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There is compelling evidence that G protein-coupled recep-
tors exist as homo- and heterodimers, but the way these assem-
blies function at the molecular level remains unclear. We used
here the purified leukotriene B4 receptor BLT1 stabilized in its
dimeric state to analyze how a receptor dimer activates G pro-
teins. For this,weproducedheterodimers between thewild-type
BLT1 and a BLT1/ALXR chimera. The latter is no longer acti-
vatedby leukotrieneB4but is still activatedbyALXRagonists. In
this heterodimer, agonist binding to either one of the two pro-
tomers induced asymmetric conformational changes within the
receptor dimer. Of importance, no G protein activation was
observedwhen using a dimerwhere the ligand-loaded protomer
wasnot able to triggerGDP/GTPexchangedue to specificmuta-
tions in its third intracellular loop, establishing that the confor-
mation of the agonist-free protomer is not competent for G pro-
tein activation. Taken together, these data indicate that
although ligand binding to one protomer in the heterodimer is
associated with cross-conformational changes, a trans-activa-
tion mechanism where the ligand-free subunit would trigger
GDP/GTPexchange cannot be considered in this case forGpro-
tein activation. This observation sheds light into the way GPCR
dimers, in particular heterodimers, could activate their cognate
G proteins.

GPCRs2 are versatile biological sensors that are responsible
for the majority of cellular responses to hormones and neuro-
transmitters as well as for the senses of sight, smell, and taste
(1, 2). Signal transduction is associated with a set of changes
in the tertiary structure of the receptor that are recognized
by the associated intracellular partners, in particular the G
proteins (3).
It has been recently shown that receptor monomers can effi-

ciently activate their G protein partners (4–7). However, both

homo- and heterodimers have been described formanyGPCRs
in transfected cells, although more work is needed to extend
these observations to native tissues (8). The exact molecular
mechanisms governing the functioning of GPCR dimers/oli-
gomers are not clear so far. There is increasing evidence that the
two protomers in a dimer are not totally equivalent. In the case
of the LTB4 receptor BLT1 homodimer, we have evidence that
only one of the protomers is activated at one time (9). In the
same way, only about half of the rhodopsin present in lipid
nanodiscs containing two rhodopsins is available to interact
with transducin, suggesting an asymmetric functioning in this
case also (10). A similar explanation has been provided for the
differences in G protein activation between the neurotensin
receptor monomer and dimer (7). Finally, for class C receptors,
several data also support a model where the receptor dimer
functions in an asymmetrical way, a single heptahelical domain
being activated at a time (11, 12). In the same way, only one
subunit (GB2) is able to activate G proteins in the het-
erodimeric GABA(B) receptor (13, 14).
The existence of GPCR dimers has led to the concept that

interreceptor communication within receptor dimers/oli-
gomers by cross-conformational changes is a conceivable
mechanism whereby functional properties of receptor hetero-
complexes might be regulated. We investigated here the cross-
conformational changes within the dimeric BLT1 receptor and
their relationship to G protein activation. For this, we used a
previously described chimera between BLT1 and the LXA4
receptor ALXR (15). This chimeric receptor is no longer acti-
vated by LTB4 but still by ALXR agonists. Reconstituting a
dimer between a chimeric and a wild-type receptor provided us
with a heterodimer where each of the subunits was selectively
activated by a structurally different ligand. Our data indicate
that agonist-induced activation of one of the protomers in this
heterodimeric assembly, although leading to a cross-conforma-
tional change of the other subunit, is not associated with a
trans-activation mechanism where the agonist-free protomer
would activate G proteins.

EXPERIMENTAL PROCEDURES

Materials—LTB4 was purchased from BIOMOL Laborato-
ries, and the WKYMVm peptide was purchased from
PerkinElmer Life Sciences. 5HW was from Sigma. Asolectin
was purchased from Fluka. All detergents were from Anatrace.
Protein Production—The BLT1/ALXR chimera (BLT1chim)

