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Previous studies from our laboratory using co-immunopre-
cipitation techniques suggested that the human lutropin recep-
tor (hLHR) constitutively self-associates into dimers/oligomers
and that agonist treatment of cells either increased hLHR
dimerization/oligomerization and/or stabilized hLHR dimers/
oligomers to detergent solubilization (Tao, Y. X., Johnson,N. B.,
and Segaloff, D. L. (2004) J. Biol. Chem. 279, 5904–5914). In this
study, bioluminescence resonance energy transfer (BRET2)
analyses confirmed that the hLHR constitutively self-associates
in living cells. After subcellular fractionation, hLHR dimers/oli-
gomers were detected in both the plasma membrane and endo-
plasmic reticulum (ER). Further evidence supporting the consti-
tutive formation of hLHRdimer/oligomers in the ER is provided
by data showing homodimerization ofmisfolded hLHRmutants
that are retained in the ER. These mutants, when co-expressed
withwild-type receptor, are shownbyBRET2 to heterodimerize,
accounting for their dominant-negative effects on cell surface
receptor expression. Hormone desorption assays using intact
cells demonstrate allosterism between hLHR protomers, indi-
cating functional cell surface hLHR dimers. However, quantita-
tive BRET2 analyses in intact cells indicate a lack of effect of
agonist on the propensity of the hLHR to dimerize. Using puri-
fied plasma membranes, human chorionic gonadotropin was
similarly observed to have no effect on the BRET2 signal. An
examination of the propensity for constitutively active and sig-
naling inactive hLHR mutants to dimerize further showed no
correlation between dimerization and the activation state of the
hLHR. Taken altogether, our data suggest that hLHR dimers/
oligomers are formed early in the biosynthetic pathway in the
ER, are constitutively expressed on the plasma membrane, and
are not affected by the activation state of the hLHR.

The human lutropin receptor (hLHR)3 is a G protein-cou-
pled receptor (GPCR) that plays a central role in reproductive
physiology. In women, the LHR is expressed primarily in the
ovary, where it mediates the actions of pituitary LH by stimu-
lating the synthesis of androgens (which are mostly converted
to estrogens) and ovulation. The hLHR also binds the nearly
identical placental glycoprotein hormone hCG. As such, in
pregnant women it rescues the corpus luteum, thus maintain-
ing pregnancy. In males the hLHR is expressed predominantly
in the testes, stimulating androgen biosynthesis in response to
LH. The physiological importance of the LHR to reproductive
physiology is underscored by disorders arising from mutations
of the hLHR gene (1, 2). Thus, whereas constitutively active
mutants (CAMs) of the hLHR are associated with gonado-
tropin-independent precocious puberty in males, loss-of-func-
tion mutations of the hLHR result in Leydig cell hypoplasia in
males and infertility in females.
Structurally, the hLHR is composed of two structural

domains. There is the canonical seven transmembrane serpen-
tine region common to GPCRs as well as a large extracellular
domain that is composed of numerous leucine-rich repeats,
which bind LH or hCGwith high affinity (3). The hLHR ismost
closely related to the other glycoprotein hormone receptors for
follitropin and thyrotropin, and is a member of the family A or
rhodopsin-like family of GPCRs (4). Agonist-occupied wild-
type hLHR or hLHRCAMs activate the Gs, Gi/o, andGq/11 fam-
ilies of G proteins (5, 6), with the primary actions of the hLHR
being mediated by Gs.
A large body of work published in recent years supports the

concept that GPCRs can form self-associated dimers and
higher ordered oligomers within cells (for reviews see Refs.
7–10). In addition to GPCRs forming homodimers, distinct
GPCRs can in some cases physically associate as heterodimers.
The functional ramifications of GPCR dimerization are most
clearly evident in heterodimers, where in many cases the phar-
macological properties of heterodimers between two different
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GPCRs are unique as compared with those of each GPCR alone
(11–19). In contrast, the role ofGPCRhomodimerization is less
clear. It has been hypothesized that agonist binding may alter
the dimerization state of the receptor. Although this question
has been addressed in numerous studies, there is little consen-
sus with some studies suggesting that agonist promotes GPCR
dimer formation (20–25), others that agonist causes the disso-
ciation of GPCR dimers (26), and yet others that the GPCR
dimers are constitutively expressed and unaffected by agonist
(27–30). As discussed in a recent review, unappreciated limita-
tions to some of the methods used may have contributed to the
apparently discrepant results (10).
Previous studies have suggested that the LHR can self-asso-

