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ABSTRACT: We have quantified the enhancement of membrane binding of activated and deactivated GRs

and GRq subunits, Gâγ subunits, and phospholipase Câ2 by lipid rafts and by the presence of membrane-
associated protein partners. Membrane binding studies show that lipid rafts do not affect the intrinsic
membrane affinity of GRq(GDP) and GRs(GDP), supporting the idea that these proteins partition evenly
between the domains. Visualization of lipid rafts on monolayers by use of a probe that does not enter raft
domains shows that neither activated nor deactivated GRq(GDP) subunits distribute evenly between the
raft and nonraft domains, contrary to previous suggestions. Membrane binding of deactivated GRq and
GRs(GDP) became weaker when Gâγ subunits were present, in contrast with the behavior predicted by
thermodynamics. However, activated GR subunits and phospholipase Câ2 were recruited to membrane
surfaces by protein partners by predicted amounts. Our studies suggest that the anomalous behavior seen
for deactivated GR subunits in the presence of Gâγ subunits may be due to conformational changes in
the N-terminus and/or occlusion of a portion of its membrane interaction region by Gâγ. Even though
membrane recruitment was clearly observed for one protein partner, the presence of a second partner of
lower affinity did not further promote membrane binding. For these proteins, the formation of larger
protein complexes with very high membrane affinities is unlikely.

Many proteins bind transiently to membrane surfaces to
interact with target proteins. The targeting of a cytosolic
protein to a membrane may result from several factors
including the exposure of the membrane binding interface
due to dissociation of a subunit or cofactors, the binding of
Ca2+, the attachment of hydrophobic moiety such as pal-
mitoyl, conformational changes brought about by phos-
phorylation, or recruitment of the protein by a newly released
partner on the membrane surface. For example, light activa-
tion of rhodopsin causes the exchange of GDP for GTP on
GRt, which changes the conformation of its myristoylated
N-terminus, reducing its affinity for membrane-bound Gâγ
subunits (see ref1, and for review see ref2). These changes
result in release from the membrane so that it may interact
with cytosolic effectors. Other G protein systems may also
use transient membrane association/dissociation events.
Another example is the reported recruitment ofâ-adrenergic
receptor kinase to the membrane surface by newly released
Gâγ subunits after receptor activation. This membrane
recruitment localizes theâ-adrenergic receptor to its target
receptor, promoting desensitization (see ref3). The ability
of G proteins to change their attachment to the membrane is
expected to vary depending on their mechanism of activation
and deactivation. Permanent attachment of G proteins to the
membrane surface would keep them localized to their
receptors ready for activation, while transient membrane

attachment may help to downregulate signals when G protein
effectors are integral membrane proteins.

Adding to the complexity of membrane recruitment of G
proteins and effectors by protein partners is the possibility
that membrane binding may also be promoted by secondary
interactions with other proteins in their signaling pathway.
For example, RGS4, whose function is to accelerate the
GTPase activity of GR subunits, binds strongly not only to
activated GRq subunits but also to other proteins that interact
with GRq, such as phospholipase Câ1 (PLCâ1),1 as well as
Gâγ subunits (4). The ability of a signaling protein to have
multiple interaction sites may serve some role in the
formation of higher-order signal transduction complexes on
membrane surfaces.

Besides membrane recruitment of a protein by partners,
it is possible that the membrane surface itself may play a
role. The membrane binding characteristics of G proteins
have been previously reported. In general, both GR and Gâγ
subunits have positively charged lobes that allow for interac-
tion with negatively charged lipids (5, 6). Additionally,
irregularities on the membrane surface may affect the
distribution of membrane-associated proteins, which may
promote protein interactions that in turn affect the binding
stability. Previous studies have indicated that the presence
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of liquid-ordered domains in fluid-phase model membranes
(i.e., rafts) affected the distribution of Gâγ subunits (7).
Model membranes containing lipid rafts can be prepared from
lipids with at least one saturated chain by increasing the
cholesterol above 33 mol % (8). The presence of lipid rafts
may affect the binding and distribution of G protein subunits
in two ways. First, if membranes containing rafts are prepared
from cholesterol mixed with lipids that have anionic head-
groups, then the charge density in the fluid phase regions
will be higher than if the lipids and cholesterol were
uniformly mixed. Second, proteins that are modified with
saturated hydrocarbon chains may become kinetically trapped
in the well-packed liquid ordered phase, whereas proteins
that are modified with unsaturated hydrocarbon chains would
tend to be excluded from rafts (see refs9-11). In either
case, the presence of rafts would have the effect of decreasing
the area of the membrane into which the protein binds and
in turn result in an apparent decrease in the membrane
partition coefficient.

In this study, we have examined the ability of one or more
membrane-bound proteins to recruit their partners to the
membrane surface. Since we are using G proteins as test
cases for this study, and these proteins are modified by
saturated (GR subunits) and unsaturated (Gâγ subunits)
hydrocarbon chains, we have also determined the role of lipid
rafts in localizing these proteins to particular areas of the
membrane, thereby increasing their local concentration (see
ref 12). We have previously measured the membrane binding
affinities of GRq, Gâ1γ2, and their effector phospholipase
Câ (PLCâ) to model membrane surfaces (13, 14). PLCâ is
an effector for both GRq and Gâγ subunits, and the affinities
between PLCâ (for reviews see refs15and16) and activated
and deactivated (i.e., GDP-bound and GTPγS-bound) GRq

and between PLCâ and Gâγ subunits have been reported,
as have the affinities GRq(GDP)-Gâγ and GRq(GTPγS)-
Gâγ (14, 17). Using these proteins, along with GRs for
comparison, we have quantified the role of protein partners
and membrane domains in their recruitment to the membrane
surface. We find that while membrane recruitment of
GR(GTPγS), Gâγ, and PLCâ occurs in a manner predicted
by thermodynamics, the presence of protein partners de-
creases the affinity of GR(GDP). The presence of rafts does
not appear to affect membrane partitioning of these proteins.