was produced as described by Chiang et al. (15) using BLT1-
W41L/W83L/W142L/W161L (16) as a template. The i3-1
mutation was introduced in BLT1 using the QuikChange mul-
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tisite-directed mutagenesis kit (Stratagene) and, as a template,
BLT1-W41L/W83L/W142L/W161L. All mutations were con-
firmed by nucleotide sequencing. BLT1, BLT1chim, and
BLT1i3-1 were all expressed and purified as described by Dam-
ian et al. (9). For producing the different heterodimers used
throughout this work, BLT1 or BLT1i-3 and BLT1chim were
expressed as fusion proteins with an S-tag and a Strep-tag
sequence after the thrombin cleavage site, respectively. The
heterodimers were then refolded and purified as described by
Damian et al. (9). 5HW was introduced in the receptors by
biosynthetic labeling using the method described by Mesnier
and Banères (17).
Ligand Binding Assays—LTB4 binding was assayed as previ-

ously described (16, 17). 125I-Labeled WKYMVm binding was
measured by equilibrium dialysis. Dialysis cells from Dianorm
were used with two 800-�l cavities separated by a 12–14-kDa
molecular mass cut-off dialysis membrane (Spectra/Por). A
series of experiments in the same conditions but in the absence
of protein were carried out in parallel to measure nonspecific
binding. Competition experimentswere carried out in the same
conditions, in the presence of 1 nM WKYMVm and increasing
concentrations of the competitor compound. All protein con-
centrations were calculated from UV absorptivity values (Cary
400 spectrophotometer; Varian) using the extinction coeffi-
cient calculated by the method of Gill and von Hippel (18). G
protein concentrations in the 10 �M range were used to ensure
an efficient coupling between the receptor and the G protein,
based on the Kd value measured for the receptor-G protein
interaction.3 The binding profiles are presented as the degree of
binding X as a function of ligand concentration. The degree of
binding X is defined as mol of ligand bound/mol of receptor
dimer (for a definition of the degree of binding, see Ref. 19). The
titration data were analyzed using the PRISM software version
4.0 (Graphpad Inc.) by considering a set of usual models for
describing ligand-receptor interactions.
GTP�S Binding Assays—GTP�S binding assays were carried

out as described by Glass and Northup (20). The G proteins
were produced as previously described (21). The assays were all
carried out at 5 nM receptor concentration, 100 nMG�, and 200
nM G��. We systematically checked by FRET with labeled
receptors (17) that no dissociation of the receptor dimer occurs
at this protein concentration. G protein-binding activity was
also systematically measured in the absence of agonist. The
assays were carried out at 30 °C in a buffer of 10mMMOPS, pH
7.5, 2mMMgCl2, 1mM EDTA, 100mMNaCl, 0.5% (w/v) BSA, 4
�M GDP, and [35S]GTP�S (2–5 � 105 cpm). [35S]GTP�S was
added to the receptor preparations, and the reaction was incu-
bated for 10min. Assays were stopped by the addition of 400 �l
of a 0.5% cholate solution as described in Ref. 22.
FluorescenceMeasurements—Fluorescence emission spectra

were recorded at 20 °C on a Cary Eclipse spectrofluorimeter
(Varian) with an excitation wavelength of 315 nm (band-
width 2 nm). Emission was recorded 15 min after adding the
ligand. We systematically checked that the fluorescence
changes were not sensitive to fluid phase conditions at the

detergent/lipid ratios used. For the time-dependent meas-
urements, the ligand was added, and fluorescence was
recorded at 337 nm each minute for 175 min. Receptor con-
centrations in the 10�8 M rangewere used.As in the ligand-bind-
ing measurements, a G protein concentration in the micromolar
range was used to ensure an efficient coupling between the recep-
tor and theGprotein. Buffer contributionswere subtracted under
the same experimental conditions. The normalized fluores-
cence change is defined as the ratio of the 5HWemission inten-
sity at 337 nm in the presence of agonist to that of the ligand-
free receptor.