ciate into dimers/oligomers. Evidence pointing toward this
goes back to as early as the 1980s when data from equilibrium
sedimentation of detergent-solubilized LHR and radiation
inactivation of LHRs on gonadal cells suggested that the LHR
may be present in a dimeric or oligomeric form (31, 32). More
recently, functional complementation studies further sug-
gested the dimerization of the LHR (33, 34). Direct evidence in
support of dimerization of the LHR has been obtained using
fluorescent resonance energy transfer (FRET) (35–38) aswell as
our studies demonstrating specific co-immunoprecipitation of
differentially tagged forms of the LHR (39). In this latter study it
was shown that under basal conditions the hLHR physically
self-associates into complexes of sizes consistent with dimers
and higher ordered oligomers of the receptor. It was also
observed that hCG pretreatment of cells prior to detergent sol-
ubilization led to an increase in the abundance of hLHRdimers/
oligomers relative to monomers as detected by Western blot-
ting. Although these results could be explained by an agonist-
dependent induction of hLHR dimerization, it may also reflect
a stabilization of preformed receptor dimers/oligomers to
detergent solubilization when they are occupied by hCG.
To address this question, this work was undertaken utilizing

bioluminescence resonance energy transfer (BRET) as an inde-
pendent means to probe hLHR dimerization and to study the
effects of receptor activation on dimerization. BRET is a highly
sensitive means to assess protein-protein interactions in living
cells, thus avoiding the detergent solubilization required for
co-immunoprecipitation experiments (10, 40, 41). In the BRET
paradigm, a given protein is fused to the energy donor Renilla
luciferase (Rluc), which is co-expressed with the same or a dif-
ferent protein fused to an energy acceptor, typically a variant of
green fluorescent protein (GFP). Addition of substrate for Rluc
results in bioluminescence, which can also cause the excitation
of GFP via resonance energy transfer only if the donor and
acceptor are within 100 Å of each other, a distance consistent
with the predicted size of a GPCR dimer (10, 40, 41). Although
identical in principle, BRET2 is a second generation modifica-
tion of BRET that achieves a greater spectral resolution
between donor and acceptor emissions (10, 40, 41). Both have
been widely used in recent years to examine homo- and het-
erodimerization of a number of different GPCRs (10). A limita-
tion of BRET/BRET2 (as well as the related method of FRET) is
that a positive signal from a single ratio of energy donor and
acceptor is not necessarily reflective of the affinity of GPCR
protomers to dimerize nor the extent of GPCR dimerization.

This is because RET is dependent not only on the distance
between the energy donor and acceptor, but on their relative
orientations as well (10, 40, 41). Amethod of quantitative BRET
analyses was therefore proposed byMercier et al. (42) to permit
the determination of the relative affinities of pairs of GPCR
protomers to form homo- or heterodimers. Based on theoreti-
cal considerations of RET, this approach utilizes saturation
curves (analogous to hormone-receptor binding curves) to cal-
culate the half-maximal BRET signal (BRET50), which is related
to the relative affinity of the protomers for each other (41, 42).
Using quantitative BRET2 analyses, we demonstrate that

hLHR dimers can be detected under basal conditions in living
cells, with constitutively expressed hLHR dimers/oligomers
observed in both the plasmamembrane as well as the endoplas-
mic reticulum. From a number of different experimental strat-
egies, it is further concluded that dimerization/oligomerization
of the hLHR is not affected by the activation state of the hLHR.

MATERIALS AND METHODS

Plasmids andHormones—The hLHR cDNAwas kindly given
to us by Ares Advanced Technology (Ares-SeronoGroup, Ran-
dolph, MA). Mutants of the hLHR were made using standard
techniques. The wild-type andmutant forms of the hLHRwere
all modified to contain a Myc epitope tag at the N terminus.
Before use, the coding sequence of each construct was deter-
mined by the DNA Core of the University of Iowa. For the
BRET2 studies, the cDNAswere subcloned into pRluc or pGFP2
vectors (PerkinElmer Life Sciences), which insert Renilla lucif-
erase (Rluc) orGFP2, respectively, in-frame at theC terminus of
the protein. The cDNA encoding KvLQT1 was used as
described previously (43). Highly purified preparations of
recombinant hCG and recombinant hLHwere purchased from
Dr. A. Parlow and the National Hormone and Pituitary Pro-
gram, NIDDK, National Institutes of Health. hLH was iodi-
nated as described previously for hCG (44). A crude prepara-
tion of hCG (used solely for the determination of nonspecific
binding of 125I-hLH) was purchased from Sigma.
Cells and Transfections—Human embryonic kidney (HEK)

