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ABSTRACT

We have recently reported that lipid structure regulates the
interaction with membranes, recruitment to membranes, and
distribution to membrane domains of heterotrimeric Ga+y pro-
teins, Ga subunits, and Gy dimers (J Biol Chem 279:36540—
36545, 2004). Here, we demonstrate that modulation of the
membrane structure not only determines G protein localization
but also regulates the function of G proteins and related sig-
naling proteins. In this context, the antitumor drug daunorubicin
(daunomycin) and oleic acid changed the membrane structure
and inhibited G protein activity in biological membranes. They
also induced marked changes in the activity of the aynp-
adrenergic receptor and adenylyl cyclase. In contrast, elaidic
and stearic acid did not change the activity of the above-

mentioned proteins. These fatty acids are chemical but not
structural analogs of oleic acid, supporting the structural basis
of the modulation of membrane lipid organization and subse-
quent regulation of G protein-coupled receptor signaling. In
addition, oleic acid (and also daunorubicin) did not alter G
protein activity in a membrane-free system, further demonstrat-
ing the involvement of membrane structure in this signal mod-
ulation. The present work also unravels in part the molecular
bases involved in the antihypertensive (Hypertension 43:249—
254, 2004) and anticancer (Mol Pharmacol 67:531-540, 2005)
activities of synthetic oleic acid derivatives (e.g., 2-hydroxyoleic
acid) as well as the molecular bases of the effects of diet fats on
human health.

Plasma membrane lipids not only serve as an inert support
for membrane proteins but also play an active role in cell
activity that has yet to be fully understood. Membrane exo/
endocytic processes, diffusion of macromolecules, and protein
activities, among other cellular events, depend on the phys-
ical properties of membrane lipids. We have recently demon-
strated that the hexagonal (H;;) phase propensity of mem-
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branes differentially influences the binding of Gai, GBvy, and
Gapfy proteins, indicating that membrane composition and
structure can regulate cell signaling (Vogler et al., 2004).
Heterotrimeric G proteins (GafBvy, preactive) are recruited to
membrane domains rich in receptor proteins, which exhibit a
high nonlamellar phase propensity. Upon activation by ago-
nists, the receptor activates the G protein. Then, the Gai
subunit (active) dissociates from the GBy complex and be-
cause of its lesser affinity for nonlamellar structures and
higher affinity for lamellar phases can be recruited to do-
mains with ordered bilayer structure (e.g., lipid rafts) (Vogler
et al., 2004), where it may activate signaling effectors. There-
fore, modulation of the lipid structure (lamellar and nonla-
mellar phases or propensity to form them) regulates the G
protein-membrane interactions and mobilization to different
membrane domains upon activation. Here, we showed that

ABBREVIATIONS: H,,, hexagonal; OA, oleic acid; EA, elaidic acid; SA, stearic acid; GPCR, G protein-coupled receptor; AR, adrenoceptor; AC,
adenylyl cyclase; DNM, daunorubicin, daunomycin; GTPvS, guanosine 5’-O-(3-thio)triphosphate; RX821002, 2-(2-methoxy-1,4-benzodioxan-2yl)-
2-imidazoline; UK14304, 5-bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-quinoxalinamine; CHS, cholesterol hemisuccinate; PE, phosphatidyleth-
anolamine; POPE, 1-palmitoyl-2-oleoyl phosphatidylethanolamine; DPPC, dipalmitoyl phosphatidylcholine; L, lamellar; Gpp(NH)p, guanosine

5’-(B,y-imido)triphosphate.
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not only is G protein localization regulated by the membrane
structure/composition but also the function of these trans-
ducers and related proteins.

The type and abundance of membrane lipid species are
regulated by dietary fat intake, which thus influences the
properties of the membrane (Escudero et al., 1998). For ex-
ample, oleic acid (OA), either free or bound to other mole-
cules, confers an increased hexagonal phase propensity to the
membrane (Funari et al., 2003), whereas the closely related
fatty acids elaidic acid (EA) and stearic acid (SA) do not have
the same effect (Funari et al., 2003). Although numerous
work has studied the effect of diet fats on lipid composition,
lipoprotein levels, and nutritional and biochemical status of
tissues and organs, there is a lack of information about the
effect of lipids on cell signaling.

We have investigated G protein-coupled receptor (GPCR)-
mediated signaling to determine the effect of fatty acids on
the membrane lipid structure and the propagation of signals
through these receptors. Previous studies have shown that
agap-adrenoceptors (ay5,p-ARs) are involved in the control of
blood pressure and cell proliferation, both of which are bio-
logical processes related to the development of cardiovascu-
lar pathologies and cancer (Betuing et al., 1997; Hein et al.,
1999). It is interesting that Mediterranean diets that include
high amounts of OA (mainly from olive oil) (Trichopoulou et
al., 1995) are associated with a reduced incidence of cardio-
vascular pathologies and cancer (Mata et al., 1992; Martin-
Moreno et al., 1994; Ruiz-Gutiérrez et al., 1996; Tzonou et al.,
1996), although the molecular bases of these effects remain
largely unknown. In addition, therapies based on the inter-
action of synthetic fatty acid drugs with membranes have
been recently developed (lipid therapy). This is an innovative
pharmacological approach, because most of the marketed
drugs target proteins and only a few of them target nucleic
acids. The present study explains in part the molecular bases
of the pharmaceutical and nutraceutical effects of OA deriv-
atives and olive oil.

The importance of membrane lipid structure and protein-
lipid interactions is evident. First, the initial steps of signal-
ing cascades are associated with membranes and with the
propagation of signals across these barriers. Second, signal-
ing pathways are more dependent on the initial membrane-
associated signaling elements (receptors, G proteins, and
effectors) than on downstream signaling proteins that simply
amplify the signals received (Levitzki, 1988). Third, recep-
tors, G proteins, and effectors can be differentially recruited
to certain specific membrane structures such as membrane
rafts (Moffett et al., 2000), which partially define their activ-
ities. Finally, the presence of nonlamellar prone lipids mod-
ulates the localization and activity of peripheral proteins
that are capable of translocating from the membrane to the
cytosol, and as such, of propagating intracellular signals
(Kinnunen, 1996; Goni and Alonso, 1999).