MATERIALS AND METHODS

Lipids.All lipids were purchased from Avanti Polar Lipids,
Inc. Lipids were dried to a thin film in a small pear-shaped
flask by use of a rotary evaporator. Dried lipids were
suspended in 150 mM NaCl and 20 mM Hepes (pH 7.2)
buffer to give a concentration of 2 mM and then taken
through 10 alternating freeze-thaw cycles with liquid
nitrogen and a 37°C water bath. Large unilamellar vesicles
(LUVs) were freshly prepared by extrusion through 100 nm
pore filter before every experiment.

Proteins.Expression and purification of recombinant GRq,
His6-Gâ1γ2, and PLCâ2 through baculovirus infections of SF9
cells have been described previously (13, 14). GRs was
purified from SF9 cells following the methods used for GRq

purification. This expression system allows for postsynthetic
modifications of the proteins. The stability of the palmitoyl
chains on GR subunits and the geranylgeranyl chain on Gγ2

subunits was assessed by thin-layer chromatography on
LK5D linear-k silica gel thin-layer chromatography (TLC)
plates (Whatman). The plates were developed in chloroform/
methanol/2.5 M ammonium hydroxide (9:7:2 v/v/v) under
nonreducing and strongly reducing conditions (1 mM dithio-
threitol, DTT) to remove the hydrophobic modifications.

Fluorescent Probes.All probes were purchased from
Molecular Probes, Inc. Concentrated stocks of probes were
made in dimethylformamide (DMF) and stored at-20 °C
under nitrogen.

Labeling GR with Coumarin Succinimidyl Ester(SE) and
Alexa488 SE.GRq and GRs were labeled with the amine-
reactive probe coumarin SE by initially raising the pH of
the protein solution to 8.0 and adding a small aliquot of the
probe dissolved in DMF at a 5:1 probe:protein ratio. After
45 min of incubation, unreacted probe was removed by
extensive dialysis at 4°C in 150 mM NaCl and 20 mM
Hepes buffer at pH 7.2, with 1 mMâ-mercaptoethanol and
10 µM GDP for GRq and GRs. A similar method was used
for the labeling of GRq by Alexa 488 SE.

Double Labeling GR with Dabcyl SE and Acrylodan.GR
was labeled with amine-reactive probe Dabcyl SE after the
pH was raised to 8.0, followed by the addition of the probe
at a 5:1 probe:protein ratio. Unreacted Dabcyl was removed
by dialysis in 150 mM NaCl and 20 mM Hepes buffer at
pH 7.2 after 30 min of incubation on ice. This step also
removes theâ-mercaptoethanol present in the GRq storage
buffer. Labeling by a second, thiol-reactive probe (acrylodan)
was carried out by adding probe at a 5:1 probe:protein ratio
in the absence of reducing agent and dialyzing unreacted
acrylodan in 150 mM NaCl and 20 mM Hepes buffer after
2 h of incubation on ice.

Labeling GR with Mant-GDP.GR was labeled with Mant-
GDP by incubating GR with a 4-fold molar excess of probe
in a 30°C water bath for 1 h after the addition of 50 mM
Hepes, 100 mM (NH4)2SO4, 150 mM MgSO4, 100 mM
ethylenediaminetetraacetic acid (EDTA), and 100 nM Mant-
GDP. Excess probe was then removed by dialysis in 150
mM NaCl and 20 mM Hepes buffer at pH 7.2 containing 1
mM mercaptoethanol.

Double Labeling GR with Mant-GDP and Dabcyl.GR was
labeled with amine-reactive probe Dabcyl SE after the pH
was raised to 8.0, followed by the addition of the probe at a
5:1 probe:protein ratio. Unreacted probe was removed by
dialysis in 150 mM NaCl and 20 mM Hepes buffer at pH
7.2 after 45 min of incubation. We bound Mant-GDP to GR
by incubating it in a 30°C water bath for 1 h after the
addition of 50 mM Hepes, 100 mM (NH4)2SO4, 150 mM
MgSO4, 100 mM EDTA, and 100 nM Mant-GDP. Excess
probe was then dialyzed out in 150 mM NaCl and 20 mM
Hepes buffer containing 1 mMâ-mercaptoethanol.

Double Labeling G with Fluorescein and CPM.GR was
labeled with the amine-reactive probe fluorescein succin-
imidyl ester (SE) by raising the pH of the protein solution
to 8.0 and adding a small aliquot of probe dissolved in DMF
at a 2:1 probe:protein ratio. After 1 h of incubation, the
unreacted probe was removed by extensive dialysis in 150
mM NaCl and 20 mM Hepes buffer containing 10µM GDP
at pH 7.2. The second probe, 7-diethylamino-3-(4′-male-
imidylphenyl)-4-methylcoumarin (CPM), which labels the
cysteines, was directly added to the protein solution at a 2:1
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molar ratio. The labeling reaction was quenched after 10 min
by the addition of 20 mMâ-mercaptoethanol.

Labeling PLCâ2 with Acrylodan.PLCâ2 was dialyzed in
20 mM Hepes and 0.15 M NaCl, pH 7.2, followed by the
addition of a 4-fold excess of the thiol-reactive probe
acrylodan. After incubation at 0°C for 2 h, the solution is
extensively dialyzed against buffer containing DTT to quench
the reaction and remove unreacted probe.

Labeling Lipids with Laurdan.LUVs were labeled by the
addition of 0.2 mol % Laurdan and sonication at low energy
for 2 min.

GR ActiVation. Labeled GR was activated by incubating
it in a 30°C water bath for 1 h after the addition of 50 mM
Hepes, 100 mM (NH4)2SO4, 150 mM MgSO4, 100 mM
EDTA, and 100µM GTPγS. Activated GR was then dialyzed
into 150 mM NaCl and 20 mM Hepes buffer containing 1
mM â-mercaptoethanol and 10µM GTPγS (see ref18).