293 and 293T cells were obtained from the American Type
Tissue Collection (Manassas, VA). Cells weremaintained at 5%
CO2 in growth media consisting of high glucose Dulbecco’s
modified Eagle’s medium containing 50 �g/ml gentamicin, 10
mM HEPES, and 10% newborn calf serum. For experiments,
cells were plated onto wells that had been precoated for 45 min
with 0.1% gelatin in Dulbecco’s phosphate-buffered saline, pH
7.1 (D-PBS), that was calcium- andmagnesium-free. Cells were
transiently transfected as described previously (45) and used for
experiments 24 h after removing the mixture.
BRET2 Assay—HEK293T cells in 6-well plates were tran-

siently co-transfected with vectors encoding Rluc fusion or
GFP2 fusion proteins. In a given experiment, the total amount
of plasmid transfected was made constant by the addition of
empty vector. On the day of the experiment, cells were washed
two times with calcium- and magnesium-free D-PBS and then
detached from the well in 1 ml of D-PBS. Protein concentra-
tions were measured, and then equal protein aliquots were dis-
tributed into microcentrifuge tubes and collected by gentle
centrifugation. The cell pellets were resuspended in a small vol-
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ume of D-PBS and transferred to a white-bottomed 96-well
microplate (white Optiplate; PerkinElmer Life Sciences) such
that all samples were of equal volume and protein concentra-
tion. Total fluorescence of the cell suspensions was measured
using a POLARstar Optima plate reader (BMGLabtech, Offen-
burg, Germany), with an excitation filter at 485 nm and an
emission filter at 520 nm, and was corrected for the fluores-
cence measured in cells transfected with empty vector only.
The substrate Coelenterazine 400a (Biosynth; Zurich, Switzer-
land) was then added at a final concentration of 5 �M, and
readings at 410/80 nm (reflecting the bioluminescence given off
by Rluc) and 515/30 nm (reflecting the resonance energy trans-
fer from Rluc to GFP2) were measured simultaneously. Biolu-
minescence readings were corrected for those obtained from
cells transfected with empty vector only. The BRET2 ratio was
calculated as the ratio of the light emitted by the receptor-GFP2
(515/30 nm) over the light emitted by the receptor-Rluc
(410/80 nm). TheBRET2 ratios reportedwere corrected by sub-
tracting the ratios obtained when receptor-Rluc was expressed
alone.Within a given experiment, each data point was obtained
using duplicatewells of cells thatwere transfected and collected
for BRET2 analyses. Data shown are the mean � range of the
duplicate determinations from one representative experiment
(of at least three independent experiments).
BRET2 Titration Curves—For saturation curves, HEK293T

cells in 6-well plates were co-transfected with a fixed concen-
tration of Rluc fusion protein and increasing concentrations of
a GFP2 fusion protein. When more than one curve was per-
formed in a given experiment, the concentrations of plas-
mids encoding the Rluc fusion proteins were adjusted so
that, after substrate addition, the bioluminescence values of
the Rluc fusion proteins expressed alone were similar. Data
were expressed as the net BRET2 ratio, calculated as
described above, relative to the ratio of acceptor to donor.
The data were plotted using GraphPad Prism (San Diego),
and the Bmax and KD determinations were taken as the
BRETmax and BRET50, respectively.
Subcellular Fractionation—HEK293T cells were co-trans-