RESULTS

Production of a Chimeric BLT1 Receptor—We previously
used heterodimeric complexes between the wild-type BLT1
receptor and a mutant that displayed a reduced affinity for
LTB4 to analyze the ligand-induced conformational changes in
a receptor dimer (9, 17). However, as we previously noted, the
major limitation of this system was that the mutant still bound
LTB4. To obtain a complex where we could specifically load
either of the protomers with an agonist with no possibility of
cross-binding between the two protomers, we produced here a
heterodimer where one subunit was BLT1 and the other one a
chimera between the LTB4 and the LXA4 receptors. LXA4 is an
endogenous lipid that regulates leukocyte trafficking by inter-
actingwith a specificG protein-coupled receptor, ALXR (23). It
had been shown that a chimeric BLT1 receptor encompassing
the third extracellular loop and the seventh transmembrane
domain of ALXR displayed specific binding of ALXR ligands
with an affinity comparable with that for wild-type ALXR but
failed to bind LTB4 (15). The expression level and signaling
properties of this chimera were similar to those of wild-type
receptors, indicating that the substitution did not affect the
main three-dimensional fold of the receptor (15).
We produced here the same BLT1/ALXR chimeric receptor

(referred to throughout as BLT1chim). To simplify the analysis
of the fluorescence profiles used tomonitor receptor activation
(see below), the changes were introduced in a BLT1 receptor
where all of the tryptophan residues besides Trp234 were
replaced by leucines (9). Trp234 is located in TM6 (transmem-
brane 6) and is the only Trp residue in BLT1 whose fluores-
cence properties are sensitive to the activation state of the
receptor (16).Mutating all of the Trp residues to Leu except for
Trp234 affects neither the ligand binding nor the structural
properties of BLT1 (16). BLT1chim was expressed, refolded, and
purified under similar conditions as the wild-type BLT1, indi-
cating that both receptors are likely to display similar physico-
chemical properties. No significant differences were observed
between both receptors when comparing their fluorescence
and far-UV circular dichroism spectra (not shown), indicating
that there was no major difference in their structural organiza-
tion, at least in a way these methods can detect.
We next assessed the ligand-binding and agonist-induced

activation properties of the chimeric receptor. Ligand binding
experiments were all carried out in the presence of saturating
concentration of purified G�i2�� proteins (see “Experimental
Procedures”) to stabilize the high affinity state of the receptor.
As shown in Fig. 1, BLT1chim specifically bound the ALXR ago-3 M. Damian, J.-P. Pin, and J.-L. Banères, unpublished observations.
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nist, WKYMVm, with high affinity (Kd � 1.26 � 0.32 nM; n �
3). LXA4 efficiently competed with WKYMVm for binding to
the purified chimeric receptor (Fig. 1B). In contrast, no specific
binding of LTB4 was observed (Fig. 1B), in agreement with the
data of Chiang et al. (15).

Agonist-induced conformational changes were then moni-
tored by intrinsic fluorescence, as previously described for the
wild-type receptor (17). As stated above, BLT1chim contains a
single Trp residue, Trp234 in TM6, whose emission spectrum is
sensitive to the activation state of the receptor (16, 21). LXA4
was used as the agonist in all of the fluorescence experiments to
prevent fluorescence effects arising from the peptide ligand
itself. As shown in Fig. 2, LXA4 binding to BLT1chim induced an
increase in the fluorescence emission intensity similar to that
obtained for BLT1 in the presence of LTB4. This indicates that
these two receptors are likely to be stabilized in a similar active
conformation upon binding their respective agonists.
Finally, we compared the extent of GTP�S binding at the

level of G�i2 induced by BLT1 and BLT1chim in the presence of
saturating concentrations in LTB4 and LXA4, respectively. As

shown in Fig. 3, very similar GTP�S binding was observed in
both cases. This again indicates that the mutations introduced
in BLT1chim do not affect the G protein activation properties of
the receptor.
The BLT1-BLT1chim Heterodimer—We then associated

BLT1chim and thewild-type BLT1 in the samedimeric complex.
BLT1 in this dimer was also devoid of its tryptophan residues
besides Trp234 to simplify the fluorescence emission spectra
analyses. The BLT1-BLT1chim heterodimer was produced as
previously described for the dimer with a mutated protomer
(17). Similar amounts of heterodimer were obtained as com-
pared with what we described previously for the homodimer,
indicating that BLT1chim is likely to behave as the wild-type
receptor as far as the dimerization properties are considered. In
agreement with this assumption, the heterodimeric assembly
was stable as a dimer for a period of time compatible with the
experiments described below (fluorescence resonance energy
transfer and size exclusion chromatography evidence not
shown).
We then analyzed the ligand-binding properties of the BLT1-

