
with ATR’s ability to stabilize the rhodopsin-Gt(empty) complex, similar to reported effects
of ATR on MII stability.

Receptor-catalyzed nucleotide exchange in the presence of bicelles
Previous studies have shown that the addition of phosphatidylcholine, phosphatidylserine or
phosphatidylethanolamine exerts differential effects on receptor-catalyzed nucleotide
exchange in the Gα subunit of the G protein, with Gt activation rates altered specifically by
the presence of phosphatidylserine (9). To evaluate the effect of our optimized bicelle
compositions on Gt function, the receptor-catalyzed nucleotide exchange rate was
determined using an intrinsic tryptophan fluorescence assay (Figure 8), which reflects the
ability of an activated receptor to stimulate GDP-GTP exchange on the G protein. The
nucleotide exchange rates in PA (70:30), PS (70:30), or PS (50:50) bicelles were similar to
those observed in ROS membranes (Table S4). Additionally, heterogeneity of negatively
charged bicelles enhanced rates of G protein activation. The nucleotide exchange rate in the
presence of PA+PS (70:30) and PA+PS (60:40) were measured 4.62 ± 0.30 and 4.48 ± 0.51
(1/sec × 10−2), respectively (Figure 8, Table S4).

DISCUSSION
Early studies on receptor-G protein coupling indicate that temperature, pH, and the presence
of lipids each influence complex formation (4, 5, 7, 58), but our understanding of the
contribution of membrane lipids to complex stabilization has been limited to experiments
performed in detergent micelles, mixed micelles, and other undefined lipid preparations.
Findings in recent years have increased our appreciation of the importance of membrane
morphology and composition on receptor structure and function. Unlike spherical detergent
micelles, bicelles usually adopt a disk-like shape, which NMR studies indicate are similar in
morphology to native membranes (19, 38). Bicelles have also previously demonstrated an
ability to support folding and thermal stability of rhodopsin and opsin (13). Here, we
investigated the formation and stabilization of a receptor-G protein complex by
incorporating negatively charged phospholipids into a neutral bicelle preparation.

Biochemical and biophysical studies have demonstrated that the lipid bilayer is important
for the assembly, stability, and function of membrane proteins (61–63). In ROS membranes,
rhodopsin is also surrounded by a specific phospholipid composition that likely facilitates
visual transduction processes, and contain roughly ~2.5 % phosphatidylinositol, ~13%
phosphatidylserine, ~41% phosphatidylethanolamine, ~45 % phosphatidylcholine (41–43).
Since rhodopsin-Gt coupling is significantly less efficient in detergent micelles than in ROS
membranes or neutral or negatively-charged bicelles, this specific lipid environment may
contribute to visual signaling by optimizing the stability of this complex. Our studies
confirm the previously observation that negatively charged lipids improve the efficiency of
rhodopsin activation and G protein interaction (9, 64–67). We have found that the overall
charge of the specific bicelles influenced formation and stability of the high affinity
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receptor-G protein complex, likely through a combination of electrostatic and physical
effects, as electrostatics are known to play a role in receptor-G protein interaction (44, 45).
In our experiments, increasing the density of negatively charged phospholipids in bicelles
enhanced the complex formation, stability, and rates of receptor-mediated G protein
activation, supporting a role for electrostatics in stabilizing optimal receptor-G protein
coupling (44). The physical properties of bicelles most likely stabilize the receptor-G protein
complex structure better than ROS membranes through enhanced G protein docking and
membrane anchoring than what is available in the native lipid environment. Here we present
evidence of functional rhodopsin-Gt complexes in an artificial membrane environment that
incorporates negatively charged phospholipids into a neutral bicelle.

Bicelle morphology and phase properties are extremely sensitive to changes in temperature,
phospholipid concentration in solution, and q ratio. In the case of neutral bicelles, decreasing
the total concentration below a critical percentage results in formation of large unilamellar
vesicles (38). In terms of neutral bicelles, decreasing final concentration of bicelles or
increasing q ratios and temperatures is known to induce a phase transition from disc-like
bicelles to an extended network of interconnected lipids called the perforated lamellar phase,
or “swiss cheese”-like phase, characterized by high sample viscosity (21, 38). Here we
observed similar effects on bicelle morphology and phase properties. Hydrodynamic radii
dramatically increased when the total phospholipid concentration was decreased to 2% at
ambient temperatures, which suggests formation of large vesicles (38) at temperatures above
those used in our functional studies. All compositions of negatively charged bicelles were
temperature sensitive, and became highly viscous above 24°C, which is the phase transition
temperature for DMPC (38). Interestingly, the stability of negatively charged bicelle phase,
as assessed by color and fluidity, appeared to be the greatest at below 20°C.