fected with hLHR-Rluc and hLHR-GFP2 or with KvLQT1-Rluc
and hLHR-GFP2 as a negative control. On the day of the exper-
iment, the cells were placed on ice, washed three times with
ice-cold D-PBS, and scraped off the dish in ice-cold hypotonic
lysis buffer (20 mM HEPES, pH 7.4, 2 mM EDTA, 2 mM EGTA,
and 6 mM magnesium chloride) containing complete protease
inhibitor mixture (Roche Diagnostics). Cells were homoge-
nized with 50 strokes in a tight fitting Dounce homogenizer on
ice. After centrifugation at 1000 � g for 5 min at 4 °C, the post-
nuclear supernatant was collected and assayed for protein con-
centration. Each cell lysate was adjusted to 1 mg of protein in
463 �l of hypotonic lysis buffer and brought to contain a final
sucrose concentration of 2 M and placed in the bottom of a 5-ml
ultracentrifuge tube for a Beckman SW55 Ti rotor. A discon-
tinuous step sucrose gradient was then made in each tube as
follows. Applied above the sample, 237 �l of lysis buffer con-
taining 1.9 M sucrose was added. Then 700�l each of hypotonic
lysis buffer containing 1.75, 1.5, 1.25, 1.0, 0.75, and 0.5M sucrose
were added. Samples were centrifuged 16 h at 50,000 rpm at
4 °C. Aliquots of 400 �l were taken from the top of each tube.

BRET2 ratios were determined from 100-�l samples. Equal vol-
ume samples were also taken from each aliquot for Western
blots (see below) to detect calnexin (a marker for the endoplas-
mic reticulum), Na�/K�-ATPase (a marker for the plasma
membrane), or the myc-hLHR. Protein concentrations were
measured in each aliquot. Western blots for myc-hLHR were
also analyzed when the gels were run after applying equal
amounts of protein to each well.
Western Blotting—Samples were diluted 1:6 into a 6-fold

concentrated Laemmli sample buffer containing reducing
agents (12% w/v SDS, 40% glycerol, 109 mM EDTA, 1.5 M Tris/
HCl, 98 mg/ml dithiothreitol and 6% v/v �-mercaptoethanol),
incubated 1 h at room temperature, fractionated by SDS-PAGE
on 7.5% gels, and transferred to polyvinylidene difluoridemem-
branes. Membranes were probed with anti-Myc monoclonal
antibody 9E10 (1:200; Santa Cruz Biotechnology, Santa Cruz,
CA), anti-calnexin polyclonal antibody (1:1000; StressGen,
Ann Arbor, MI), or anti-Na�/K�-ATPase monoclonal anti-
body (1:250; Sigma). Themembranes were then incubated with
either horseradish peroxidase-conjugated sheep anti-mouse
antibody (1:25,000; GE Healthcare) or donkey anti-rabbit anti-
body (1:100,000; GE Healthcare). The immunoreactive bands
were visualized using the Amersham Biosciences ECL detec-
tion system (GE Healthcare).
Hormone Desorption Experiments—HEK293 cells were

seeded on 24-well culture plates that had been coated with gel-
atin as described above. Cells were transfected as described
above and used for experiments 24 h after removing the mix-
ture. On the day of the experiment, the cells were washed two
times with binding medium consisting of warm Waymouth’s
MB752/1 containing 50 �g/ml gentamicin and 1mg/ml bovine
serum albumin. The cells were then incubated 1 h at room
temperature in binding medium containing a saturating con-
centration of 125I-hLH (final concentration 1000 ng/ml) with or
without an excess of unlabeled crude hCG (final concentration
50 IU/ml) to determine nonspecific binding. The end of the
binding assay was defined as t � 0 relative to the subsequent
desorption phase of the experiment. One group of cells was
used to determine the maximal binding at t � 0. These cells
were set on ice, washed three times with ice-cold Hanks’
balanced salt solution modified to contain 50 �g/ml gentam-
icin and 1 mg/ml bovine serum albumin, solubilized in 0.5 N

NaOH, transferred to plastic test tubes with cotton swabs,
and counted in a gamma counter. Another group of cells was
used to determine the time course of desorption of the pre-
bound 125I-hLH. These cells were washed three times with
warm binding medium, incubated in binding medium con-
taining hCG (final concentration 500 ng/ml), hLH (1000
ng/ml), or vehicle only and incubated for increasing times at
room temperature. At a given time point, the cells were
placed on ice, and the 125I-hLH released into the medium
was determined by collecting the medium and precipitating
intact hormone with trichloroacetic acid. To determine the
amount of 125I-hLH remaining bound to the cells, the cells
were washed and solubilized, and the bound radioactivity
was counted as described for the t � 0 time point.
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RESULTS