BLT1chim dimer. All of the ligand-binding experiments
reported here were carried out in the presence of purified
G�i2�� proteins and in the absence of GTP to stabilize the high
affinity state of the receptor (21). As shown in Fig. 4, the BLT1-
BLT1chim heterodimeric assembly bound one LTB4 and one
WKYMVmmolecule, in agreement with the subunit composi-
tion of this complex. The affinity measured for each of these
molecules (Kd � 0.91 � 0.21 and 1.55 � 0.38 nM, respectively)

FIGURE 1. Ligand binding to BLT1chim. Shown are direct binding of the ALXR
125I-labeled WKYMVm agonist (A) and 125I-labeled WKYMVm displacement by
LXA4 (closed circles) or LTB4 (open circles) (B). Ligand-binding experiments
were carried out by equilibrium dialysis as described under “Experimental
Procedures.” The direct binding data are presented as a plot of the binding
degree X as a function of the ligand concentration. The binding degree is
defined by bound mol of ligand/mol of receptor. The experiments illustrated
here are representative of three independent trials, each performed in
duplicate.

FIGURE 2. Agonist-induced receptor activation. Shown are fluorescence
emission spectra of 5HW-labeled wild-type (A) or chimeric (B) receptors in the
absence of ligand (free) or in the presence of LTB4 or LXA4. Fluorescence emis-
sion spectra were recorded as described under “Experimental Procedures.”
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were similar to those reported for the isolated BLT1 and
BLT1chim, indicating that associating these receptors in the
same dimer does not affect the ligand-binding properties of
the two protomers compared with what is observed in the
homodimers.
We alsomeasured the affinity of each of the protomers in the

dimer in the presence of saturating concentrations of the ago-

nist for the other protomer (Fig. 4). Interestingly, in this case, a
strong decreasewas observed in the affinity for the ligand (Kd �
107 � 9 and 169 � 11 nM for LTB4 and WKYMVm, respec-
tively), indicating that occupation of one of the two ligand-
binding sites in the heterodimer leads to a significant decrease
in the affinity of the second protomer for its own agonist. This
observation is in line with previous data establishing negative
cooperative effects in heterodimeric assemblies (24). The sim-
plest explanation would be to consider, as we previously estab-
lished in the case of the purified BLT1 homodimer (9), that this
effect is due to the fact that a single G protein interacts with one
subunit only of the GPCR dimer, therefore stabilizing a single
subunit in the high affinity state (see “Discussion”).
Functional coupling between the BLT1-BLT1chim dimer and

theGproteinwas finally assessed by examining the ability of the
purified receptor to stimulate GDP/GTP�S exchange on the �i
subunit. As shown in Fig. 5, full G protein activation was
observed with either LTB4 or LXA4. This indicates that both
protomers in the heterodimer are fully functional in terms of G
protein activation. This result also confirmswhat we previously
showed with the BLT1 homodimer (9) (i.e. that a receptor
dimer with a single protomer loadedwith an agonist can trigger
G protein activation).
Agonist-induced Conformational Changes in the BLT1-

BLT1chim Dimer—We next analyzed agonist-induced confor-
mational changes in the BLT1-BLT1chim dimer using intrinsic
fluorescence with dimers where one of the two protomers was
labeled with 5HW (9). 5HW has a significant shoulder in its
absorption spectrum at 315 nm that is absent from that of tryp-
tophan, so that excitation at 315 nm in a mixture of 5HW-
labeled and unlabeled proteins produces a fluorescence signal
centered at 337 nm that is exclusively from the 5HW label (25).
Either BLT1 or BLT1chim in the BLT1-BLT1chim het-

erodimer was therefore labeled with 5HW, and the confor-
mational changes of the labeled subunit were selectively mon-
itored by fluorescence. As shown in Fig. 6, binding of the
agonist to either of the subunits led to a full conformational
change of the ligand-loaded protomer as well as to a partial

FIGURE 3. Receptor-catalyzed [35S]GTP�S binding to the G protein. GDP/
GTP exchange on G�i catalyzed by BLT1 or BLT1chim in the presence of satu-
rating concentrations in LTB4 or LXA4, respectively. Data are expressed as the
percentage of maximal binding. In all cases, data represent the mean � S.E.
from three independent experiments.