Lipids are known to be important for optimal function of many trans-membrane proteins.
Disruption of the membrane phospholipid composition during protein purification can affect
the folding of membrane proteins, and consequently, signaling capabilities. For example,
changes in temperature can lead to increased phospholipid dynamics and membrane fluidity,
which contribute to receptor destabilization. Temperature also has observable effects on
bicelle properties, as changes in temperature result in phase transitions. When the
temperature is increased from 4 to 15 °C, we noted a decrease in the decay half-life of the
complex in bicelles, consistent with results in other systems (4, 68). Taken together, we
suggest that bicelle preparations containing negatively charged phospholipids facilitate
stabilization of receptor-G protein complexes, and this effect is most evident at lower
temperatures, compatible with temperatures used in most functional studies.

The metarhodopsin I/metarhodopsin II, (MI/MII) equilibrium of rhodopsin governs the
productive coupling of receptor with G proteins, with coupling to MII being substantially
more efficient (5). Knierim et al. showed that more than one proton is released from the MII
state when rhodopsin binds to the C-terminal peptide of Gα (69). Sato et al. reached a
similar conclusion using a computational approach, wherein an initial decrease in extra MII
was predicted as the pH was raised, followed by an increase in extra MII at even higher
pH’s. Similarly, we observe that increasing the pH from 6.2 to 8.5 in the presence of
negatively charged phospholipid compositions enhances the half-life of the high affinity
complex. These results suggest that negatively charged bicelles contribute to the stability of
the complex by both enhancing MII formation, as well as facilitating the G protein
orientation at the membrane necessary for productive interactions with receptors.

Further studies are planned to determine the effect of bicelles doped with other negatively
charged phospholipids commonly found in membranes, such as phosphatidylinositols, on
stability of the receptor-G protein complex. This study will include effects of varying acyl
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chain length and saturation of the phospholipids, which can have effects on both receptor
activation and receptor-G protein coupling (10–12, 70). While 14:0 fatty acids are not a
major acyl chain constituent of lipids in ROS membranes, 14:0 lipids have been used
successfully in other bicelle systems to stabilize receptor structure (14, 15, 17). The addition
of cholesterol, as well as phospholipids which vary in headgroup size and charge, have also
been shown to have effects on receptor-G protein interaction and G protein activation (7, 9,
71), suggesting this may be another factor requiring further study.

Summary and conclusions
A highly complex lipid environment allows the adaptability and flexibility in membrane
structure required for the cellular signaling. Our data demonstrate that rhodopsin-Gt
interactions and G protein activation is strongly dependent on phospholipid composition and
charge density. We developed an optimized system that included PA+PS (60:40) bicelles,
which increased the half-life of the rhodopsin-Gt(empty) complex to one week. This system
provides a powerful tool for the study of GPCR-G protein complexes, and the fundamental
approaches described here may be applicable to other complexes between membrane
proteins and their soluble signaling partners.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ATR all trans- retinal

CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate

CHAPSO 3-[(3-Cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate

DDM n-Dodecyl-β-D-maltopyrannoside

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

DMPA 1,2-dimyristoyl-sn-glycero-3-phosphate

DMPC dimyristoyl-sn-glycero-3-phosphocholine

DMPG 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol)