Visualization of GR Binding to Lipid Raft Domains.Mono-
layers were prepared by mixing 46% POPC, 23% POPS,
30% cholesterol, and 1% Texas Red phosphoethanolamine
(TR-PE) in chloroform and carefully adding the mixture to
a circular Teflon trough 50 mm in diameter, containing 10
mL of 150 mM NaCl, 20 mM Hepes, and 1 mMâ-mercapto-
ethanol buffer (pH 7.2) as the subphase. The lipid domains
formed were viewed under a Zeiss Axioskop microscope by
use of a Texas red filter. The surface pressure of the mono-
layer, measured on a Wilhelmy plate system, was 17( 2
dynes/cm2. GRq labeled with Alexa 488 was injected through
a side hole into the subphase and viewed with a fluorescein
filter. After the addition of the protein, the subphase was
stirred with a stir bar before images of the lipid monolayer
and the protein were taken.

Fluorescence Experiments.Fluorescence experiments were
carried out on an ISS fluorometer (ISS, Urbana, IL) with
samples contained in a 3 mmmicrocuvette. Experiments
consisted of 3-15 trials, which were analyzed with Sigma-
Plot to obtain an average value for the membrane partition
coefficient (Kp). A variety of fluorescence-based methods
were used to determine the membrane binding affinities as
described below.

(A) Coumarin Fluorescence.Lipid vesicles were titrated
into Coumarin-labeled GR, and the emission from 380 to
480 nm was recorded; a 360 nm excitation wavelength was
used. Emission intensity values were calculated from the area
under the curves. Corrections for background scatter were
made by subtracting out the intensity obtained by titrating
lipid vesicles into the buffer. Corrections for dilution were
made, and these values were normalized and fit to a
hyperbolic function with SigmaPlot to obtain the membrane
partition coefficients.

(B) Laurdan Fluorescence. Laurdan labeled vesicles were
titrated into GR solution and the Laurdan probes were excited
at 340 nm. The emission spectra were scanned from 380 to
510 nm. Data were corrected for background scatter. Changes
in emission energy, which were obtained in terms of the shift
in the center of mass of the spectra, were normalized and fit
to a hyperbolic function by use of SigmaPlot.

(C) Acrylodan Fluorescence.Lipid vesicles were titrated
into acrylodan-labeled PLCâ2, and the emission from 430
to 600 nm was recorded; a 380 nm excitation wavelength
was used. Emission intensity values were calculated from
the area under the curves. Corrections for background scatter

and dilution were made, and normalized data were fit to a
hyperbolic function to obtain membrane partition coefficients.

(D) Fluorescence Resonance Energy Transfer from
Acrylodan to Dabcyl on GRq. FRET from acrylodan-labeled
Cys to Dabcyl on the N-terminus of GRq was monitored as
lipid bilayers alone or bilayers containing Gâγ were added.
The emission of acrylodan was scanned from 430 to 600
nm after it was excited at 380 nm and corrected by
subtracting the background spectra of samples of identical
composition except that the protein was replaced with buffer.
After correction for dilution, the emission intensity was
plotted against GRq concentration.

(E) FRET between Mant-GDP and Dabcyl on GRq. The
changes in energy transfer from Mant-GDP to Dabcyl was
monitored as we added lipid bilayers or bilayers containing
Gâγ subunits. We scanned the emission of Mant-GDP from
400 to 510 nm after it was excited at 360 nm. Corrections
for background scatter were made by subtracting control
emission intensities in which the labeled protein was
substituted with buffer. After correction for dilution, the
emission intensity was plotted against GRq concentration.

(F) FRET between CPM and Fluorescein on GRq. The
fluorescein spectrum was taken by exciting the probe at 494
nm and scanning the emission peak from 500 to 600 nm.
After the addition of CPM to the fluorescein-GR, the
spectrum was taken from 400 to 600 nm after the CPM donor
peak was excited at 384 nm. Changes in energy transfer were
monitored after correction for background scatter and dilu-
tion. The ratios of the emission peaks at 476 (CPM) and
520 (fluorescein) were taken to calculate the change in FRET
when the lipid bilayers in the presence and absence of Gâγ
were titrated into the cuvette.

Molecular Modeling.A model of GRq was created by use
of 3D Jigsaw, with GRi(GDP) as the template (PDB code
1GP2). GDP was absent from the models created. The
distances for the N-terminal residues to the nearby cysteines
and to the GDP binding site on GRq were calculated by use
of WebLab Viewer. The GDP binding sites were assumed
on the basis of the conformations available from the GRi

structure.
Calculation of the Membrane Partition Coefficient Kp. The

Kp values reported here correspond to the apparent partition
coefficients in which GR, or the protein of interest, partitions
nonspecifically on the membrane surface, as opposed to
forming a specific chemical complex with a particular
lipid(s). In most of the studies reported here, we have
monitored the membrane binding of fluorescently labeled
proteins by changes in the fluorescence properties, which
will discriminate between populations of the protein in the
aqueous phase versus the membrane surface. We normalize
these changes in fluorescence, assuming that at saturation
all of the protein is membrane-bound, which appears to be
the case for several of the proteins tested (19). The
normalized curves, whosey axis refers to the fraction of
protein bound as a function of added membrane (x-axis),
are then fit to an isothermal binding curve to obtain the
membrane partition coefficient.

In the case of GR subunits labeled with a fluorescent probe,
we can measure the relative concentrations of GR in the
aqueous phase [GR]s and membrane-bound [GR]m regardless
of whether it is associated with a protein partner, such as
Gâγ, on the membrane surface. The increase in the mem-
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brane partition coefficient of GR when Gâγ is present will
depend on its isolated membrane partition coefficient as well
as its affinity to Gâγ subunits, which can be expressed in
terms of a bimolecular dissociation constant:

whereKp* is the partition coefficient in the absence of Gâγ.
Thus, the binding of GR in the presence of Gâγ will be

enhanced by the ratio of the Gâγ concentration overKd, and
eq 1 should apply generally to other protein systems. We
have measured theKd between GRq and a mixture of Gâγ
isotypes purified from bovine brain using fluorescence
resonance energy transfer (17). In these studies we instead
used a preparation of purified Gâ1γ2 from a baculovirus Sf9
system. TheKd obtained for these proteins dispersed in
solution is much stronger (i.e.,Kd ) 15 nM) than previous
estimates (see Discussion). Thus, the presence of 500 nM
Gâγ should increase the partition coefficient of GRq by a
factor of 34.