To determine whether hLHR self-association could be
detected in living cells, we examined whether specific BRET2

signals would be observed in cells co-transfected hLHR(wt)-
Rluc and hLHR(wt)-GFP2. As shown in Fig. 1, titration curves
were performed in which cells were transfected with a subsatu-
rating and fixed concentration of the energy donor hLHR(wt)-
Rluc and increasing concentrations of the energy acceptor
hLHR(wt)-GFP2. As the ratio of energy acceptor to donor was
increased, the BRET2 ratio increased, as would be predicted by
molecules that were clustered together and not randomly dis-
tributed (42, 46). At the higher ratios of hLHR(wt)-Rluc to
hLHR(wt)-GFP2, the BRET2 signal reached a plateau, indicative
of a saturable interaction between the energy donor and accep-
tor (42). As a negative control, cells were co-transfected with
the plasma membrane cardiac voltage-gated K� channel
KvLQT1 fused to Rluc and hLHR(wt)-GFP2. Little or no detect-
able BRET2 ratios were detected under those conditions, sug-
gesting that the BRET2 signals observed between hLHR(wt)-
Rluc and hLHR(wt)-GFP2 are because of the physical
interaction between the hLHR portions of the fusion proteins.
To ensure that the BRET2 observed between hLHR(wt)-Rluc
and hLHR(wt)-GFP2 was not because of spurious bystander
interactions between the two molecules, we examined the
effect of decreasing the protein expression levels of the recep-
tor, while maintaining the ratio of hLHR(wt)-Rluc/hLHR(wt)-
GFP2 constant. As shown in Fig. 2, the BRET2 ratio remained
detectable at low levels of receptor expression, consistent with
whatwould be predicted by specific clustering ofmolecules and
not random collisions (46).
The following experiment was then performed to independ-

ently confirm the formation of hLHR dimer/oligomers and to
determine whether hLHR dimers/oligomers were present on
the cell surface in a functional form. This experiment is based
on the observation that changes in the rate of hormone desorp-
tion reflect allosteric regulation of one receptor protomer by
another receptor protomer within a GPCR dimer (47, 48). In

our study, cells that had been transfected with hLHR were
allowed to bind 125I-hLH. After removing the unbound hor-
mone, the cells were incubated for increasing times with buffer
only, with hLH, orwith hCG.As shown in Fig. 3, the presence of
hLHR or hCG during the desorption phase of the experiment
promoted an increased rate of dissociation of prebound 125I-
hLH.Thiswas observed by amore rapid decrease in the 125I-LH
remaining bound to cells (Fig. 3, top panel) as well as a more
rapid increase in the release of 125I-LH into themedia (asmeas-
ured by acid-precipitable cpm in the media, Fig. 3, bottom
panel) when LH or hCG was present. The ability of unlabeled
hLH and hCG to allosterically modulate the dissociation of
125I-LH further supports the conclusion that hLHR dimers are
present on the cell surface and demonstrates that these dimers
are functional with respect to hormone binding.
Although the hormone desorption assays confirm the pres-

ence of hLHR dimers/oligomers on the cell surface, one cannot
exclude the possible intracellular localization of hLHR dimers/
oligomers as well. In this respect, the BRET2 data from the
above experiments do not permit the determination of the sub-
cellular localization of the source of the energy transfer. To
address this question, subcellular fractionation studies were

FIGURE 1. BRET2 saturation curves examining homodimerization of the
hLHR in living cells. HEK293T cells were transiently transfected with a fixed
concentration of hLHR(wt)-Rluc or KvLQT1-Rluc and increasing concentra-
tions of hLHR(wt)-GFP2. Data shown are the mean � range of duplicate net
BRET2 ratios as a function of GFP2/Rluc expression taken from one experiment
that is representative of at least 20 independent experiments.

FIGURE 2. BRET2 signal resulting from co-expression of hLHR(wt)-Rluc
and hLHR(wt)-GFP2 is not a function of random self-association. HEK293T
cells were transiently transfected with varying total amounts of a fixed ratio
(1:5) of hLHR(wt)-Rluc and hLHR(wt)-GFP2. A, data shown are the net BRET2

ratios as a function of the total amount of plasmid transfected. B, expression
of hLHR(wt)-GFP2 (as measured by fluorescence prior to substrate addition)
and hLHR(wt)-Rluc (as measured by luminescence) are shown. The data are
from one experiment are representative of at least four independent
experiments.
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performed. Cells were co-transfected with hLHR(wt)-Rluc and
hLHR(wt)-GFP2 and then the cells were lysed, and the post-
nuclear membranes were fractionated by centrifugation in a
discontinuous sucrose gradient. As shown in Fig. 4, the most
highly enriched plasma membranes (as indicated by Na�/K�-
ATPase expression) were in fractions 2–5, and the most highly
enriched ER membranes (as indicated by calnexin expression)
were in fractions 4–8. The BRET2 data indicate resonance
energy transfer emanating from both plasma membrane-en-
riched fractions as well as ER-enriched fractions (Fig. 4, top
panel). Little or no BRET2 signal was observed when cells co-
expressing hLHR(wt)-Rluc and KvLQT1-GFP2 were subjected
to the same fractionation, again confirming the specificity of
the BRET2 data arising fromhLHR self-association. The BRET2