The membrane hexagonal phase propensity regulates the
cellular localization of G proteins (Escriba et al., 1997; Vogler
et al., 2004). For this reason, we have studied the effect of OA
on membrane structure and on the subsequent changes in
the activity of aya,p-AR, G proteins, and adenylyl cyclase
(AQC). In this context, OA but not its chemical analogs EA and
SA altered the membrane lipid structure and functional
properties of a,,,p-AR, G protein, and AC. Likewise, the
antitumor drug daunorubicin (daunomycin, DNM) also alters
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membrane structure, cellular localization of G proteins, and
GPCR-associated signaling (Escriba et al.,, 1995). The
present results may explain in part the anticancer and hy-
potensive activities of fatty acids, such as the novel synthetic
OA analog 2-hydroxyoleic acid (desBordes and Lea, 1995;
Corl et al., 2003; Llor et al., 2003; Alemany et al., 2004;
Martinez et al., 2005). In summary, this work presents rele-
vant information and will help to understand 1) how the
membrane lipid composition and structure modulate cell sig-
naling, 2) how diet fats can influence the cell’s physiology and
human health, and 3) why pharmacological approaches tar-
geting membrane lipids can be effective against cardiovascu-
lar and tumor pathologies (Alemany et al., 2004; Martinez et
al., 2005).

Materials and Methods

Materials. Tissue culture supplies were from JRH Bioscience
(Lenexa, KS); acrylamide, bisacrylamide, and SDS were from Bio-
Rad (Madrid, Spain). [2*S]IGTPyS (1250 Ci/mmol), [*H]rauwolscine
(82.3 Ci/mmol), [PHIRX821002 (56.0 Ci/mmol), and [PH]JUK14304
(67.4 Ci/mmol) were all obtained from PerkinElmer Life and Analyt-
ical Sciences (Bad Homburg, Germany). Phospholipids were from
Avanti Polar Lipids (Alabaster, AL), whereas OA, EA, and SA were
obtained from Sigma (Madrid, Spain) and the DNM and cholesteryl
hemisuccinate (CHS) were from Sigma/RBI (Madrid, Spain).

Differential Scanning and Isothermal Titration Calorime-
try. Differential scanning calorimetry was performed on an MCS-
DSC microcalorimeter (OriginLab Corp., Northampton, MA) at a
scan rate of 0.5 K/min, as described previously (Escriba et al., 1995).
In brief, 1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE, 2
mM) or dipalmitoyl phosphatidylcholine (DPPC, 2 mM) was dis-
solved in chloroform in the presence or absence of different concen-
trations of OA (10-1000 M), CHS (200-2000 pM), or DNM (200—
500 pM). The solvent was removed under an argon flow and
submitted to a vacuum for at least 3 h. The lipid film was then
resuspended in “sample buffer” (10 mM HEPES, 100 mM NaCl, and
1 mM EDTA, at pH 7.4) with agitation for 2 min at 50°C, degassed by
stirring under vacuum for 10 min, and then used immediately in
calorimetry experiments. Isothermal titration calorimetry was car-
ried out on an MCS-ITC microcalorimeter (Lin et al., 1994; Heerklotz
et al., 1999). During a titration experiment, 2 mM POPE vesicles
were thermostated in sample buffer at either 40°C (to study the
binding to lamellar phases) or 75°C (to study the binding to Hy
phases) in a stirred reaction cell (400 rpm, 1.343 ml). A series of
injections (2 ul per injection, 50—60 injections) were carried out using
a 250-ul syringe filled with 50 mM OA sodium salt in sample buffer.
In control experiments, the OA sodium salt was injected into the
buffer without POPE to calculate the heat of dilution, and the dilu-
tion heat (h4;) of OA was subtracted from experimental data (h;): 8h;
= h;hq;. The injection time was set at 5 s and 240 s between
consecutive injections to permit the equilibration of lipid binding.
The first data point was disregarded (as recommended by the man-
ufacturer), and the rest were fitted to one-, two-, and three-site
binding models. Data acquisition and analysis was carried out using
the software provided by the manufacturer (MCS Observer and
Origin programs; OriginLab Corp.).

Radioligand Binding Studies. NIH-3T3 cells were transfected
with the ays,n-AR (3T3-AR cells) as described in Lanier et al. (1991).
G418 (Geneticin)-resistant clones were screened for receptor subtype
expression by RNA blot analysis and by their ability to bind the
ay-selective antagonists [PH]rauwolscine or [PH]RX821002. The cells
were further characterized by their subtype ligand recognition prop-
erties and the molecular mass of the protein produced. 3T3-AR cells
were maintained in monolayer culture in Dulbecco’s modified Eagle’s
medium containing 10% bovine calf serum, 100 units/ml penicillin,
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100 pg/ml streptomycin, and 0.25 ug/ml Fungizone, at 37°C and 5%
CO,. Cell membrane preparation and radioligand binding assays
were performed as described in Duzic et al. (1992). In brief, confluent
cells were washed twice with sterile phosphate-buffered saline (137
mM NacCl, 2.6 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,, at
pH 7.3), harvested with a rubber policeman, and centrifuged for 5
min at 200g and 4°C. The pellet was resuspended in lysis buffer (1
ml/dish of 5 mM Tris-HCl, 5 mM EDTA, and 5 mM EGTA, at pH 7.5)
at 4°C and homogenized using a 1-ml syringe with a 26-gauge needle.
The cell homogenate was centrifuged for 10 min at 14,000g and 4°C.
The pellet was washed and resuspended in membrane buffer (50 mM
Tris-HCI, 0.6 mM EDTA, and 5 mM MgCl,, at pH 7.5), and the
protein content of the membrane suspension was determined as
described previously (Lowry et al., 1951). This protocol yields a
fraction rich in plasma membranes. Other types of membranes
present in this preparation did not interfere with the assays per-
formed here because they lack of the signaling system studied. These
cell membrane preparations were treated as indicated below.