When a second protein partner of GR such as PLCâ2 is
also present in addition to Gâγ

whereKdPLC ) [GR][PLC]/[GR-PLC]

RESULTS

Role of Lipids Rafts in DriVing Membrane Binding.The
presence of lipid rafts may alter the membrane partition
coefficient of proteins that will preferentially localize inside
or outside lipid rafts due to the preference of a hydrocarbon
modification or to the preference of the protein for the fluid
phase or raft headgroup. Since G protein subunits have
saturated (GR) or unsaturated (Gâγ) hydrocarbon modifica-
tions (see ref12) and bind to membranes through electrostatic
interactions (5, 6), their membrane binding may be affected
by lipid rafts.

We monitored the membrane binding by labeling GRq with
an environmentally sensitive probe, coumarin, whose fluo-
rescence intensity and emission energy increase upon lipid
binding (7). Since the fluorescence intensity was also
sensitive to protein-protein association (see below), we used
the increase in emission energy to determine the membrane
partition coefficient (see Materials and Methods) of cou-
marin-GRq(GDP) protein [C-GRq(GDP)] subunits to large,
unilamellar vesicles with uniform surfaces composed of

POPC/POPS (2:1) and compared this binding to raft mem-
branes composed of POPS/Ch/SM (1:1:1) at pH 7.2 and 0.15
M NaCl (see refs20and7). In Figure 1 we show the binding
of C-GRq(GDP) to uniform membranes and those that have
been shown to form detergent-insoluble fractions (i.e., rafts).
A small but significant decrease in binding is seen for the
raft membranes. This result contradicts the prediction that
the two saturated palmitoyl chains on C-GRq(GDP) would
become kinetically trapped in the liquid-ordered raft domains,
promoting C-GRq(GDP) binding (9). This result correlates
well with previous studies that show membrane binding of
prenylated Gâγ subunits is unchanged in the presence and
absence of rafts (21).

The above results show that the presence of rafts does
not enhance, and actually slightly inhibits, membrane binding
of deactivated GR subunits. To better understand this result,
we viewed the binding of Alexa-labeled GRq(GDP) to
monolayers containing 46% POPC, 23% POPS, and 30%
cholesterol using fluorescence microscopy (see ref21).
Monolayers were labeled with Texas Red-PE, which does
not partition into raft domains, allowing us to visualize phase
separation. Figure 2 shows images of a representative
monolayer containing lipid rafts in the presence of 0.1 mol
% Alexa-GRq(GDP), viewed by Texas Red fluorescence
(Figure 2A) and Alexa fluorescence (Figure 2B). While the
Alexa-GRq(GDP) is clearly bound to the monolayer, its
binding is uniform, showing no preference between the raft
and nonraft domains. Identical results were obtained for
GRq(GTPγS) (not shown), implying that activation does not
result in preferential binding to rafts. Control studies, shown
in Figure 2C,D, were carried out with Alexa 488-Lys10,
which has been reported to bind specifically to negatively
charged membranes containing PI(4,5)P2 (22).

The membrane binding studies of GRq(GDP) shown in
Figure 1 indicated a small decrease in binding in the presence
of lipid rafts. To understand the reason for this reduction in
affinity, we noted that the 33% negatively charged POPS
should not be evenly distributed in the presence of 33%
cholesterol, and the membrane binding of GRq(GDP) may
be reduced under high concentrations of negatively charged
lipid. Two studies were done to determine whether this is
the case. We first compared the binding of C-GRq(GDP) to
uniform and raft membranes where the negatively charged
POPS was substituted for electrically neutral POPC lipids.

Kp ) [GRm]/[GRs] Kd ) [GRm][Gâγ]/[GRm-Gâγ]

[GRmt] ) [GRm] + [GRm-Gâγ]; total GR on the surface

[GRmt] ) [GRm-Gâγ] + Kp[GRs]

Kd ) [GRm][Gâγ]/([GRmt] - Kp[GRs])

Kd/[Gâγ] ) Kp[GRs]/([GRmt] - Kp[GRs])

[GRmt] - Kp[GRs] ) Kp[GRs][Gâγ]/Kd

[GRmt]/[GRs] ) Kp([Gâγ]/Kd + 1)

Kp ) Kp*(1 + [Gâγ]/Kd) (1)

Kp ) Kp*(1 + ([Gâγ]/Kdâγ
) + ([PLC]/KdPLC

) (2)

FIGURE 1: Association of 10 nM coumarin-labeled GRq(GDP) with
POPC/POPS (2:1) LUVs (b) (n ) 12), PS/SM/Ch (1:1:1) LUVs
(O) (n ) 6), and PC/SM/Ch (1:1:1) LUVs (2) (n ) 6) as determined
by the change in emission intensity (EE; see Materials and
Methods). The normalized emission energies were fit to obtain an
apparentKp as given in the figure. Standard error is shown.
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In Table 1, we show that the membrane partition coefficients
to both types of neutral membranes are identical although
weaker than binding to membranes containing negatively
charged lipids. We then measured the binding of C-GRq(GDP)
to membranes composed entirely of POPS and found it to
be weaker than binding to POPC/POPS (2:1). Since mono-
layer studies show that POPS is sequestered outside raft
domains, these results suggest that there is an optimal surface
charge that promotes the binding of GRq(GDP) to membrane
surfaces. The uniform distribution of GRq(GDP) on mono-
layers correlates with the observation that this charge
dependence on membrane binding is not very strong, as
shown in Table 1.