FIGURE 4. Ligand binding to the BLT1-BLT1chim heterodimer. Ligand-bind-
ing experiments were carried out by equilibrium dialysis as described under
“Experimental Procedures” using 3H-labeled LTB4 (A) or 125I-labeled
WKYMVm (B). The binding experiments were carried out in the presence
(open symbols) or absence (closed symbols) of 500 �M WKYMVm (A) or LTB4 (B).
The binding data are presented as a plot of the binding degree X as a function
of the ligand concentration. The binding degree is defined by bound mol of
ligand/mol of receptor. The experiments illustrated here are representative of
three independent trials, each performed in duplicate.

FIGURE 5. BLT1-BLT1chim-catalyzed [35S]GTP�S binding to the G protein.
GDP/GTP exchange on G�i catalyzed by the BLT1-BLT1chim heterodimer in the
absence of agonist, in the presence of saturating concentrations in LTB4 or in
the presence of saturating concentrations in LXA4. Data are expressed as the
percentage of maximal binding. In all cases, data represent the mean S.E. from
three independent experiments.
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change in the conformation of the ligand-free one, in agree-
ment with our previous data with the BLT1 homodimer (9).
To assess if the asymmetrical behavior we previously

reported for the wild-type homodimer also occurred in the
BLT1-BLT1chim heterodimer, we monitored the fluorescence
changes in the chimeric subunit after the addition of LTB4 and,
in a second stage, LXA4. Under these conditions, we should
visualize the conformational changes induced by the binding of
an agonist to the second protomer of a dimer where the first
ligand-binding site is already occupied by its specific agonist. As
clearly shown in Fig. 6B, first adding LTB4 led to a cross-con-
formational change in the ligand-free BLT1chim protomer. The
subsequent addition of LXA4 did not affect the fluorescence
emission properties of this protomer, even if binding occurred
(see the binding profile in Fig. 4). As expected, the opposite
behaviorwas observedwhenmonitoring changes in the confor-
mation of the wild-type protomer with a heterodimer, where
the 5HW-labeled subunit was the wild-type one (not shown).
If the absence of full activation of the chimeric protomer is

due to the fact that the wild-type protomer is already occupied

by its own agonist, one should observe a time-dependent rever-
sal of these effects upon displacement of LTB4 from the high
affinity sites at high LXA4/LTB4 concentration ratios. To deter-
mine if this is really the case, we first bound LTB4 to the wild-
type protomer, added LXA4 in excess, and monitored the
changes in the emission properties of either 5HW-labeled R or
Rchim as a function of time. As shown in Fig. 7, we observed
under these conditions a very slow increase in the emission
intensity of the Rchim protomer that was accompanied by a par-
allel very slow decrease in the emission intensity of the R sub-
unit. We previously postulated that the asymmetry in the con-
formational features of receptor dimerwas due to theG protein
(9). A possibility for the very slow interconversion between the
two conformations would be to consider that no dissociation of
theG protein from the LTB4-activated receptor occurred in the
absence of GTP. To assess if this is indeed the case, we carried
out the same kind of experiment in the presence of GTP. As
shown in Fig. 7, we observed in this case a significantly faster
parallel change in the emission properties of R and Rchim. This
indicates that asymmetry in the conformational features of the
two protomers in our BLT1 heterodimer is indeed certainly due
to an asymmetric coupling of theGprotein to the receptor. Our
observation of G protein-dependent asymmetric conforma-
tional changes is probably related to the observation that the
negative cooperative effects in ligand binding by the chemokine
homo- and heterodimers appear to be also promoted by the G
protein (26).
G Protein Activation—We next assessed if the conformation

adopted by the ligand-free subunit upon binding of the agonist
to the neighboring protomerwas a competent one in terms ofG
protein activation. For this, we introduced in the wild type
receptor a four-residue deletion in its third intracellular loop
(BLT1�203–206 or BLT1i3-1). The BLT1i3-1 mutant was char-
acterized when expressed in HEK-293 and COS cells (27). This
deletion was shown to impair G�i activation (27). We intro-
duced the same four-residue deletion in the i3 loop of BLT1.