[2°SIGTPvS binding was used to evaluate G protein activity and
coupling to a,-adrenoceptors. Membranes prepared from transfected
NIH-3T3 cells were preincubated in the presence or absence of OA,
EA, SA, DNM, PE, or CHS for 30 min on ice. The reaction was then
initiated by adding the membrane suspensions to assay buffer (50
mM Tris-HCl, 5 mM MgCl,, 1 mM EDTA, 1 mM dithiothreitol, 100
mM NaCl, 1 uM guanosine diphosphate, and 1 uM propranolol, at
pH 7.4) in a final volume of 100 ul, and in the presence of 0.5 nM
[**SIGTPyS and the a,-AR agonist UK14304 (10 nM). Reactions
were incubated for 30 min at 37°C and terminated by rapid vacuum
filtration through nitrocellulose filters. Radioactivity was deter-
mined by liquid scintillation counting, and nonspecific binding was
defined in the presence of 100 uM GTPyS. The agonist-stimulated
[**S]IGTPyS binding was determined after subtracting the basal
[*>SIGTPvS binding. In another series of experiments, [*°S]GTPyS
binding was performed as described above, except that the concen-
trations of OA, DNM, PE, and CHS were constant (100 uM), and the
concentrations of UK14304 varied between 10~ ® and 10 ® M. The
effects of OA, EA, and SA on [**S|GTP+S binding to 3T3-AR mem-
branes were also studied. Finally, [**S]GTPvS binding to purified G
proteins was performed using purified bovine brain G protein het-
erotrimers as described in Dingus et al. (1994). Experiments were
carried out as described above, using 5 nM G proteins, 0.01% Thesit,
and 2.5 nM [*?S]GTP4S and in the presence or absence of 100 uM
OA, DNM, PE, or CHS.

Binding of [*H]RX821002 (20 nM) and [*H]JUK14304 (1 nM) to
3T3-AR cell membranes was performed in the presence or absence of
OA, EA, SA, DNM, PE, or CHS, for 30 min on ice. The membrane
suspensions were incubated (25 pg of protein per tube) for 30 min at
24°C in 100 ul of phosphate-buffered saline with the corresponding
radioligand, and nonspecific binding was determined in the presence
of 10 uM rauwolscine. Binding was terminated by vacuum filtration
through glass fiber filters, and the radioactivity was determined by
liquid scintillation. In all experimental series, lipids were dissolved
either in water or in ethanol. The ethanol concentration in the assays
was always less than 0.5%, and control samples containing this
solvent were also evaluated in all experimental series. The amount of
the lipids incorporated into the cell membranes was always =90% of
the lipid added as determined by radioligand binding and ITC ex-
periments (fatty acids), colorimetric assays (CHS), fluorescence spec-
troscopy (DNM), and thin-layer chromatography followed by gas
chromatography (phospholipids) (Escrib4 et al., 1990, 1995).

Adenylyl Cyclase Activity Assay. AC activity was measured as
described previously (Lanier et al., 1991; Duzic et al., 1992). In brief,
3T3-AR cell membranes were incubated with assay buffer (50 mM
HEPES, 1 mM EDTA, 4 mM MgCl,, 100 mM NacCl, 0.24 mM ATP,
0.1 mM GTP, 0.2 mM cAMP, 0.2% bovine serum albumin, and 0.5
mM isobutyl-L-methylxanthine, at pH 7.4) containing [*P]ATP (0.5
nCi/tube) and an ATP-regenerating system (60 mM creatinine phos-
phate and 10 units/ml creatinine kinase). The reactions were per-

formed with or without (basal) forskolin (2 uM); with or without OA,
EA, DNM, PE, or CHS (100 uM); and in the presence or absence of
UK14304 (10~° M), in a final volume of 100 ul at 37°C for 30 min.
Thereafter, 2% SDS was added to the incubation solution to stop the
reaction, and cAMP was isolated by sequential chromatography on
Dowex AG-50W-X4 and alumina columns. The 4-ml eluate from each
column was equilibrated with 16 ml of Ecoscint A, and the radioac-
tivity was determined by liquid scintillation counting. The effect of
the solvent (<0.5% ethanol) was evaluated as described above.

Statistics. The results are expressed as mean = S.E.M. One-way
analysis of variance followed by Scheffé or Fisher tests was used for
statistical evaluations. The level of significance was established at
p = 0.05.

Results

Effect of OA on Phospholipid Thermal Transitions.
The effect of OA on the thermotropic behavior of 2 mM DPPC
was different from that of DNM and CHS. DNM did not
induce significant changes in the solid-to-liquid (S<>L) crys-
talline phase transition temperature (Tm), but rather it did
induced marked changes in the lamellar-to-hexagonal
(L<H;y) phase transition of model membranes (Fig. 1A; Ta-
bles 1 and 2; Escriba et al., 1995). These results indicated
that at low concentrations (up to 100 uM), OA had little effect
on membrane fluidity but induced important changes in
membrane lipid organization. As described previously for
cholesterol (Mabrey et al., 1978), CHS (a cholesterol analog)
produced a segregation of membrane lipids, generating CHS-
rich domains with a higher Tm and CHS-poor microdomains
(Table 1). The presence of up to 100 uM OA did not signifi-
cantly affect the S<>L phase transition of POPE and DPPC
membranes (Tables 1 and 2). In contrast, marked changes in
POPE L<H;; transition temperature (T,) and enthalpy
(AH,,) were observed in the presence of OA (Fig. 1B; Table 2),
further indicating that the fatty acid had a greater effect on
the membrane lipid structure than on membrane fluidity (or
viscosity). By contrast, neither EA nor SA induces important
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Fig. 1. Effects of OA and DNM on the thermotropic behavior of DPPC and
POPE. A, effect of OA on DPPC (2 mM) S<>L phase transition. Only OA
concentrations above 200 uM induced significant changes on membrane
fluidity (Table 1). B, effect of OA and DNM on POPE (2 mM) L<H (Hy;)

phase transition. L and hexagonal H;; phases are shown below the top
thermogram. For further details, see Table 2.
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changes in the structure of model membranes (Funari et al.,
2003).