For comparison, we measured the membrane binding of
C-GRs(GDP). This G protein subunit was once thought to
have one palmitoyl chain, but recent studies have shown a
palmitoyl group is linked to the N-terminus (23). We
compared the binding of C-GRs(GDP) to uniform and raft
membranes (Table 1). Although the binding constants were

much weaker than those values observed for C-GRq, we find
that the presence of lipid rafts does not affect membrane
binding. Taken together, our data show that GRq and GRs

do not bind preferentially to membranes containing lipid
rafts.

Contribution of Protein Partners to Membrane Binding
of GR Subunits.To determine the ability of a protein to
recruit a partner to the membrane surface, we measured the
increase in membrane binding of C-GRq(GDP) to PC/PS (2:
1) bilayers in the absence and presence of Gâγ subunits.
Membrane binding was again assessed by the change in
emission energy of the coumarin-labeled protein that occurs
upon membrane binding. We note that, in the absence of
membranes, association between C-GRq(GDP) and Gâγ and
PLCâ2, and between C-GRs and Gâγ, results in an increase
in coumarin intensity without a concomitant change in
emission energy.

In Table 2 we list the results of the C-GRq(GDP)
membrane binding studies. Without Gâγ, GRq(GDP) binds
with a partition coefficient of 17µM. However, when
C-GRq(GDP) was premixed with 100 nM Gâγ at a concen-
tration 10-fold higher than theKd, the partition coefficient
showed a small but significant increase to 30µM, in direct
contrast to results predicted by eq 1, which are given in Table
2. The same decrease in the membrane binding affinity was
also seen when the concentration of Gâγ was raised to a
50-fold molar excess (Table 2). A weakening in membrane
binding is also unexpected because the membrane partition
coefficient of the GRq(GDP)-Gâγ complex should be the
product of the individual partition coefficients of GRq(GDP)
and Gâγ subunits, but we find that Gâγ subunits also have
a strong binding affinity for both POPC and POPC/POPS
(2:1) membranes (see Figure 4). We note that for these
studies we could only assess binding by monitoring the
change in a fluorescent detergent like probe (Laurdan)
incorporated into the membrane when Gâγ displaces water
upon membrane binding. The observed change in membrane
binding with surface charge is in accord with the surface
potential studies calculated for transducin Gâγ (6).

Instead of premixing the two types of G protein subunits
and measuring the binding of the complex, we measured the
binding of C-GRq(GDP) to PC/PS membranes containing
prebound Gâγ subunits at a 1000:1 lipid/protein molar ratio
(Figure 3A). The binding experiments were repeated over
15 times. This method gave membrane partition coefficients
similar to those obtained when the proteins were premixed
and confirm that the presence of Gâγ subunits weakens the
membrane binding of GRq(GDP) subunits.

FIGURE 2: (A) Image of a lipid monolayer composed of POPC/
POPS/Ch (46:23:30) labeled with 1% Texas red phosphoethanol-
amine at the air-water interface where the fluid domains are
visualized by Texas red PE, which does not incorporate into
cholesterol domains. The larger cholesterol are on the order of 50
µm. (B) Image of Alexa-GRq(GDP) bound to the surface of the
monolayer shown in panel A viewed with a fluorescein filter. (C)
Image of a lipid monolayer composed of PS/Ch/PI(4,5)P2 (69:29:
1) containing 1% Texas red phosphoethanolamine, where the fluid
domains are visualized by Texas red fluorescence. (D) Image of
Alexa488-Lys10 binding to PS/Ch/PI(4,5)P2 (69:29:1) membranes.
We note that a higher content of anionic lipid used for the images
in panels C and D were required to achieve specific, nonraft binding
although some background is still observed, causing the image to
be slightly blurred (22).

Table 1: Binding of C-GRq and C-GRs to Model Membranesa

species lipid Kp (µM) % charged lipids n

C-GRq PS 30( 5 100 4
PC/PS (2:1) 17( 2 33 12
PS/SM/Ch (1:1:1) 29( 3 33 6
PC 67( 8 0 6
PC/SM/Ch (1:1:1) 67( 8 0 6

C-GRs PC/PS (2:1) 73( 6 33 6
PS/SM/Ch (1:1:1) 72( 6 33 6

a The table compares the membrane partition coefficient of GR
subunits to lipid rafts (e.g., PS/SM/Ch). Also shown is the charge
dependence of the G protein subunits to model membranes.

Table 2: Binding of 10 nM C-GRq(GDP) to PC/PS (2:1) Bilayers in
the Presence of Protein Partnersa

partner Kp (µM) n Kp (µM) predicted

none 17( 2 12
100 nM Gâγ 30 ( 4 18 2.2
500 nM Gâγ 25 ( 2 3 0.5
100 nM PLCâ2 17 ( 5 2 17.0
100 nM Gâγ, 100 nM PLCâ2 44 ( 3 3 2.2
100 nM Gâγ, 500 nM PLCâ2 46 + 4 3 0.5

a Comparison of the experimental membrane partition coefficient
of GRq(GDP) when protein partners are prebound. The predicted values
refer to those calculated from the partition coefficient in the absence
of a partner, the dissociation constant between the protein and its partner,
and the concentration of the protein partner through eq 1.
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To determine whether the destabilization of membrane
binding of C-GRq by Gâγ occurs with other partners, we
repeated the above study using GRs(GDP) (Figure 3B).
Taking into account that GRs(GDP) binds to membranes with
a lower affinity than GRq(GDP), its membrane binding
affinity is similarly reduced by Gâγ, suggesting that a similar
destabilization mechanism occurs for both types of GR
subunits in their deactivated state.

We have carried out a series of studies to understand the
reason GR(GDP) has a weaker affinity for membranes
containing Gâγ. We noted that, in general, a large portion
of the membrane binding energy of both GR and Gâγ
subunits is electrostatic due to positive lobes on their
membrane binding faces (5, 6). We thus tested the possibility
that the destabilization of GR(GDP) by Gâγ is due to charge
shielding even though the concentration of negatively
charged lipid far exceeds the total amount of the proteins.
We tested this idea by measuring the binding of GRq(GDP)
to membranes composed entirely of POPS lipids in the
absence and presence of Gâγ subunits. Again, a similar
behavior was observed (data not shown).

