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ABSTRACT Heterotrimeric G proteins (peripheral pro-
teins) conduct signals from membrane receptors (integral
proteins) to regulatory proteins localized to various cellular
compartments. They are in excess over any G protein-coupled
receptor type on the cell membrane, which is necessary for
signal amplification. These facts account for the large number
of G protein molecules bound to membrane lipids. Thus, the
protein-lipid interactions are crucial for their cellular local-
ization, and consequently for signal transduction. In this
work, the binding of G protein subunits to model membranes
(liposomes), formed with defined membrane lipids, has been
studied. It is shown that although G protein a-subunits were
able to bind to lipid bilayers, the presence of nonlamellar-
prone phospholipids (phosphatidylethanolamines) enhanced
their binding to model membranes. This mechanism also
appears to be used by other (structurally and functionally
unrelated) peripheral proteins, such as protein kinase C and
the insect protein apolipophorin III, indicating that it could
constitute a general mode of protein-lipid interactions, rele-
vant in the activity and translocation of some peripheral
(amphitropic) proteins from soluble to particulate compart-
ments. Other factors, such as the presence of cholesterol or the
vesicle surface charge, also modulated the binding of the G
protein subunits to lipid bilayers. Conversely, the binding of
G protein-coupled receptor kinase 2 and the G protein b-
subunit to liposomes was not increased by hexagonally prone
lipids. Their distinct interactions with membrane lipids may,
in part, explain the different cellular localizations of all of
these proteins during the signaling process.

G protein-coupled receptors form the largest and most ver-
satile family of signal-transducing membrane proteins known
(1). Signals transduced by heterotrimeric G proteins, from an
agonist-activated receptor, modulate an effector system that
controls the cellular concentrations of second messengers
(cAMP, cGMP, diacylglycerol, or certain ions), which, in turn,
regulate the activity of other enzymes or signaling proteins.
The overall process results in an amplification cascade,
whereby a single agonist-activated receptor activates several G
protein molecules, and so on. Evidence suggests the impor-
tance of lipids in the interaction of G proteins (and possibly
other amphitropic proteins) with membranes. First, the molar
excess of G proteins on plasma membranes (most of them
bound to membrane lipids) over any receptor type is necessary
for the first amplification step in the transduction pathway (2).
Second, these peripheral proteins can translocate from the

plasma membrane to the cytosol, so that their interactions with
lipids are of relevance to understand signal transduction
mechanisms (3, 4). Finally, G proteins have been found to be
associated with several soluble and particulate structures (5),
and their localization and activity must, in part, be controlled
by protein-lipid interactions. Here we have studied the inter-
action of the G protein a-subunits (Gai1y2) (and other am-
phitropic proteins) with the major membrane lipids: phos-
phatidylcholine (PC), phosphatidylethanolamine (PE), phos-
phatidylserine (PS), and cholesterol (CHO), as well as the
membrane surface charge. For this purpose model synthetic
membranes (i.e., liposomes) rather than natural membranes
were used, because synthetic membranes constitute a simple
system where the lipid composition can be precisely controlled.
Although Ga proteins (Gai and Gas) bind to lipid bilayers, the
presence of nonbilayer-prone lipids, such as PEs, induced a
significant and concentration-dependent increase in the bind-
ing of this protein to liposomes. Moreover, PEs with lower
lamellar to hexagonal (HII) phase transition temperature were
more effective in increasing this binding, indicating that the
presence or propensity to form such nonlamellar structures
may play an important role in the G protein association with
membranes. Nonlamellar (HII) lipid structures are required for
fusion and fission of lipid vesicles (6, 7) and for the activity of
certain enzymes (8), but, in general terms, the reason these
lipid species are so abundant in natural membranes remains
unclear. Interestingly, this mechanism affects not only G
proteins, but also other unrelated proteins [protein kinase C
(PKC) and the insect peripheral protein apolipophorin III] (9).
Apolipophorin III can be translocated from hemolymph to the
cell membrane and exhibits two modes of interaction with
membranes: a low-affinity binding to lamellar structures and a
high-affinity binding to nonlamellar phases. Conversely, G
protein-coupled receptor kinase 2 (GRK2) and G protein
b-subunit (Gb) binding to liposomes was not favored by PE.
The presence of other lipids (PS and CHO) or the surface
charge on PC bilayers also appeared to play an important and
differential role in protein-lipid interactions. The present data,
along with other several works, add evidence to extend the
fluid mosaic model of the structure of cell membranes (10).
This extended fluid mosaic model contemplates additional
structural and functional aspects of membrane organization:
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the mosaic is configured, not only by different proteins on
membranes, but also by (i) regions enriched in certain protein
and lipid species, (ii) the different protein and lipid compo-
sition of outer and inner leaflets of the plasma membrane, and
(iii) local (domain-restricted) membrane functions provided by
the discrete localization of membrane proteins and lipids and
by the lipid polymorphism.