The presence of OA affected differentially the S<L (fluid-
ity) and L« Hj; (nonlamellar phase propensity) transitions,
suggesting a differential interaction with different mem-
brane lipid organizations. For this reason, we studied the
binding of OA to both lipid structures, the lamellar and Hy;
phases. The OA-POPE interactions were assessed by isother-
mal titration calorimetry as previously used to determine the
binding of other compounds to liposomes (Heerklotz et al.,
1999). The binding of OA to POPE organized into lamellar
and hexagonal phases fitted best a two-site binding model
(Table 3), suggesting the existence two OA binding sites
(high and low affinity) or interaction architectures. The
higher affinity exhibited by OA occurred when interacting
with nonlamellar structures (K,; = 3100 M~ %; K, = 322
uM) rather than with lamellar structures (K,, = 786 M™%
K4, = 1.27 mM). In addition, the binding capacity (n,) of OA
to hexagonal structures was greater than that corresponding
to lamellar structures (Table 3). These results explain the
more significant effect of OA on membranes in the hexagonal
phase than in the lamellar phase at micromolar concentra-
tions. They also constitute the first evidence indicating that
the membrane organization regulates fatty acid-phospho-
lipid interactions. In contrast with the high-affinity site, for
the low-affinity-site, K, values for L and Hy; structures were
similar. Overall, calorimetry experiments demonstrate that
OA binds to membrane phospholipids, and OA binding affin-
ity and effects on the latter depend on the lipid type and
organization.

Effects of OA and DNM on «,-Adrenoceptor Func-
tion. To determine the influence of the lipid structure on
signal processing by GPCRs, we evaluated the effect of OA
and DNM on a,,,n-AR function in membranes from 3T3 cells
overexpressing the a,,,p-AR. This model of biological mem-
branes is more complex than the above-described model
membranes because it contains the first elements of the
GPCR signaling machinery, but it is less complex than a
whole cell. In this model similarly to cells, the interaction of
the G protein with the receptor stabilizes the conformation of

TABLE 1
OA and CHS on DPPC thermodynamic parameters
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the ay,,p-AR such that it exhibits a high affinity for agonists.
This interaction is disrupted by the exchange of GDP by GTP
or its analogs in the Ga subunit, such as Gpp(NH)p (an event
that activates the G protein). At low concentrations, ~90% of
[PH]UK14304 agonist binding was sensitive to Gpp(NH)p.
Adrenoceptor agonist binding was significantly diminished
in the presence of OA (a reduction of 81.2 = 13%, p < 0.001)
and DNM (a reduction of 61.9 = 7%, p < 0.01; Fig. 2A).
The «,-AR antagonist [PHJRX821002 is less sensitive to
Gpp(NH)p, and its binding to 3T3-AR cell membranes in the
presence of OA was reduced by 41 * 7% (p < 0.01), whereas
DNM provoked a slightly smaller decreases of 36.3 = 12%
(p < 0.01; Fig. 2B). In contrast, neither PE nor CHS induced
significant changes in the binding of [*H]JUK14304 or
[PH]RX821002 to 3T3-AR membranes (Fig. 2). Furthermore,
the OA analogs EA and SA (300 M) did not alter the radio-
ligand recognition properties of a,-ARs, despite the fact that
OA, EA (cis- and trans-stereoisomers of 9-octadecenoic acid,
respectively), and SA (octadecanoic acid) are 18-C fatty acids
(Fig. 3). trans/unsaturated fatty acids (e.g., EA and SA) have
a linear “molecular shape”, whereas the prominent kink in-
duced by the cis-double bonds in OA induces important dif-
ferences in its molecular shape with respect to these analogs.

Effect of OA on G Protein Activity. The relationship
between the modification in membrane structure and G pro-
tein function was addressed by determining the influence of
OA on the agonist-induced increases in [**S]GTPyS binding
to G proteins in membranes. The presence of OA markedly
reduced agonist-induced [**S]GTPyS binding to 3T3-AR
membranes in a concentration-dependent manner (Fig. 4A).
Whereas DNM induced a similar effect, CHS and PE only
induced modest changes in agonist-induced activation of G
proteins. We also analyzed the inhibitory effect of OA (100
wM) and DNM (100 M) on [**S]GTP+S binding at increasing
concentrations of UK14304 (10 8-10"2 M). Both, OA and
DNM induced a significant decrease in [**S]GTPyS binding
to 3T3-AR membranes at all concentrations of UK14304 ex-
amined (Fig. 4B). In contrast, PE and CHS did not markedly
alter the binding of this GTP analog (Fig. 4B), and EA and SA
did not alter receptor-mediated activation of G protein (Fig.

Tm values for DPPC in the presence of 200 to 500 uM DNM were 41.1-41.4°C, and AH values were 10.6 to 10.9 kcal/mol. DPPC (2 mM) was always used.

OA (uM) 0 100
OA-to-DPPC ratio (mol/mol) 0 1:20
Tm (°C) 41.5 41.2
AH,, (kcal/mol) 10.9 10.7

CHS (uM) 0
CHS-to-DPPC ratio (mol/mol) 0
Tm, (°C) 41.5
AH,; (kcal/mol) 10.9
Tm, (°C)

AH,, (kcal/mol)

200 350 500 1000
1:10 7:40 1:4 1:2
40.3 39.0 38.3 37.1
10.3 9.9 9.1 9.5

200 500 1000 2000
1:10 1:4 1:2 1:1
39.2 40.2 47.3

8.1 6.3 3.6 0
53 61.8 63.4
1.2 15 2.2 0

TABLE 2
OA on POPE thermodynamic parameters

Effects of DNM on POPE and OA on bovine brain PE were also measured (see text). DNM effects on L<>Hjy; transition were described previously (Trichopoulou et al., 1995).

POPE (2 mM) was always used.

OA (uM) 0 10
0OA-to-POPE ratio (mol/mol) 0 1:200
Tm (°C) 25.9 26.1
AH (kcal/mol) 5.9 6.4
T, (°C) 71.0 72.2

AH,, (kcal/mol) 0.61 0.49

20 50 100 200 500
1:100 1:40 1:20 1:10 1:4
26.0 25.8 25.3 24.1 22.7
6.4 5.9 5.1 5.9 6.2
66.1 64.3 64.9
0.41 0.31 0.17
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4C). The effect of OA (and DNM) on G protein function was
not caused by a direct interaction of the fatty acid with the
protein, because the [**S]GTP+S binding to purified G pro-
teins in the absence of membranes was not altered (Fig. 4D).