We then measured the binding of Gâγ subunits to POPC/
POPS bilayers in the absence and presence of GRq(GDP).
We find that the membrane binding of Gâγ is similarly
weakened by the presence of GRq(GDP) (Figure 4).

To determine whether the membrane binding affinity of
GRq(GDP) decreases in the presence of other protein partners
besides Gâγ, we measured the change in its affinity in the
presence of PLCâ2. These studies were conducted at a high
enough PLCâ2 concentration that it should be completely
complexed with GRq(GDP) (see ref14). The data in Table

2 show that, unlike Gâγ, the presence of PLCâ2 does not
weaken the membrane binding of GRq(GDP) in accord with
predicted results. The fact that PLCâ2 does not have a strong
affinity for unactivated GRq might contribute to this outcome.

Given that the membrane binding of GRq(GDP)-Gâγ is
weaker than its individual components, we attempted to
determine whether the association of the GRq(GDP)-Gâγ
complex would be strengthened by a second protein partner
in accord with thermodynamic predictions (see Table 2). We
monitored the binding of C-GRq(GDP)-Gâγ (10 and 100
nM) to membranes containing 0, 100, and 500 nM PLCâ2.
PLCâ2 has a strong affinity for Gâγ subunits and a weaker
affinity for deactivated GDP-GRq (14). As shown in Table
2, our experimental results do not agree with predictions.
Rather, the presence of PLCâ2 in addition to Gâγ resulted
in a further reduction in the membrane binding affinity of
GRq(GDP).

Membrane Binding Partners of GRq(GDP) May Induce
Conformational Changes.The simplest model to explain the
unexpected result that Gâγ weakens membrane association
of GR(GDP) subunits is that GR(GDP) exists in two
conformational states with different binding affinities. The
presence of Gâγ shifts the conformational distribution toward
the weaker binding species. Studies on single-Cys GRi1

subunits show the N-terminus to be conformationally flexible
in the GDP-bound state (24). It is thus possible that the lower
binding affinity conformation of deactivated GRq and GRs

is linked to N-terminal flexibility. We also note that GRq

has nine basic residues in its first 32 residues and most
models predict this region to be at the membrane interface
(5). While the crystal structure of activated GRi(GTPγS)
shows the N-terminus to be compact around the protein core,
this region could not be resolved in the structures of
GRt(GDP) and GRi(GDP). Therefore, conformational changes
in this region may result in variations in membrane affinity.
We first tested whether membrane binding of activated
GRq(GTPγS) would be enhanced by the partner proteins Gâγ
or PLCâ2. In Figure 5 we show the results of this study. In
contrast to the behavior seen for deactivated GRq, we find
that both Gâγ and PLCâ2 significantly enhance membrane
binding of the activated form.

We then determined whether we could observe con-
formational changes in the N-terminus upon binding to
membranes in the absence and presence of protein partners.
These studies were carried out by labeling GRq(GDP) with
an amine-reactive nonfluorescent energy transfer acceptor
(Dabcyl) under conditions where modifications of the N-

FIGURE 3: (A) Binding of 10 nM coumarin-labeled GRq(GDP) to POPC/POPS (2:1) LUVs (b) and POPC/POPS (2:1) LUVs premixed
with Gâγ (2) (n ) 18). The data were analyzed by normalizing the change in coumarin emission energy (EE; see Materials and Methods)
and fitting to a binding curve. (B) Study identical to that in panel A but with GRs(GDP). Standard errors are shown wheren ) 6.

FIGURE 4: Binding of Gâγ to 100 µM Laurdan-labeled POPC/
POPS (2:1) LUVs (b) and 100µM Laurdan-POPC/POPS (2:1)
LUVs containing 10 nM GRq(GDP) (2). The data were analyzed
from the shift in center of mass of the Laurdan spectra as Gâγ
was titrated into the lipid (n ) 3), and standard error is shown.
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terminus would be favored. The Dabcyl-GRq(GDP) was
subsequently labeled with a thiol-reactive energy-transfer
donor (acrylodan) at a 1:1 probe/protein ratio that would
target any one of the three Cys residues in GRq or seven
Cys residues in GRs. We measured the change in fluorescence
resonance energy transfer from acrylodan to Dabcyl as the
proteins bound to PC/PS (2:1) and PC/PS bilayers containing
Gâγ subunits at a 1:1000 lipid/protein ratio. Although it is
impossible to construct a molecular picture due to the
possibility of heterogeneous labeling of the protein, our
results show an increase in acrylodan intensity upon mem-
brane binding, suggesting reduced FRET since the intensity
of control samples that were singly labeled with acrylodan
did not change (Figure 6A). However, when binding to
membranes containing Gâγ subunits, a larger increase in
intensity was observed, implying that the presence of Gâγ
subunits promotes a different conformational changes in
GRq(GDP). Similar results were observed for GRs(GDP)
(data not shown). Repeating this study with the amine-
reactive probe fluorescein and the thiol-reactive probe CPM,
whereR0 ) 47 Å (25), produced similar results. We then
labeled the protein with Dabcyl under conditions that favor
modification of the N-terminus and bound the fluorescent
energy transfer donor Mant-GDP to GRq subunits. However,
we do not see energy transfer in this case. Threading models
of GRq(GDP) based on the structure of GRi(GDP) suggest
that distance between the N-terminus and the nearest Cys
on GRq is ∼ 50-55 Å (see Figure 6B), whereas that between
N-terminus and GDP is 75-80 Å including the contribution
of the first ten amino acids, which are missing from the
model, suggesting that this large distance is the reason for
the lack of FRET between Mant-GDP and the N-terminus.

Presence of Protein Partners Enhances Binding of PLCâ2.
In Figure 5 we show that the presence of Gâγ subunits
enhances membrane binding of GRq(GTPγS) by the amount
predicted by thermodynamics (eq 1). A similar result is also
seen for PLCâ2 (Table 3). To determine whether this is the
case for other proteins, we compared the binding of PLCâ2

to membranes in the presence and absence of Gâγ prebound
to the membranes. As seen in Figure 7, its binding was
enhanced 2-fold in accord with predictions.