MATERIALS AND METHODS

Peripheral Protein Extraction. Rat brain cortex was used,
because of the abundance of peripheral proteins involved in
signal transduction (11, 12). For the extraction of these am-
phitropic proteins, four rat brain cortices (approximately 2.5 g
of frontal cortex) were homogenized in 40 ml of 10 mM
Hepesy250 mM sucrosey5 mM EDTAy5 mM EGTAy1 mM
phenylmethylsulfonyl f luoridey5 mM iodoacetamide at pH
7.4. The membrane suspension was centrifuged at 800 3 g for
10 min at 4°C. The supernatant was centrifuged at 3,000 3 g
for 10 min at 4°C. The resulting supernatant was incubated in
the presence of 1 M NaCl for 30 min, at room temperature,
then was centrifuged twice at 250,000 3 g for 1 hr at 4°C, with
the pellet discarded after each centrifugation. The final su-
pernatant was extensively dialyzed against 10 mM Hepes
buffer at pH 7.4 and stored at 280°C until use. Protein content
was determined as described (13).

Formation of Liposomes. Liposomes were formed similarly
as described (14). Briefly, vesicles consisting of one or more
lipid species were prepared by dissolving the lipids in chloro-
form and mixing appropriate volumes in glass vials. The
solvent was removed under argon flux, and the residue was
submitted to vacuum for at least 3 hr. The lipid film was
resuspended in 2 ml of 10 mM Hepesy100 mM NaCl at pH 7.4
by vortex shaking and incubated 20 min at room temperature.
Then, 3.3 ml of 10 mM Hepes buffer at pH 7.4 was added, and
the mixture was incubated for 20 min at room temperature and
used immediately for binding assays.

Binding Assays. The liposome suspension, prepared as
described above (5.3 ml), was combined with 0.7 ml of
peripheral membrane protein suspension and incubated for 30
min at room temperature. The final conditions of the assay
were: 500 mM of lipid phosphorus, 500 mg of proteins, 10 mM
Hepes, and 33 mM NaCl at pH 7.4, in a total volume of 6 ml.
This mixture was centrifuged at 100,000 3 g for 1 hr at 25°C.
Pellets were resuspended in 180 ml of 80 mM TriszHCly4%
SDS at pH 6.8, and incubated for 10 min at room temperature.
The lipid phosphorus concentration was determined as de-
scribed (15). Then, 20 ml of 120 mM TriszHCly50% glycer-
oly4% SDSy58 mM b-mercaptoethanoly10 mM N-ethylmale-
imidey0.2% bromophenol blue at pH 6.8 was added, and the
mixture was boiled for 3 min.

SDSyPAGE and Immunoblotting. Peripheral proteins
bound to the liposome surface were detected and quantitated
by means of specific antibodies, similarly as described (11, 16).
Briefly, 5–40 ml of protein-lipid suspensions of natural or
synthetic PC species (about 75–600 nmol of lipid phosphorus)
were loaded on 10% polyacrylamide gels (SDSyPAGE). Du-
plicate aliquots of 15 and 25 ml of lipid-protein suspensions
(225 and 375 nmol of lipid phosphorus, respectively) from test
samples (other than PC liposomes) were loaded on the same
gel. After electrophoresis, proteins were transferred onto
nitrocellulose membranes (immunoblotting), which were in-
cubated for 1 hr at room temperature in PBS containing 5%
nonfat dry milk, 0.5% BSA, and 0.1% Tween 20 (blocking
solution) (17). The membranes subsequently were incubated
overnight at 4°C in fresh blocking solution containing the
primary antibody (anti-Gai1y2 antiserum, 1:5,000 dilution;
anti-Gas antiserum, 1:3,000 dilution; anti-Gb antiserum,
1:5,000 dilution; anti-PKC-ayb antibody, 1:2,000 dilution; and
anti-GRK2 antiserum, 1:3,000 dilution). The secondary anti-