Effects of OA and DNM on Adenylyl Cyclase Activity.
Finally, we extended this study to evaluate the influence of
manipulating the lipid phase on the activity of AC. A de-
crease was observed in the basal activity of AC in the pres-
ence of OA (a decrease of 92.8 = 3.5%; p < 0.001) and DNM
(a decrease of 30.9 = 13.7%; p < 0.05) and of the forskolin-
stimulated activity of AC (decreases of 98 = 1%, p < 0.001
and 57.2 = 10%, p < 0.01 for OA and DNM, respectively)
(Fig. 5A). As expected, the a,-AR agonist UK14304 also in-
hibited the basal and forskolin-stimulated activity of AC
(37.8 £ 9.7%, p < 0.01 and 38.3 = 12%, p < 0.05, respec-
tively) (Fig. 5B). In contrast, PE and CHS did not signifi-
cantly alter either the basal or the forskolin-stimulated

TABLE 3

Binding parameters for OA-POPE interaction

Binding of OA (70 uM to 4 mM) to POPE (2 mM) liposomes was measured by
isothermal titration calorimetry, where n, ny, and n; are binding site stoichiometry
values, K,; and K, are association binding constants, and H, and H, are reaction
enthalpies. The overall OA binding corresponds to n, values. Results are means of
three independent experiments.

Binding Parameters L Phase Hy; Phase
n, (mol of OA/mol of POPE) 1.03 £ 0.08 1.06 = 0.11
K,M" 786 = 49 3100 * 289%*
H, (kcal/mol) 413 = 16 159 =+ 9%*
1y, (mol of OA/mol of POPE) 0.75 = 0.05 1.66 = 0.09**
K,M" 122 £ 8 124 = 10
H,, (kcal/mol) —1180 * 58 2170 *+ 164**
n, (mol of OA/mol of POPE) 1.78 = 0.08 2.72 + 0.10%*

*p < 0.05; #* p < 0.01.
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Fig. 2. Specific binding of the a,-adrenoceptor agonist [PH|UK14304 (A)
and the antagonist [PHIRX821002 (B) to 3T3-AR membranes in the pres-
ence or absence (control) of OA, ES, SA, DNM, PE, or CHS (300 uM).
Specific [FHJUK14304 binding was obtained by subtracting the radiola-
beled ligand binding in the presence of 100 uM Gpp(NH)p from that in
the absence of Gpp(NH)p. Specific [PHIRX821002 binding was carried out
in the absence of Gpp(NH)p. Data are expressed as percentage values
(mean * S.E.M.) with respect to the control untreated membranes. Bind-
ing of [PHJUK14304 to control (untreated) membranes was 0.9 + 0.15
pmol/mg of protein, whereas binding of [PH]RX821002 to control (un-
treated) membranes was 5.3 = 0.5 pmol/mg of protein. For other details,
see text. *, p < 0.01; #*, p < 0.001.

activity of AC (Fig. 5). Furthermore, no synergism was ob-
served between UK14304 and OA, EA, DNM, PE, or CHS
because in combination AC activity was not inhibited more
than in the presence of any of these compounds alone (data
not shown). Again, the effect of OA was structure-specific
because the congener EA had no effects on basal or forskolin-
stimulated AC activity.

Discussion

The effects of the membrane lipid composition/structure on
the physiology of the cell remain largely unknown. This
knowledge is important in understanding 1) how lipid alter-
ations influence cell signaling in pathologies where lipid
changes have been described, 2) the mechanisms involved in
the effects of diet fats on health, and 3) the molecular bases
underlying “lipid therapy” (Martinez et al., 2005). Fatty acids
are the most important molecules in the formation of the core
of cell membranes, either in their free state or as a moiety of
other molecules (e.g., phospholipids). However, not all fatty
acids have the same structural properties or confer the same
properties to membranes. Among the characteristics of mem-
branes, the propensity to form nonlamellar (Hy;) structures is
facilitated by the cis-monounsaturated fatty acid OA (Funari
et al., 2003). In contrast, trans-monounsaturated (EA) or
saturated (SA) fatty acids do not affect this property in model
membranes, indicating that Hy; propensity modulation de-
pends on the molecular shape of the fatty acid and relies on
highly structural bases (Funari et al., 2003). It is interesting
that, certain phosphatidylethanolamine derivatives with OA,
such as dioleoyl phosphatidylethanolamine, have a very high
H;; propensity (~T}, of —16°C). In POPE, used here, the high
T,, value (~71°C; Table 2) suggests that the palmitoyl moiety
in position 1 inhibits the motion of the oleoyl residue, also
indicating that the free fatty acid (OA) has greater effect on
H;; propensity. We recently demonstrated that activated Gai
proteins prefer lamellar-prone membranes, whereas hetero-
trimeric Gi («fBy) proteins and Gy dimers prefer H;; phases
(Vogler et al., 2004). Here, we show that OA modulated the
H,; phase propensity (Fig. 1) and regulated the activities of
GPCRs and G proteins (Figs. 2 and 4). In contrast, the OA
analogs EA and SA did not significantly alter either mem-
brane structure or GPCR-mediated signaling. Although OA
and DNM induced important changes on G protein activity in

Fig. 3. Chemical structure of OA, cis-9-octadecenoic (18:1 cA9), EA,
trans-9-octadecenoic (18:1 tA9), and SA, octadecanoic (18:0). OA has a
double (cis) bond that restrains the mobility between C9 and C10, induc-
ing a boomerang-like molecular shape. EA (the ¢trans-isomer of OA) and
SA have a molecular shape that resembles a rod. Only OA altered GPCR-
mediated signaling.
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3T3 membranes, they did not change the activity of purified
G proteins in a membrane-free system, further supporting
the involvement of membranes in their effects. Therefore,
this work shows that the membrane structure regulates not
only G protein localization but also the activity of G proteins.
On the other hand, OA regulated not only [*PH]UK14304
but also [PH]RX821002 binding [insensitive to Gpp(NH)p] to
asap-ARs (Fig. 2). These results suggest that the effect on
the receptor could be caused by the contribution of the mem-
brane environment on G proteins and by a direct effect on the
receptor molecule. This issue is currently under investiga-
tion. Again, neither EA nor SA influenced a,-AR activity,
further indicating the pivotal role of the membrane structure
in the modulation of GPCR-associated signaling.