We have previously found that RGS4, which binds
strongly to its physiological target GRq(GTP), will also bind
to PLCâ (4). The presence of RGS4 increased the membrane
binding of PLCâ2 3-fold (Table 3), in accord with the idea
that RGS4 may bind multiple proteins in the GRq signaling

system, promoting the formation of membrane-bound com-
plexes of signaling proteins (4).

Changes in Membrane Association with Multiple Partners.
Previous studies suggested that some signaling proteins could
bind other proteins in their pathway besides their functional
partners. We therefore tested whether membrane association
can be stabilized by several protein interactions and whether
stabilization would be a product of their energies as described
by eq 2.

To test this idea, we monitored the membrane binding of
several of the proteins in the presence of one and then two
partners. The results are listed in Table 3. As can be seen

FIGURE 5: (A) Binding of 10 nM coumarin-GRq(GTPγS) to POPC/POPS (2:1) LUVs (b) and POPC/POPS (2:1) LUVs with prebound
Gâγ (2). (B) Binding of 10 nM coumarin-GRq(GTPγS) to POPC/POPS (2:1) LUVs (b) and POPC/POPS (2:1) LUVs with prebound
PLCâ2 (2). The data were analyzed from the change in coumarin intensity wheren ) 3, and standard error is shown.

FIGURE 6: (A, top) Extent of FRET between Dabcyl on the
N-terminus of GRq and acrylodan on the body of GRq. The data
were analyzed from the acrylodan intensity values as POPC/POPS
(2:1) LUVs were titrated without (2) or with (b) bound Gâγ where
n ) 6 with standard error. (B, bottom) Model of GRq represented
as a ribbon diagram, with the distance from the amino-terminal
atom present to the nearest cysteine and to the GDP binding site
shown with WebLab ViewerPro (the first ten amino acids, which
are estimated to be 12-16 Å long, are missing from the model).
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for GRq(GTPγS), while the presence of a single partner
enhanced membrane binding, the presence of the second
decreased the membrane binding when compared to that in
the presence of a single partner. An identical result was
obtained for the binding of Gâγ; membrane binding in-
creased in the presence of prebound GR subunits, but no
further increase was seen when PLCâ2 was also prebound
at concentrations far above the dissociation constant. A
similar result was obtained for PLCâ2; the presence of a
second partner reduced the membrane binding affinity from
that obtained in the presence of one partner only. These data
suggest that the binding constant is determined by the
enhancement of binding affinity caused by the highest affinity
partner. The lack of effect of the lower-affinity partner may
result from occlusion of the interaction site. Occlusion of
lower-affinity sites has been previously suggested (see refs
26 and27).

DISCUSSION

In this study, we have determined the ability of membrane
domains and protein partners to drive the membrane binding
proteins in the heterotrimeric G protein signaling pathway.
Our goal was to link the extensive binding studies of proteins
to model membranes to more natural systems and to generate
data that may be useful in theoretical models of signal
transduction. Here, we focused mainly on G protein subunits
since their structure, membrane binding, and protein partners
have been fairly well characterized.

We first focused on the potential role of lipid rafts in
membrane binding. Since saturated hydrocarbon chains are
stabilized in liquid ordered domains through extensive
dispersion interactions, we reasoned that GRq(GDP) subunits

containing two saturated hydrocarbon chains may preferen-
tially partition into lipid raft domains, and this preferential
partitioning would be reflected in the membrane partition
coefficient. Instead, monolayer studies show that GRq(GDP)
subunits bind to both raft and nonraft domains without
apparent preference. We also find that membrane binding
of Gâγ, GRq(GDP), and GRs(GDP) are not enhanced by rafts
(21). In fact, the presence of rafts results in a slight loss of
membrane binding affinity for GRq(GDP), which may be
due to the high local concentration of negatively charged
POPS lipids in nonraft domains.

The lack of preference for raft domains in these model
membrane systems seems to contradict biochemical studies
showing that proteins with two palmitoyl chains such as GR
subunits prefer raft domains, whereas Gâγ prefer nonraft
domains (28, 29). However, a basic tenet of signal trans-
duction is that, in the basal state, GR subunits are strongly
complexed with Gâγ subunits, which would not be the case
if the raft partitioning of the two types of subunits differed,
unless they form complexes at the raft interface. Our results
support the idea that factors besides hydrocarbon modifica-
tions are responsible for the apparent preferential partitioning
of these subunits.

The absence of partitioning into rafts implies that the
hydrocarbon modifications of the G protein subunits may
not insert into the lipid matrix in our experiments. The trivial
explanation for our results would be that the G protein
constructs we have used are not modified. However, previous
work comparing prenylated and unprenylated Gâγ subunits
show that the lack of modification greatly reduces its PLCâ2

affinity and its ability to activate this effector (21). Our Sf9
Gâγ preparation activates PLCâ2 well and shows strong
PLCâ2 binding. While the role of hydrocarbon modifica-
tions of GR subunits has not been explicitly tested, it is
notable that unmodified GRs expressed in bacteria does not
stimulate adenylyl cyclase, whereas Sf9 preparations stimu-
lated adenylyl cyclase but not to the extent of GRs prepara-
tions from tissue extraction (30). It is notable that the unusual
N-terminal modification of GRs was only recently discovered
(23) and it is not clear whether this modification is supported
in Sf9 cells. We used identical expression and purification
methods for GRq which have been shown to preserve the
palmitoyl modifications. Also, our GRq preparation is capable
of activating PLCâ, which would not be the case if the
palmitoyl chains were missing. Transferring this protein into
a strongly reducing environment, which reverses palmitoyl
linkages, shifted its mobility on a thin-layer chromatography
plate.