body, horseradish peroxidase-linked donkey anti-rabbit (G
proteins, GRK2, 1:5,000 dilution) or sheep anti-mouse (PKC,
1:5,000 dilution) IgG was incubated for 2 hr at room temper-
ature in fresh blocking solution. Immunoreactivity was de-
tected by a chemiluminescence procedure (ECL, Amersham).
After autoradiography, the films were scanned, and the inte-
grated optical density values were obtained by image analysis
(Bio Image, Millipore). For the quantitation of the bound
protein, four test samples were evaluated using standard PC
curves, consisting of five points of different lipid phosphorus
content. This procedure was performed twice in the same
experiment for each test sample. Each experiment was re-
peated at least three times. Further details about these pro-
cedures have been described elsewhere (11).

Materials. Anti-G protein antibodies (anti-Gai1y2, anti-
Gas, and anti-Gb) were purchased from DuPontyNEN.
Anti-PKCayb antibody, horseradish peroxidase-linked IgGs,
enhanced chemiluminescence reagents (ECL Western Blot
Detection System), and ECL hyperfilm (autoradiography
film) were purchased from Amersham. Anti-GRK2 was a
kind gift from Federico Mayor, Jr. (Universidad Autónoma,
Madrid, Spain). Lipids CHO, dioleoyl phosphatidylethano-
lamine, dipalmitoyl phosphatidylcholine (DPPC), 1-palmitoyl-
2-linoleoyl phosphatidylethanolamine, and 1-palmitoyl-2-
oleoyl phosphatidylethanolamine (POPE) were purchased
from Sigma. Egg PC, egg PE, bovine brain PS, dielaidoyl
phosphatidylethanolamine, and positive and negative charge
liposome kits were purchased from Avanti Polar Lipids.

Statistics. Results are expressed as mean 6 SEM. One-way
ANOVA followed by Scheffé’s test was used for statistical
evaluations. The level of significance was chosen as P 5 0.05.

RESULTS

Effect of PE on the Binding of Gai to Model Membranes.
Some lipids, such as PEs, favor the formation of nonlamellar
(HII) membrane structures (Fig. 1). The presence of egg PE in
egg PC liposomes induced, at all concentrations used, signif-
icant and concentration-dependent increases in the binding of
Gai to lipid vesicles at 25°C (about a 3-fold increase for PCyPE
6:4, molymol, respect to PC liposomes) (Figs. 2A and 3). In
DPPC vesicles, the presence of natural and synthetic PE
species (DPPCyPE 6:4, molymol) also induced increases in
Gai binding (Figs. 2B and 3). Moreover, PE species with a
higher propensity to form HII phases at 25°C (e.g., egg PE and
1-palmitoyl-2-linoleoyl phosphatidylethanolamine) produced

FIG. 1. Lipid shape and supramolecular organization (polymor-
phism). The lipid shape is a very convenient concept, frequently used
to describe the volume occupied by phospholipids. Using this ap-
proach, phospholipids can be classed as cylinders (e.g., PC), cones
(e.g., PE) and inverted cones (e.g., lysophosphatiodylcholine), depend-
ing on the relative volumes of their polar headgroups and fatty acyl
chains. The supramolecular organization, or packing, of such mole-
cules originates the widespread bilayer (or lamellar, L) structure, and
the nonlamellar (tubular micelles) HI and HII phases.
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greater increases in Gai binding than those of PE species with
lesser propensity to induce HII structures [e.g., POPE and
dielaidoyl phosphatidylethanolamine, which exhibit higher la-
mellar to hexagonal phase transition temperatures (TH)]. This
effect is due either to the coexistence of lamellar and nonla-
mellar structures (18) or to the increased HII propensity. When
the same PE species were mixed with egg PC, instead of DPPC,
a similar enhancement of Gai binding was observed (data not
shown). Some PE species used in these series of experiments
were assayed at various PCyPE molar ratios, and there were
also concentration-dependent increases in Gai binding to
liposomes (e.g., 15 mol% of POPE or dielaidoyl phosphati-
dylethanolamine in PC vesicles induced increases of 21% and
23%, respectively, and 40 mol% of these PEs induced increases
of 39% and 47%, respectively). These data clearly indicate that
the presence of nonlamellar-prone lipids favors the binding of
Gai to membranes.