Why are biological membranes so abundant in type and
diversity of composition if they only define barriers? Why is
the membrane composition so finely regulated and why can
membrane lipids organize into more secondary structures
than proteins or nucleic acids if they mainly serve as support
for proteins? Membrane lipids have more functions than
those usually attributed to them. Hexagonally prone lipids
modulate the activity and interaction of peripheral proteins
with the plasma membrane (Escriba et al., 1995, 1997; Gior-
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gione et al., 1995; Soulages et al., 1995). Our data indicate
that the effects of OA and DNM on cell signaling pathways
are related to the propensity of the membrane to enter the
H,; phase, because OA binds more readily to nonlamellar
phases (Table 3). Therefore, DSC data indicated stronger
effect of OA on the hexagonal phase propensity of the mem-
brane (defined by the L<>Hj; transition) than on membrane
fluidity (defined by the S<>L transition) (Tables 1 and 2).
Here, we also showed that the lipid structure influenced the
binding of fatty acids to model membranes. In a similar
manner to OA, DNM has also been shown to interact differ-
entially with model membranes of different composition (Es-
criba et al., 1990). In addition, it has been observed that
resistance to antitumor drugs is related to the membrane
lipid properties, which can be modulated by treatments with
fatty acids (Escriba et al., 1990; Callaghan et al., 1993).

In the present study, we show that the membrane struc-
ture also modulates AC activity (Fig. 5). To our knowledge,
this is the first time that AC activity has been shown to be
regulated by H;; phase propensity, and this finding is in
agreement with its regulation by changes in the membrane
lipid composition (Calorini et al., 1993). The signaling cas-
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Fig. 4. Influence of agents that modify the lipid phase on agonist-induced binding of [**S]GTPyS to 3T3-AR cell membranes and to purified brain G
proteins. A, specific agonist-stimulated binding of [*>S]JGTPyS (mean + S.E.M.) was measured in the presence or absence (control) of increasing
concentrations of OA, DNM, PE, or CHS. B, specific agonist-stimulated binding of [**S]GTP+S to 3T3-AR membranes in the absence (C, control) or
presence of 100 uM OA, DNM, PE, or CHS at increasing concentrations of the a,-AR agonist UK14304. C, effect of 100 uM OA, EA, and SA on the
specific agonist-stimulated binding of [*>S]JGTPyS to 3T3-AR membranes. D, specific binding of [**S]GTPyS to G proteins purified from bovine brain,
in the absence of membranes and in the presence or absence (control) of 100 uM OA, DNM, PE, or CHS. Basal [**S]GTPyS (control) binding to 3T3-AR
membranes was 182.9 + 26.9 and in UK14304-stimulated (5 X 10~¢ M) membranes binding reached 280.35 *+ 35.4 fmol/mg of protein. Binding to
control purified G proteins was 101 * 4 fmol/mg of protein. *, p < 0.05; #+, p < 0.001.
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cades controlled by a,,,n-ARs often use Gi proteins as trans-
ducers and AC as the effector.

In addition to their apparent effect on signal processing by
GPCRs, Hj; structures are involved in many other cellular
functions, including exo/endocytic processes (Vidal and Hoek-
stra, 1995). Nonlamellar structures also modulate membrane
permeability, elasticity, and fluid shear stress, which regu-
late the activity of membrane proteins (Keller et al., 1993;
Gudi et al., 1998). The H;-prone phospholipid PE has been
shown to accumulate at the cleavage furrow, during eukary-
otic cell division (Emoto et al., 1996), and in Escherichia coli
it exhibits a chaperone-like activity (Bogdanov et al., 1996).
Indeed, PE is required for the membrane packaging of inte-
gral proteins (de Kruijff, 1997), and it has also been used for
biomedical and biotechnological purposes (Landau and
Rosenbusch, 1996; Perkins et al., 1996; Zelphati and Szoka,
1996). The high proportion of this phospholipid in mem-
branes and the precise regulation of its levels indicate that
the hexagonal phase propensity is of great functional impor-
tance (Wieslander et al., 1986; Goldfine et al., 1987).

This study further supports the mechanism of action pro-
posed for daunorubicin (Escribd et al., 1995). Using this
molecular mechanism, we have designed new compounds
(2-hydroxyoleic acid) with a great anticancer activity (Mar-
tinez et al., 2005). This work also explains in part the molec-
ular mechanisms underlying the protective effects of cis-
unsaturated fatty acids against cardiovascular and tumor
pathologies (desBordes and Lea, 1995; Perez et al., 2003).
Based on these mechanisms, we have designed new antican-
cer and antihypertensive drugs structurally related to OA
(Alemany et al., 2004; Barcel6 et al., 2004; Martinez et al.,
2005). One of the main targets of these compounds is mem-
brane lipids (Funari et al., 2003; Barcel6 et al., 2004), thus
defining a new pharmacological approach termed lipid ther-
apy (Escriba and Bean, 2002). The present study also ex-
plains the molecular bases of the effects of diet fats on human
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Fig. 5. AC activity. Basal (A) and forskolin-stimulated (B) AC activity
measured in 3T3-AR cells, in the presence or absence (C, control) of 50
M OA (OA50), 100 uM OA (OA), 100 uM EA (EA), 100 oM DNM (DNM),
100 uM CHS (CHS), or 10 uM UK14304 (UK). The level of control basal
AC activity was 15.37 = 2.8 pmol cAMP/min mg of protein and control
forskolin-stimulated AC activity was 275.0 = 36.9 pmol cAMP/min mg of
protein. The results are expressed as mean + S E.M. #, p < 0.05; #*, p <
0.01; ##%, p < 0.001.

health. For example, high OA intake, mainly through con-
sumption of olive oil (containing approximately 80% OA)
typical of Mediterranean diets, has been associated with a
decrease in the incidence of cardiovascular (Heyden, 1994;
Ruiz-Gutiérrez et al., 1996) and tumor pathologies (Martin-
Moreno et al., 1994; Tzonou et al., 1996). Finally, the differ-
ential effects of OA, EA, and SA on membrane structure and
cell signaling indicated that lipid-protein and lipid-lipid in-
teractions are driven by structural biology principles.