FIGURE 6. Receptor activation in the BLT1-BLT1chim heterodimer. A, rela-
tive change in 5HW fluorescence in the BLT1-BLT1chim dimer where either of
the protomers is labeled with 5HW in the absence of agonist or in the pres-
ence of either LTB4 or LXA4. The species analyzed are schematically depicted
in each case, where the open box represents the wild-type protomer, the gray
box represents the BLT1chim protomer, and the star represents 5HW labeling.
B, relative change in 5HW fluorescence in the BLT1-BLT1chim dimer, where the
labeled protomer is the chimeric one in the absence of ligand, after the addi-
tion of LTB4, or after the addition of LTB4 and then LXA4. In all of the cases, the
error bar corresponds to the S.D. value calculated from three independent
experiments.

FIGURE 7. Cross-conformational changes in the R-Rchim heterodimer. Flu-
orescence emission changes of 5HW-labeled R (profiles 1 and 3) or Rchim (pro-
files 2 and 4) as a function of time. LTB4 was first bound to the R protomer in
the R-Rchim dimer, a large excess in LXA4 was added (LXA4/LTB4 ratio 1000:1),
and the changes in the emission properties were recorded as a function of
time. Measurements were carried out in the absence (profiles 1 and 2) or the
presence (profiles 3 and 4) of 0.1 mM GTP.
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The resulting protein was expressed and refolded under similar
conditions as thewild-type receptor.No difference between the
overall structure of BLT1 and BLT1i3-1 was detected by CD or
fluorescence spectroscopy (data not shown), indicating that the
mutation did not affect the major structural features of BLT1.
We next assessed if the i3-1 mutation indeed abrogated G�i

activation in vitro as reported under in vivo conditions. As
shown in Fig. 8A, no significant GTP�S binding was observed
with BLT1i3-1 even in the presence of saturating concentrations
in LTB4. This indicates that BLT1i3-1 lacks the ability to trigger

GDP/GTP exchange at the level of G�i in vitro as it does in vivo.
We then associated BLT1i3-1 with BLT1chim in a dimeric com-
plex and analyzed the G protein activation properties of this
BLT1i3-1-BLT1chim complex. As shown in Fig. 8B, no signifi-
cant GTP�S binding onG�i was induced by this heterodimer in
the presence of saturating concentrations in LTB4. No G pro-
tein activation was observed whatever the LTB4 concentration
was, indicating that the absence of G protein activation was not
dependent on the agonist concentration (supplemental Fig. 1).
Such an absence of G protein activation was not due to the fact
that the two ligands were required for an efficient G protein
activation, since a significant increase in GTP�S binding was
observed when using the wild-type BLT1 instead of BLT1i3-1
under the same conditions (Fig. 5). Moreover, full G protein
activationwas obtained in the presence of LXA4, indicating that
the BLT1chim protomer is fully competent for G protein activa-
tion, provided it is loaded with its agonist.
BLT1 has been shown to couple to different G protein sub-

types, including G�o andG�i1, besides G�i2 (28). To assess that
the absence of trans-activationwas not due to a particular inter-
action with G�i2, we carried out the same kind of experiment
using G�o instead of G�i2 in the ��� complex. As shown in Fig.
8, noGTP�S bindingwas observed in this case either. The same
effect was also observed when using G�i1 (not shown). This
clearly indicates that the absence of trans-activation reported
here is not correlated to theG protein subtype used. All of these
data indicate that the intermediate conformation induced at
the level of the ligand-free protomer upon agonist binding to
the other subunit in the dimer is probably not an active one in
terms of G protein activation.

DISCUSSION

We analyzed here the molecular mechanisms whereby a
GPCR dimer activates its cognate G protein. For this, we pro-
duced a heterodimer between the wild-type BLT1 and a BLT1/
ALXR chimera. The latter retains the structural features and G
protein-activation properties of BLT1 but can only be activated
by ALXR agonists. This allows a specific activation of BLT1 or
BLT1chim with LTB4 or LXA4, respectively. Using this model
heterodimer, we clearly established that agonist binding to one
of the subunits, although leading to a cross-conformational
change, does not trigger full activation of the ligand-free sub-
unit. This observation argues against a trans-activation mech-
anism where the signal would be transmitted from the subunit
where the ligand binds to the neighboring subunit in the recep-
tor dimer.
Although it clearly appears that receptormonomers can acti-

vate G proteins (4–7), compelling results from different recep-
tors indicate that GPCRs exist as dimers and/or higher order
oligomers at the cell surface and that dimerization can in some
casesmodulate the functional properties of the receptors. It has
been shownwith the neurotensin receptor that the kinetics ofG
protein activation are different depending onwhether one con-
siders the receptor monomer or dimer, indicating that the two
protomers in the dimer are not equivalent in terms of G protein
activation (7). Recentworkwith rhodopsin (10) inserted in lipid
nanodiscs has also suggested that the functioning of the dimer
involves some asymmetry. The two protomers in a receptor