Effect of CHO on the Binding of Gai to Model Membranes.
The binding of Gai to PC liposomes (500 mM) with increasing
amounts of CHO exhibited a biphasic behavior (Figs. 3 and 4).
For low CHO concentrations (25–50 mM, 5–10 mol%) a
moderate, but significant, increase (15–30%, P , 0.05) in the
binding of Gai to lipid vesicles was observed (Fig. 4). Higher
CHO concentrations (30–50 mol%), induced significant de-
creases (19–44%, P , 0.01) in the binding of this protein to PC
vesicles (Fig. 4). In another series of experiments, mixtures of
either egg PC or DPPC and various PE species, in the presence
or absence of CHO, were used. In these cases, the presence of
500 mM CHO also induced significant decreases in Gai binding

FIG. 2. Effect of PE on the binding of Gai to liposomes. (A)
Liposomes were formed with egg PC without (0 mol% PE) or with
increasing amounts of egg PE (5–40 mol% PE). (B) Liposomes were
formed with DPPC, and egg or synthetic PE derivatives. The PCyPE
molar ratio was 6:4 in all cases, although for each PE species, various
concentrations were tested, similarly as shown in A (see text). The
phospholipid concentration was 500 mM in all cases (A and B), and the
total protein content was 500 mg. The binding of Gai to all PE-
containing liposomes (A and B) appeared to be significantly different
from that to PC liposomes (P , 0.01). DEPE, dielaidoyl phosphati-
dylethanolamine; DOPE, dioleoyl phosphatidylethanolamine; PLPE,
1-palmitoyl-2-linoleoyl phosphatidylethanolamine.

FIG. 3. Representative immunoblots of the binding of Gai protein
to membrane lipids. (A) Binding to egg PC vesicles in the absence (PC)
or presence of egg PE (PCyPE 6:4, molymol) or CHO (PCyCHO 1:1,
molymol). (B) Same as A, but with DPPC instead of egg PC. (C)
Immunoreactive Gai protein bound to egg PC vesicles in the absence
(PC) or presence of bovine brain PS (PS, PCyPS 4:1, molymol). (D)
Binding of Gai to egg PCyCHO liposomes (PCyCHO 7:1, molymol)
in the absence (C, control) or presence of 143 mM of stearylamine
(POS, positively charged vesicles) or dicetyl phosphate (NEG, nega-
tively charged vesicles).

FIG. 4. Effect of CHO on the binding of Gai to liposomes.
Liposomes contained 500 mM of egg PC in the absence (0 mM CHO)
or presence of various CHO concentrations (25–500 mM). The binding
of Gai to liposomes containing 25–50 mM CHO was significantly
higher than that to PC vesicles (P , 0.05), whereas the binding to
vesicles containing 100–500 mM CHO was significantly lower (P ,
0.01).
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to lipid vesicles: 44%, 41%, 38%, and 25% decreases for egg
PC, egg PCyPE, egg PCyPOPE, and egg PCydioleoyl phos-
phatidylethanolamine (PCyPE species 3:7, molymol in all
cases), respectively; 49%, 53%, and 64% decreases for DPPC,
DPPCyPE, and DPPCydioleoyl phosphatidylethanolamine
(PCyPE species 3:7, molymol in all cases), respectively.

Effects of PS and the Vesicle Surface Charge on the Binding
of Gai to Model Membranes. The presence of PS (negative
surface charge) in egg PC liposomes (PCyPS 19:1 to 6:4,
molymol) did not induce significant changes in Gai binding to
lipid vesicles (100%, 94%, 102%, 107%, and 99% for 0, 5, 10,
20, and 40 mol% PS, respectively; Figs. 3 and 5). In a similar
fashion, the presence of a net negative surface charge, pro-
vided by dicetyl phosphate, on PC liposomes, did not alter the
Gai binding to lipid vesicles (Figs. 3 and 5). Conversely, the
binding of PKC to PS-containing and to negatively charged
liposomes was significantly higher than that to PC liposomes
(408% and 282%, respectively). The interaction of Gai and
PKC with negatively charged liposomes revealed a significant
difference between these two peripheral proteins, which may,
in part, explain their differential localization during the sig-
naling cycle. On the other hand, a positive surface charge
induced a marked increase in Gai binding to PC bilayers (Figs.
3 and 5).