DMPS 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine

GTP guanosine-5′-triphosphate

GTPγS guanosine-5′-O-[gamma-thio]triphosphate

GDP guanosine diphosphate

HTAC Hexadecyltrimethylammonium Chloride

LDAO n-Dodecyl-N,N-Dimethylamine-N-oxide
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Figure 1.
Bicelle morphology and composition. Bicelles are disc-like membrane structures composed
of long-chain phospholipids and capped by either detergents or short-chained phospholipids.
The radius of the disc is dependent on the long-chain phospholipid to detergent or short-
chain phospholipid molar ratio (q ratio). The width of the bilayer is dependent on the acyl-
chain length of the long-chain phospholipid. In this study, all bicelles compositions were
prepared in a 2.8:1 phospholipid:detergent molar ratio with 14:0 phospholipids comprising
the bilayer. (a) Neutral bicelles were composed of DMPC bilayers capped with 6:0 DHPC,
CHAPS, or CHAPSO. (b) Negatively charged bicelles were composed of 14:0
phospholipids mixed with DHPC (6:0) in a 2.8:1 ratio. The ratio of neutral to negatively
charged phospholipids is indicated within the parentheses in the graph. Schematic
representation of (c) DMPS and (d) DMPA phospholipids.
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Figure 2.
Neutral bicelles support extra MII stabilization. Normalized quantitation of extra
metarhodopsin II in the absence or presence of neutral bicelles. The final concentration of
bicelles was 8 %. Data were obtained at 4 °C and normalized to the extra-metarhodopsin
signal measured in ROS membranes under the same conditions. Results are mean ± S.E.M.
of three independent experiments (* p < 0.05; ** p < 0.01).
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Figure 3.
Anionic lipid enhances extra MII stabilization. Quantiation of extra-metarhodopsin II in the
presence of different negatively charged bicelles. Extra-metarhodopsin II was assessed in
the presence of (a) DMPS or (b) DMPA containing bicelles. The ratio of neutral to
negatively charged phospholipids, DMPC:DMPS (or DMPA), was 97:3, 70:30 or 50:50 in
these bicelles. The final concentration of bicelles was 8%. The average lipid:rhodopsin ratio
was 12800:1. Data were collected at 4 °C and normalized to the extra-metarhodopsin signal
measured in ROS membranes under the same conditions. Results are mean ± S.E.M. values
of three independent experiments (* p < 0.05; ** p < 0.01; *** p < 0.001; NS, Not
Significant).
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Figure 4.
Complex mixtures of anionic lipids in bicelle preparations. The effect of bicelle
concentration on rhodopsin-Gt(empty) formation. (a) The effect of varying concentrations of
PS (70:30), PS (50:50) and PA (70:30) bicelles on rhodopsin-Gt(empty) complex formation.
Final concentration of bicelles was decreased from 8% to 4% and phospholipids
concentration decreased from 2% to 1% (with lipid:rhodopsin ratios of 12800:1 to 1600:1)
as indicated in the graph. (b) The effect of mixing PA and PS bicelles on rhodopsin-
Gt(empty) formation. The final concentration of negatively charged bicelles was 8% (4% PA
+ 4% PS bicelles). The average lipid:rhodopsin ratio was 12800:1. The ratio of neutral to
negatively charged phospholipids is indicated within parentheses in the graph. Data were
collected at 4 °C and normalized to the extra-metarhodopsin signal measured in ROS
membranes under the same conditions. Results are mean ± S.E.M. values of three
independent experiments.
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Figure 5.
Dynamic Light Scattering measurements on negatively charged bicelles. Data was collected
on samples at final phospholipid concentrations of 2%, 4%, and 8% in solution. All samples
were prepared in extra MII assay buffer (50 mM HEPES pH 8.0, 100 mM NaCl, 1 mM
MgCl2). 2 mg/mL Conalbumin (75 kDa) and 0.5 mM DDM (70 kDa) were prepared as
positive controls. Hydrodynamic radii were determined by Dynamics V5 software, with
light scattering data collected at 18–22°C on a DynaPro detector. The ratio of neutral to
negatively charged phospholipids is indicated within the parentheses in the graph. Results
are are means ± S.E.M. of at least 25 scans with two independent experiments (* p < 0.05;
** p < 0.01; *** p < 0.001; NS, Not Significant).
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Figure 6.
Effect of negatively charged bicelles on the affinity of Gt for rhodopsin. Concentration-
response curves of MII signal stabilized by Gt in the presence of different mixtures of
bicelles at a final concentration of 8 % (lipid:rhodopsin ratio of approximately 12800:1).
The concentration-response curves were measured at 4 °C and curves are presented for (red)
ROS, (empty red circle) ROS + 150 μM GTPγS, (grey) soluble rhodopsin (DDM), (light
green) PS (70:30), (green) PS (50:50), (orange) PA (70:30), (light blue) PA+PS (70:30),
(dark blue) PA+PS (60:40), (empty dark blue circle) PA+PS (60:40) + 150 μM GTPγS.
Solid curves are best fits from a four parameter logistic equation. See Table S2 for estimated
EC50 values. Results are mean ± S.E.M. from of at least three independent experiments.

Kaya et al. Page 21

Biochemistry. Author manuscript; available in PMC 2012 April 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Stability of rhodopsin-Gt(empty) complex in the presence of negatively charged bicelles.
The effect of negatively charged bicelles on complex stability was evaluated at (a) 4 °C and
(b) 15 °C. (c) The effect of pH on complex stability at 4 °C (black bars) and at 15 °C (grey
bars) in the presence of PA+PS (70:30) bicelles. Final concentrations of PA+PS (70:30)
bicelles were held constant at 8% (lipid:rhodopsin ratio of approximately 12800:1). The
ratio of neutral to negatively charged phospholipids is indicated within the parentheses in the
graph. The half life of extra MII signal was calculated by using an exponential decay
equation. Results are mean ± S.E.M. values from at least three independent experiments (* p
< 0.05; ** p < 0.01; *** p < 0.001; NS, Not Significant).
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Figure 8.
Intrinsic fluorescence changes in Gt. Basal or receptor mediated nucleotide exchange in Gt
was measured in the presence or absence of different bicelles as described in the materials
and methods section. Final bicelle concentration in each sample is 8% (lipid:rhodopsin ratio
of approximately 12800:1). (a) Basal or receptor mediated Trp211 fluorescence change of Gt.
Fluorescence curves are presented for Gt in the presence of ROS (red), detergent solubilized
rhodopsin (DDM) (teal), Gt alone (black), PS (70:30) (green dash), PS (50:50) (green), PA
(70:30) (yellow), PA+PS (70:30) (orange), PA+PS (60:40) (blue). Data were collected at 21
°C for 40 min. (b) Quantitation of the initial rates of basal or rhodopsin-catalyzed nucleotide
exchange for Gt. The ratio of neutral to negatively charged phospholipids is indicated within
the parentheses in the graph. Results are mean ± S.E.M. values of at least three independent
experiments (* p < 0.05; ** p < 0.01; NS, Not Significant).
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