The energies associated with the insertion of hydrocarbon
chains into lipid membranes have been experimentally and
theoretically predicted (32), and insertion of the hydrophobic
modification appears to occur for transducing G proteins (1).
However, our results seem to suggest that the lipid modifica-
tions either do not insert into the lipid matrix or insert equally
well into both raft and nonraft domains. Similar partitioning
of the palmitoyl chains of GRq subunits into the two domains
may be reasonable considering that the fluid-phase domains
contain lipids with one palmitoyl chain. However, the
geranylgeranyl group attached to Gâγ subunits would disrupt
rafts and so their insertion is unlikely. The crystal structure
of prenylated Gâγ shows the prenyl group to be tucked into
a small cavity in the protein matrix (31), and this same

Table 3: Effect of Multiple Partners in Membrane Partitioninga

protein partner(s) Kp (µM)

GRq(GTPγS) none 14( 2
Gâγ 5 ( 0.5
PLCâ2 3 ( 0.9
Gâγ, PLCâ2 14 ( 3

PLCâ2 none 99( 6
Gâγ 51 ( 2
RGS4 28( 2
Gâγ, RGS4 62( 8

a Changes in the membrane partition coefficient of GRq and PLCâ2

in the presence of one or two protein partners.

FIGURE 7: Association of 10 nM acrylodan-labeled PLCâ2 with
POPC/POPS (2:1) LUVs (b) and POPC/POPS (2:1) LUVs pre-
mixed with Gâγ (2). Data were analyzed from the area under the
spectral curve to give the intensity values for acrylodan, wheren
) 6. Standard error is shown.
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inclusion in the protein matrix may occur in solution,
explaining the lack of effect of rafts on membrane partition-
ing (33), and it has recently been suggested that GRt subunits
contain a prenyl binding site (34).

While the membrane binding energies of many signal
transduction proteins have been quantified, the role of
surface-associated membrane protein partners has not. We
have measured the role of partner proteins in driving the
membrane binding of a particular protein as a first step in
assessing the application of model system parameters to those
from more natural systems. The recruitment of a protein to
the membrane surface by a partner has been postulated for
several pathways in cell signaling (e.g., ref3). Membrane
recruitment by a protein partner can be predicted by simple
thermodynamics, and we find here that these predicted values
hold for the increase in membrane binding of activated GR
and PLCâ by membrane-bound partners. In contrast, the
presence of protein partners attenuating the membrane
binding of deactivated GR subunits were not predicted by
theory. There are at least two mechanisms that may underlie
this behavior. One possibility is that deactivated GR subunits
can exist in at least two conformations that have different
membrane binding affinities. One conformation is stabilized
by the presence of Gâγ subunits and has a weaker membrane
binding affinity, whereas the other higher affinity form exists
in the absence of Gâγ subunits. Insight into the possible
conformational differences comes from previous studies that
focused on the highly basic N-terminus of GRi1 (24). These
authors showed that this region, which was unresolved in
the crystal structure, undergoes conformational changes upon
dissociation from Gâγ subunits and activation. The FRET
studies presented here support the idea that the conformation
of the N-terminus changes upon membrane binding and that
this change differs in the presence of Gâγ subunits. While
the molecular details of these changes require further
investigation, these results, along with previous ones (24),
support the idea that the presence of Gâγ subunits promotes
an alternate conformation.

An alternate but not exclusive explanation for the decrease
in GRq(GDP) and GRs(GDP) membrane binding in the
presence of Gâγ subunits is that binding to Gâγ in some
way occludes some portion of the membrane binding face.
The rates for membrane binding and dissociation of PLCâ
and Gâγ have been previously measured (17). Assuming that
the association rate of GR(GDP) is similar, then during the
time of our measurements, the proteins will undergo many
dissociation and reassociation events. Since all of our studies
were conducted above the dissociation constant for the
GR(GDP)-Gâγ complex, it is likely that we are viewing
the binding of the heterotrimer. This idea is supported by
the similar changes in membrane binding for GRq(GDP) in
the presence and absence of Gâγ, versus those for Gâγ in
the presence and absence of GRq(GDP). If the membrane-
association sites on GR(GDP) and Gâγ subunits acted
independently when they were free or complexed, then we
would expect the membrane partition coefficient to be the
product of the individual values, which is clearly not the
case. Rather, we find that the membrane binding of the
complex is much lower than predicted. Further, if the
GR(GDP)-Gâγ bound to membranes with an affinity that
is a product of their individual ones, then the resulting
constant would be so high that membrane dissociation would

be unlikely. Rather, we find that the weaker binding of the
complex may keep the membrane binding energies of the G
proteins in a range that would allow dissociation if necessary.

We also find that the membrane binding of Gâγ subunits
reciprocally decreases in the presence of GRq(GDP). There
are no reports on structural rearrangements of Gâγ upon
membrane binding. Also, similar Gâγ structures are observed
when bound to GRi (35) and the PH domain of GRK2 (36).
Thus, we do not expect that the reduction in Gâγ is due to
conformational changes, as indicated for GRq. Rather, we
suggest that the reduction in binding affinity is due to either
occlusion of the membrane binding site or reduction of the
charge of the positive lobe that results in strong binding (see
ref 6).

We have also tested the suggestion that a protein may be
recruited to the membrane surface by partner as well as
nonpartner proteins. If a protein was recruited by multiple
protein interactions, then we should see a progressive
enhancement of binding as second and their interacting
partners are introduced. In the limited survey presented here,
this does not appear to be the case; while membrane binding
is enhanced by one partner, a second, lower-affinity partner
does not result in further enhancement. Thus, membrane
stabilization by multiple partners does not occur for the
proteins tested here. It can again be argued that multiple
interactions may cause the membrane binding energies of
these proteins to become so strong that dissociation, which
may occur with RGS4 and PLCâ2, would be prohibitively
high.

In summary, the results here provide guidelines for
importance of lipid rafts and membrane binding partners in
directing the membrane binding of surface-associated signal-
ing proteins. Quantification of these parameters of other
systems may ultimately allow for the development of general
trends in membrane binding that can be used for predictive
methods of signal transduction.
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