Effect of Lipid Polymorphism on the Binding of Gb to
Model Membranes. The G protein b-subunit (or the Gbyg
complex) showed a pattern of interaction with lipid vesicles
different from that of Gai-subunits. Thus, the binding of Gb
to liposomes (500 mM phosphorus lipid) was decreased by PE
(40% decrease, egg PCyegg PE 6:4, molymol, P , 0.01) (Fig.
6). On the other hand, CHO did not alter its interaction with
PC bilayers, and a negative surface charge (40 mol% of PS or
25 mol% of dicetyl phosphate) induced increases of Gb
binding (56% and 66%, respectively, P , 0.01) (Fig. 6). Finally,
the presence of a positive surface charge (25 mol% of
stearylamine) on membranes markedly increased the binding
of Gb-subunits (about 4-fold increase, P , 0.01) (Fig. 6).

Effect of PE on the Binding of Various Peripheral Mem-
brane Proteins. As shown above, the presence of nonlamellar-
prone lipids induced an increase in the binding of Gai proteins
to PC vesicles. Gas and PKC also displayed an enhanced
binding to PCyPE (6:4, molymol) liposomes compared with
that to PC vesicles (174% and 282%, respectively) (Fig. 7). In
addition to these signaling proteins, the insect peripheral
protein, apolipophorin III, has been shown to display an
enhanced binding to liposomes containing nonlamellar-prone
lipids (9). Other peripheral proteins, however, did not exhibit
this behavior: the binding of GRK2 to liposomes was not
altered by the presence of PE, and that of Gb was decreased
(40%, Fig. 7). These data suggest that the augmentation of the
HII phase propensity could be a general mechanism for the
interaction of various peripheral proteins with the membrane
lipids, which might be relevant for the localization, trafficking,
and activity of such proteins.

DISCUSSION

Receptor-mediated transduction pathways operate as signal
amplification cascades. The first amplification step happens at
the receptor-G protein level, whereby a molecule of the former
activates several of the latter upon agonist binding (2). Because
many receptors do not appear to be homogeneously distrib-
uted on the cell surface, but clustered in defined membrane
regions (e.g., the synaptic cleft), a large number of inactive
(i.e., GDP-bound) G protein molecules must be available in
the receptor vicinity, most of them probably associated with
membrane lipids (Fig. 8). Some lipids, such as PEs, are able to
array in vitro into structures different from the bilayer orga-
nization that characterizes biological membranes (Fig. 1) (10).
In the present study it has been shown that the presence of the
nonlamellar-prone lipid PE favors the binding of G proteins to
model membranes (Figs. 2, 3, and 8). Cell membranes are
usually rich in PE, which primarily is distributed on the
protoplasmic face of the plasma membrane (19). The presence
of PE-rich domains or nonlamellar regions, either in a stable
or transient manner, could act as membrane reservoirs for
some peripheral proteins (Fig. 8). Because those PE species
with higher propensity to induce HII phases (18) also induced
higher increases in the binding of G proteins to liposomes (Fig.
2), this interaction could be related to the HII phase propensity
or to the presence of nonlamellar structures (possibly stabi-

FIG. 5. Effect of PS and the membrane surface charge on the Gai
binding to liposomes. Egg PC liposomes in the absence (PC) or
presence of PS (PS, PCyPS 6:4, molymol) (negative surface charge),
dicetyl phosphate (negative surface charge, N1y2, 71 mM; N1, 143
mM), or stearylamine (positive surface charge, P1y2, 71 mM; P1, 143
mM). The binding of Gai to negatively charged liposomes was not
significantly different from that to PC liposomes (P . 0.05), but the
binding to positively charged vesicles was significantly increased (P ,
0.01).