FIGURE 8. BLT1i3-1-BLT1chim-catalyzed [35S]GTP�S binding to the G pro-
tein. A, GDP/GTP exchange on G�i catalyzed by BLT1 or BLT1i3-1 in the pres-
ence of saturating concentrations in LTB4. Data are expressed as the percent-
age of maximal binding. The species analyzed are schematically depicted in
each case, where the open box represents the wild-type protomer and the
cross represents the i3-1 mutation. In all cases, data represent the mean S.E.
from three independent experiments. B, GDP/GTP exchange on G�i (open
boxes) or G�o (closed boxes) catalyzed by the BLT1i3-1-BLT1chim heterodimer in
the absence of agonist, in the presence of saturating concentrations in LTB4
or in the presence of saturating concentrations in LXA4. Data are expressed as
the percentage of maximal binding. The species analyzed are schematically
depicted in each case where the open box represents the wild-type protomer,
the gray box represents the BLT1chim protomer, the cross represents the i3-1
mutation, and the black box represents the ligand. In all cases, data represent
the mean S.E. from three independent experiments.
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dimer are probably not equivalent for binding the ligand either,
as suggested by the observation of cooperative effects for differ-
ent receptor homo- and heterodimers (24, 26, 29–35).
We previously reported an asymmetry in the purified BLT1

homodimer with both protomers in a different conformation
even in the presence of saturating concentrations in the LTB4
agonist. We further investigated this behavior with a het-
erodimeric complex where each of the subunits was selectively
activated by a structurally different ligand. Using this dimer, we
again established that agonist binding to one of the receptor
subunits leads to conformational changes of the other subunit,
thus reinforcing the model of a cross-conformational change
transmitted between the two protomers within a receptor
dimer.
As previously reported, the subsequent addition of the sec-

ond agonist did not led to a subsequent change in the confor-
mation of the second protomer, indicating that this subunit
could not reach its fully activated state even if its agonist is
present. It was only by both adding a large excess of the second
agonist and allowing the rearrangement of the receptor-G pro-
tein complex in the presence of GTP that an interconversion
between the two conformational states was observed. This
again favors the asymmetric model we proposed, where only
one protomer in a dimeric assembly is able to reach a fully
activated state (9, 11, 12). Such a model could explain different
observations reported for GPCR heterodimers, for instance the
recent observation with �-opioid receptor-�2A adrenergic
receptor dimers where morphine binding to �-opioid receptor
induced an inhibition in the agonist-induced conformational
changes of the �2A adrenergic protomer (36).

It is tempting to relate the G protein-dependent asymmetry
in receptor conformation reported here to the G protein-pro-
moted cooperative ligand-binding properties previously
reported for different receptors. For instance, there is evidence
in the neurotensin receptor indicating that G protein and ago-
nist sites in the receptor dimer are linked in a negative cooper-
ative manner (7). Negative cooperative effects have also been
reported for chemokine homo- and heterodimers that are pro-
moted by the G protein (26). If one considers a model where a
single G protein interacts with the receptor heterodimer (37),
the interaction of a G protein heterotrimer with a receptor
dimer is likely to be asymmetrical, since there are two opposite
ways for the G protein to contact the dimer. If this is the case,
the major component of the asymmetry of the receptor dimer
within the receptor-G protein complexmight be the position of
the G� subunit relative to the agonist-occupied monomer. A
possiblemodel would be that activation of one of the protomers
favors an oriented interaction of the receptor dimer with the G
protein in such a way that the agonist-occupied protomer
directly interacts with the G protein and is therefore stabilized
in a fully active, high affinity conformation, whereas the other
protomer remains in an uncoupled, low affinity conformation.
Such a model would be consistent with the full activation of G
protein by receptor monomers (4–7).
The question that then arises is whether cross-conforma-