Acknowledgments

We thank Dr. John Hildebrandt (Department of Pharmacology,
Medical University of South Carolina, Charleston, SC) for providing
the purified brain G proteins.

References

Alemany R, Terés S, Baamonde C, Benet M, Vigler O, and Escriba PV (2004)
2-Hydroxyoleic acid: a new hypotensive molecule. Hypertension 43:249-254.

Barcel6 F, Prades J, Funari SS, Frau J, Alemany R, and Escriba PV (2004) The
hypotensive drug 2-hydroxyoleic acid modifies the structural properties of model
membranes. Mol Membr Biol 21:261-268.

Betuing S, Valet P, Lapalu S, Peyroulan D, Hickson G, Daviaud D, Lafontan M, and
Saulnier-Blache JS (1997) Functional consequences of constitutively active
alpha2A-adrenergic receptor expression in 3T3F442A preadipocytes and adipo-
cytes. Biochem Biophys Res Commun 235:765-773.

Bogdanov M, Sun J, Kaback HR, and Dowhan W (1996) A phospholipid acts as a
chaperone in assembly of a membrane transport protein. o/ Biol Chem 271:11615—
11618.

Callaghan R, Sttaford A, and Epand RM (1993) Increased accumulation of drugs in
a multidrug resistant cell line by alteration of membrane biophysical properties.
Biochim Biophys Acta 1175:277-282.

Calorini L, Mugnai G, Mannini A, and Ruggieri S (1993) Effect of phosphatidylcho-
line structure on the adenylate cyclase activity of a murine fibroblast cell line.
Lipids 28:727-730.

Corl BA, Barbano DM, Bauman DE, and Ip C (2003) Cis-9, trans-11 CLA derived
endogenously from trans-11 18:1 reduces cancer risk in rats. J Nutr 133:2893—
2900.

de Kruijff B (1997) Biomembranes. Lipids beyond the bilayer. Nature (Lond) 386:
129-130.

desBordes C and Lea MA (1995) Effects of C18 fatty acid isomers on DNA synthesis
in hepatoma and breast cancer cells. Anticancer Res 15:2017-2021.

Dingus J, Wilcox MD, Kohnken R, and Hildebrandt JD (1994) Synthesis and use of
biotinylated beta gamma complexes prepared from bovine brain G proteins. Meth-
ods Enzymol 237:457—471.

Duzic E, Coupry I, Downing S, and Lanier SM (1992) Factors determining the
specificity of signal transduction by guanine nucleotide-binding protein-coupled
receptors. I. Coupling of a2-adrenergic receptor subtypes to distinct G-proteins.
o Biol Chem 267:9844-9851.

Emoto K, Kobayashi T, Yamaji A, Aizawa H, Yahara I, Inoue K, and Umeda M (1996)
Redistribution of phosphatidylethanolamine at the cleavage furrow of dividing
cells during cytokinesis. Proc Natl Acad Sci USA 93:12867-12872.

Escriba PV and Bean P (2002) Basic principles underlying the emerging field of lipid
therapy. Am Clin Lab 21:29-31.

Escriba PV, Ferrer-Montiel AV, Ferragut JA, and Gonzalez-Ros JM (1990) Role of
membrane lipids in the interaction of daunomycin with plasma membranes from
tumor cells: implications in drug-resistance phenomena. Biochemistry 29:7275—
7282.

Escriba PV, Ozaita A, Ribas C, Miralles A, Fodor E, Farkas T, and Garcia-Sevilla JA
(1997) Role of lipid polymorphism in G protein-membrane interactions: nonlamel-
lar-prone phospholipids and peripheral protein binding to membranes. Proc Natl
Acad Sci USA 94:11375-11380.

Escriba PV, Sastre M, and Garcia-Sevilla JA (1995) Disruption of cellular signaling
pathways by daunomycin through destabilization of nonlamellar membrane struc-
tures. Proc Natl Acad Sci USA 92:7595-7599.

Escudero A, Montilla JC, Garcia JM, Sanchez-Quevedo MC, Periago JL, Hortelano P,
and Sudrez MD (1998) Effect of dietary (n-9), (n-6) and (n-3) fatty acids on
membrane lipid composition and morphology of rat erythrocytes. Biochim Biophys
Acta 1394:65-73.

Funari SS, Barcel6 F, and Escriba PV (2003) Effects of oleic acid and its congeners,
elaidic and stearic acids, on the structural properties of phosphatidylethanolamine
membranes. J Lipid Res 44:567-575.

Giorgione J, Epand RM, Buda C, and Farkas T (1995) Role of phospholipids contain-
ing docosahexaenoyl chains in modulating the activity of protein kinase C. Proc
Natl Acad Sci USA 92:9767-9770.

Goldfine H, Johnston NC, Mattai J, and Shipley GG (1987) Regulation of bilayer
stability in Clostridium butyricum: studies on the polymorphic phase behavior of
the ether lipids. Biochemistry 26:2814-2822.

Goni FM and Alonso A (1999) Structure and functional properties of diacylglycerols
in membranes. Prog Lipid Res 38:1-48.

Gudi S, Nolan JP, and Frangos JA (1998) Modulation of GTPase activity of G
proteins by fluid shear stress and phospholipid composition. Proc Natl Acad Sci
USA 95:2515-2519.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

Membrane Structure on G Protein-Coupled Receptor Signaling

Heerklotz HH, Binder H, and Epand RM (1999) A “release” protocol for isothermal
titration calorimetry. Biophys J 76:2606-2613.