FIG. 6. Gb binding to liposomes. Vesicles were formed with egg PC
in the absence (PC) or presence of egg PE (PE, PCyPE 6:4, molymol),
200 mM CHO, bovine brain PS (PS, PCyPS 6:4, molymol), a negative
(NEG, 143 mM dicetyl phosphate), or a positive (POS, 143 mM
stearylamine) surface charge. In all cases the phospholipid concen-
tration was 500 mM.
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lized by the presence of peripheralyamphitropic proteins).
This hypothesis is in agreement with the observed loss of G
proteins and PKC from brain cortex plasma membranes after
disruption of nonlamellar HII structures by the anthracycline
daunomycin (16). Nonlamellar-prone lipids alter some physi-
cochemical properties of lipid bilayers, inducing membrane
‘‘defects’’ (9), such as changes in the intrinsic monolayer
curvature, the surface pressure, and the hydration of mem-
branes. The relative amounts of PEs on membranes, under
physiological conditions, could justify the possible in vivo
presence of HII structures (18) that might be stabilized by
peripheralyamphitropic proteins. Moreover, the transient
presence of such HII phases or other membrane defects may
contribute to regulate certain cellular events, such as periph-
eral protein trafficking, exo-endocytic processes, and vesicle
fusionyfission phenomena. Some recent studies support the
involvement of nonlamellar structures, rather than the alter-
ation of other physicochemical properties of membranes, in
the control of a number of functions: (i) when PEs are induced
to adopt the lamellar phase, G proteins and PKC dissociate
from brain cortex plasma membranes (16); (ii) the binding of
the insect peripheral protein apolipophorin III to model
membranes also appears to be favored by the presence of HII
structures (9); (iii) PE species with lower hexagonal phase
transition temperature (TH) values also induce greater in-
creases in G protein binding (this work) and in the PKC activity
and binding to membranes (20); and (iv) PEs in the hexagonal
phase, but not in the lamellar phase, are able to modulate the
Ca21-ATPase activity (8). The present study documents an
important role of hexagonal-prone lipids (and possibly of HII
propensity or HII structures) for signal transduction and other
cellular events involving peripheral proteins whose interaction
with membranes is regulated by nonlamellar-prone lipids.
These results, along with other studies, extend the knowledge
about the cell membrane structure and function, showing
aspects of membrane organization, relevant in the context of
the membrane fluid mosaic model (10). In this line, neural
membranes of cold-adapted fishes show increased levels of PE
species that lower the TH value (21), suggesting that the

hexagonal phase propensity plays a pivotal role in membrane
phenomena. Furthermore, important cellular events in which
PEs (or nonlamellar membrane structures) are involved, such
as membrane fusion (7), PEs redistribution at the cleavage
furrow of dividing cells during cytokinesis (22), and peripheral
protein binding facilitation (this work), may explain the high
proportion of this phospholipid species (PE) in most plasma
membranes.

On the other hand, CHO, another major lipid component of
biological membranes has been shown to modulate the phys-
icochemical properties of lipid bilayers: it alters the membrane
fluidity, facilitates the formation of nonlamellar structures,
and induces the lipid segregation (23, 24). Because CHO can
move rapidly from one membrane to another, it also can act as
a short-term regulator of the membrane structure and func-
tion. Interestingly, the effect of this lipid on the interaction of
Gai with PC bilayers was not homogeneous over the range of
CHO concentrations used (Fig. 4). At low concentrations (up
to around 15–20% of the total membrane lipids), CHO favored
the binding of Ga proteins to lipid bilayers, but at higher
concentrations (30–50 mol% CHO) it impaired this binding.
The ability of this lipid to induce nonlamellar structures at low
mol fractions (less than 0.2) and inhibit them at higher mol
fractions would explain the biphasic behavior of the Gai
binding to CHO-containing membranes (25). On the other
hand, CHO intercalates in the surface of the lipid leaflet, a
potential target for the binding of the G protein fatty acid
moiety, which favors the interaction between G proteins and
membranes (26, 27). High CHO concentrations may compete
with G proteins for these sites on the membrane. Because
CHO can induce the formation of CHO-rich and CHO-poor
membrane domains (24), it cannot be discarded that both
effects (i.e., concentration-dependent increases or decreases in
Gai binding) may operate simultaneously on biological mem-
branes.