tional changes within the dimeric complex necessarily imply
trans-activation (i.e. whether the unliganded protomer can
nevertheless activate G proteins). This is of crucial importance

for our understanding of signaling through receptor dimers, in
particular in the case of heterodimers. We observed here that
occupancy of a single ligand-binding site in the BLT1 dimer by
an agonist triggers G protein activation. However, this does not
answer the question as to whether the signal is transmitted
directly from the agonist-loaded protomer to theG protein or if
the agonist-free protomer stabilized in its intermediate confor-
mation can also activate the G protein. On this aspect, the sit-
uation is not clear.
On the one hand, there are lines of evidence suggesting that

subunits of GPCR oligomers function independently in the
process of G protein activation. For instance, co-expression of
ligand binding-defective and G protein coupling-defective
mutant �-factor receptors did not significantly improve signal-
ing, suggesting that the signal of agonist binding was not trans-
ferred from the G protein coupling-defective mutant to the
agonist-binding defective mutant (38). Co-expression of differ-
ent mutants of the angiotensin II receptor could not restore
signaling (39), indicating that complete trans-complementa-
tion did not occur in this case either.
On the other hand, it was shown that in cells cotransfected

with chimeras between the adrenergic and muscarinic recep-
tors, signaling occurred upon stimulation with a muscarinic
agonist (40). However, this observation does not necessarily
imply trans-activation, since onemay speculate that the forma-
tion of a functional protomer involving the intermolecular
exchange ofN- andC-terminal receptor domains underlies this
phenomenon. Finally, data with mutant GPCR-G protein
fusions where either the G protein or the receptor had been
specifically deactivated through specific mutations also sug-
gested that GPCRs could operate through trans-activation (41).
However, as noted by the authors, the possibility cannot be
excluded in this case that the amino acid linker of the fusion
protein is long enough to allow the G� subunit some degree of
motion, resulting in G� subunit interaction by the nonfused
receptor (42). Trans-activation has also been reported for
GPCRs with a large, extracellular, ligand-binding domain, such
as the glycoprotein hormone receptors (30, 43, 44) and class C
receptors (45, 46). This is particularly striking for the GB1-GB2
heterodimeric GABA(B) receptor where only GB1 binds the
ligand, whereas G protein activation is mediated by GB2 (13).
However, the situation for this class of receptors is likely to be
more complex, since one has to consider also the relativemove-
ments of the two extracellular domains combined with those of
the transmembrane portion for receptor and G protein
activation.
Our data with a receptor dimer where the protomer that

binds the ligand is nomore able to activate its G protein partner
due to a specific mutation in the third intracellular loop clearly
indicate that no trans-activation occurs in this complex.
Indeed, no receptor-catalyzed GTP�S binding was observed in
the presence of LTB4 (i.e. under conditions where only the i3
mutated wild-type protomer is loaded with the agonist). This is
not due to the fact that both protomers need to be loaded with
an agonist for GTP�S binding to occur, sinceG�i full activation
occurred in the presence of LXA4 (i.e. under conditions where
only the BLT1chim protomer is loaded with an agonist). This
observation therefore implies that in our model system, signal-
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ing through the cognate G protein essentially occurs through
the protomer where the agonist binds (see the model in Fig. 9).
This observationwould explainwhy a single receptormonomer
fully activates G proteins (4–7). Caution needs to be exerted in
the sense that our data only consider signal transductionwithin
an isolated receptor-G protein purified complex. Our results
directly establish that the conformation of the ligand-unloaded
protomer is not per se competent for G protein activation. The
possibility cannot be excluded, however, that other compo-
nents in a cellular environment could facilitate a coupling of the
ligand-free protomer with other partners and/or G proteins.
Our observation does not rule out either that the intermedi-

ate conformation of the ligand-free protomer could activate
alternative pathways involving other G proteins and/or other
signaling partners, such as arrestins, although in this latter case,
there is evidence also that receptor trafficking is determined by
the activated dimeric partner (47–49). An interesting view
would be to consider that the intermediate conformation of the
ligand-free protomer is responsible for triggering activation of
pathways other than those induced by the fully activated con-
formation of the receptor loaded with the agonist, and this
could explain the differential signaling pathways observed in
some cases when comparing heterodimers and homodimers.
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