Hein TW, Belardinelli L, and Kuo L (1999) Adenosine A,, receptors mediate coro-
nary microvascular dilation to adenosine: role of nitric oxide and ATP-sensitive
potassium channels. J Pharmacol Exp Ther 291:655—664.

Heyden S (1994) Polyunsaturated and monounsaturated fatty acids in the diet to
prevent coronary heart disease via cholesterol reduction. Ann Nutr Metab 38:117—
122.

Keller SL, Bezrukov SM, Gruner SM, Tate MW, Vodyanoy I, and Parsegian VA
(1993) Probability of alamethicin conductance states varies with nonlamellar
tendency of bilayer phospholipids. Biophys J 65:23-27.

Kinnunen P (1996) On the molecular-level mechanisms of peripheral protein-
membrane interactions induced by lipids forming inverted non-lamellar phases.
Chem Phys Lipids 81:151-166.

Landau EM and Rosenbusch JP (1996) Lipidic cubic phases: a novel concept for the
crystallization of membrane proteins. Proc Natl Acad Sci USA 93:14532-14535.
Lanier SM, Downing S, Duzic E, and Homcy CJ (1991) Isolation of rat genomic clones
encoding subtypes of the alpha 2-adrenergic receptor. Identification of a unique

receptor subtype. J Biol Chem 266:10470-10478.

Levitzki A (1988) From epinephrine to cyclic AMP. Science (Wash DC) 241:800—806.

Lin LN, Li J, Brandts JF, and Weis RM (1994) The serine receptor of bacterial
chemotaxis exhibits half-site saturation for serine binding. Biochemistry 33:6564—
6570.

Llor X, Pons E, Roca A, Alvarez M, Mane J, Fernandez-Banares F, and Gassull MA
(2003) The effects of fish oil, olive oil, oleic acid and linoleic acid on colorectal
neoplastic processes. Clin Nutr 22:71-79.

Lowry OH, Rosebrough NJ, Farr AL, and Randall RJ (1951) Protein measurement
with the Folin phenol reagent. J Biol Chem 193:265-275.

Mabrey S, Mateo PL, and Sturtevant JM (1978) High-sensitivity scanning calori-
metric study of mixtures of cholesterol with dimyristoyl- and dipalmitoylphos-
phatidylcholines. Biochemistry 17:2464—-2468.

Martinez J, Vogler O, Casas J, Barcelé F, Alemany R, Prades J, Nagy T, Baamonde
C, Kasprzyk PG, Terés S, et al. (2005) Protein kinase Ca activation and anticancer
activity of minerval. Mol Pharmacol 67:531-540.

Martin-Moreno JM, Willett WC, Gorgojo L, Banegas JR, Rodriguez-Artalejo F,
Fernandez-Rodriguez JC, Maisonneuve P, and Boyle P (1994) Dietary fat, olive oil
intake and breast cancer risk. Int J Cancer 58:774-780.

Mata P, Alvarez-Sala LA, Rubio MJ, Nuifio J, and De Oya M (1992) Effects of
long-term monounsaturated- vs polyunsaturated-enriched diets on lipoproteins in
healthy men and women. Am J Clin Nutr 55:846—850.

217

Moffett S, Brown DA, and Linder ME (2000) Lipid-dependent targeting of G proteins
into rafts. J Biol Chem 275:2191-2198.

Perez FR, Pineiro V, De La Cruz LF, Casanueva FF, and Casabiell X (2003) Vascular
wall: potential target for the physicochemical effects of cis-unsaturated free fatty
acids. Microsc Res Tech 60:23-29.

Perkins WR, Dause RB, Parente RA, Minchey SR, Neuman KC, Gruner SM, Tara-
schi TF, and Janoff AS (1996) Role of lipid polymorphism in pulmonary surfactant.
Science (Wash DC) 273:330-332.

Ruiz-Gutiérrez V, Muriana FJ, Guerrero A, Cert AM, and Villar J (1996) Plasma
lipids, erythrocyte membrane lipids and blood pressure of hypertensive women
after ingestion of dietary oleic acid from two different sources. J Hypertens 14:
1483-1490.

Soulages JL, Salamon Z, Wells MA, and Tollin G (1995) Low concentrations of
diacylglycerol promote the binding of apolipophorin III to a phospholipid bilayer:
a surface plasmon resonance spectroscopy study. Proc Natl Acad Sci USA 92:
5650-5654.

Trichopoulou A, Katsouyanni K, Stuver S, Tzala L, Gnardellis C, Rimm E, and
Trichopoulos D (1995) Consumption of olive oil and specific food groups in relation
to breast cancer risk in Greece. J Natl Cancer Inst 87:110-116.

Tzonou A, Lipworth L, Kalandidi A, Trichopoulou A, Gamatsi I, Hsieh CC, Notara V,
and Trichopoulos D (1996) Dietary factors and the risk of endometrial cancer: a
case-control study in Greece. Br J Cancer 73:1284-1290.

Vidal M and Hoekstra D (1995) In vitro fusion of reticulocyte endocytic vesicles with
liposomes. J Biol Chem 270:17823-17829.

Vogler O, Casas J, Capé D, Nagy T, Borchert G, Martorell G, and Escriba PV (2004)
The GBy dimer drives the interaction of heterotrimeric Gi proteins with nonla-
mellar membrane structures. J Biol Chem 279:36540-36545.

Wieslander A, Rilfors L, and Lindblom G (1986) Metabolic changes of membrane
lipid composition in Acholeplasma laidlawii by hydrocarbons, alcohols and deter-
gents: arguments for effects on lipid packing. Biochemistry 25:7511-7517.

Zelphati O and Szoka FC Jr (1996) Mechanism of oligonucleotide release from
cationic liposomes. Proc Natl Acad Sci USA 93:11493-11498.

Address correspondence to: Dr. Pablo V. Escribd, Laboratory of Molecular
and Cellular Biomedicine, Department of Biology, IUNICS, University of the
Balearic Islands, Ctra. de Valldemossa km 7.5, E-07122 Palma de Mallorca,
Spain. E-mail: pablo.escriba@uib.es

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