The presence of PS (negative surface charge) on liposomes
induced a marked increase in the binding of PKC (about 4-fold
increase for PCyPS 6:4, molymol), but Gai binding to lipid
bilayers was not significantly altered. Similarly, dicetyl phos-
phate, which also provides a negative surface charge, did not

FIG. 7. Effect of nonlamellar-prone lipids on the binding of various
peripheral proteins to model membranes. The results are expressed as
percent change respect to the binding to the bilayer-prone lipid, PC
(100%). Gai protein (Gai), Gas protein (Gas), PKC, and apoli-
pophorin III (apoL) were found to have an enhanced binding to
liposomes containing HII-prone lipids. GRK2 did not show any
difference for the binding to PC in the absence or presence of PE
(104% for PCyPE 6:4, molymol, respect to PC liposomes). Gb-
subunits showed a reduced binding to PE-containing liposomes. The
value for apoL was taken from Soulages et al. (9).

FIG. 8. Interaction of G proteins (G) with different cellular
structures. The cytoplasmic face of the lipid bilayer contains high
amounts of G proteins and of the HII phase-prone lipid PE, which may
induce the presence of nonlamellar structures or other membrane
‘‘defects’’ (H). G proteins also can interact with other membrane
components, such as bilayer-preferring lipids, G protein-coupled
receptors (R), and signaling effectors (E). They also can translocate to
the cytoplasm, where they are found in the soluble fraction and
associated with internal membranes, interacting with their lipids or
proteins. Extracellular or intracellular signals acting on G protein-
coupled receptors can change the proportions of these populations,
which coexist in a dynamic equilibrium, also regulated, as shown here,
by the membrane lipid structure.
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modify the binding of Gai to lipid vesicles. In contrast, a
positive surface charge increased Gai binding (Fig. 5). The
inner leaflet of the plasma membrane contains high levels of
PS and has a negative surface charge. For this reason, it is
unlikely that electrostatic interactions involving positive
charges were relevant in the interaction of Gai with the plasma
membrane phospholipids, although the electrostatic interac-
tions may play an important role in Gai’s interaction with
membrane proteins or with other cell membranes. The differ-
ential interactions of G proteins and PKC with membrane
lipids may, in part, explain why the inactive form of PKC is
mainly found in the cytosol, whereas the inactive form of Gai
prefers the plasma membrane (3, 28, 29).

The pattern of interaction of Gb subunits (Gbyg complex
under the reported experimental conditions) with model mem-
branes was different to that of Gai subunits. CHO did not
induce significant alterations, and PE induced a decrease in
Gb binding to lipid bilayers. Interestingly, both negative and
positive surface charges (greater effect) facilitated the inter-
action of this protein with lipid vesicles, indicating that elec-
trostatic forces may drive the association of Gb with mem-
branes. The differences in protein-lipid interactions between G
protein a- and b-subunits might be involved in their divergent
cellular localizations after the G protein complex dissociation,
induced by the binding of GTP (30).

In summary, protein-lipid interactions play a pivotal role in
the association of peripheral (amphitropic) proteins with
membranes. Because G proteins, PKC (this work), and apo-
lipophorin III (9) are structurally and functionally unrelated
peptides, the amphitropic protein-membrane binding facilita-
tion induced by PEs could constitute a widespread protein-
lipid interaction mechanism. However, the nature of the
interactions of G protein subunits, PKC, and other peripheral
proteins with phospholipids capable to form inverted micelles
(i.e., negative intrinsic monolayer curvature strain) in vitro
requires further investigations. Posttranslational modifica-
tions, or noncovalently bound lipids present on these proteins,
could contribute to these interactions: Ga have a covalently
bound palmitic andyor myristic acid molecule, g-subunits have
a farnesyl or geranylgeranyl moiety (29), and PKC has binding
sites for diacylglycerol and PS (3). On the other hand, it cannot
be discarded that the presence of these proteins on the plasma
membrane may induce a stabilization of such nonlamellar
structures. The proposed mechanism, however, does not ac-
count for the interaction of all peripheral proteins with
membranes: GRK2 is able to translocate from microsomal
membranes to other cellular compartments (31), but its bind-
ing to membranes was not modulated by PEs. It has been
proposed that this protein probably is anchored to a microso-
mal membrane protein (4, 32). In this context, the different
cellular localization and interaction with membrane lipids of
GRK2 (mainly on microsomal membranes), G proteins (main-
ly on plasma membranes), and PKC (mainly in the cytosol)
further supports the involvement of PEs in the interaction of
amphitropic proteins with membranes, although protein-
protein interactions also play an important role in the cellular
localization and activity of most of the known (amphitropicy
peripheral) kinases (33).
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