data obtained from the cell fractionation studies indicate that
self-associated hLHR dimers/oligomers are present not only on
the cell surface but in the ER as well.
The subcellular membrane fractions were also assayed for

hLHR expression, as determined by Western blotting.
Because all hLHR constructs used in this study contained a
Myc epitope tag at the N terminus, migration of the hLHR

in the SDS gels was ascertained by probing Western blots
with anti-Myc antibody. Therefore, these blots do not dis-
tinguish between the Rluc and GFP2 fusion proteins of the
hLHR(wt), but rather reflect both forms of hLHR(wt). As
with the BRET2 analyses and theWestern blotting for plasma
membrane and ER markers, a Western blot was performed
for the hLHR using equal volume aliquots of each fraction
(Fig. 4, next to bottom panel). In this view, the intensity of
hLHR bands would reflect both the relative abundance of the
hLHR as well as the membrane protein concentration in the
fraction. To obtain an assessment of the relative abundance
of the hLHR independent of fluctuations of membrane pro-
tein content between fractions, a Western blot was also per-
formed in which equal protein aliquots of each fraction were
resolved on the SDS gels (Fig. 4, bottom panel). In both cases,
bands were revealed that had previously been shown to cor-
respond to intracellularly localized immature, monomeric
hLHR (39, 49), cell surface localized mature monomeric
hLHR (39, 49), dimeric hLHR (39), and oligomeric hLHR
(39). As would be expected, mature monomeric and imma-
ture monomeric forms of the hLHR co-fractionated with
markers for the plasma membrane and ER, respectively. The
Western blots reveal high molecular weight hLHR dimers
and oligomers in plasma membrane and ER. These data are
in agreement with the BRET2 data from the same experi-
ment, further suggesting that hLHR dimerization initially
occurs within the ER.
The data presented in Fig. 4 demonstrate that hLHR

dimers/oligomers are constitutively found in both plasma
membrane and ER fractions. Further evidence supporting
the conclusion that dimerization of the hLHR occurs initially
in the ER comes from the following experiments examining
two loss-of-function hLHRmutants, S616Y and A593P, each
of which have been shown previously to be misfolded and
retained in the ER with little or no mutant receptor making it
to the cell surface (39, 50). As shown in Fig. 5, each of these
two mutants exhibit specific and saturable homodimeriza-
tion as determined by BRET2 saturation curves. It has been
shown previously that co-expression of S616Y or A593P with
the WT hLHR causes a reduction in the cell surface expres-
sion of theWT receptor presumably because of dimerization
of the misfolded mutant with the WT receptor because the
two can be co-immunoprecipitated together (39). BRET2 sat-
uration curves of a fixed concentration of hLHR(wt)-Rluc co-
expressed with increasing concentrations of each of the mis-
folded mutants fused to GFP2 reveal specific and saturable
heterodimerization between the mutants and WT receptor
(Fig. 6). These data show that misfolded mutants of the hLHR
that are retained in the ER undergo specific homodimerization
and that the ER-localized misfolded mutant can form het-
erodimers with the hLHR.
The data presented thus far establish that self-association of

the hLHR is a constitutive process initiated in the ER and that
functional hLHR dimers/oligomers are present on the cell sur-
face of living cells. To ascertain if activation of the hLHR results
in alterations in hLHR dimerization, the following studies were
performed. First, we examined the effects of hCG on BRET2

betweenWT hLHR donor and acceptor fusion proteins. In one

FIGURE 3. Allosteric modulation of hormone dissociation indicates the
presence of hLHR dimers on the cell surface. HEK293 cells transiently
transfected with a relatively low level of the hLHR(wt) were allowed to
bind a saturating concentration of 125I-hLH (1 �g/ml final concentration).
After washing, the cells were incubated for the indicated times at room
temperature with buffer only or with a saturating concentration of hLH (1
�g/ml final concentration) or hCG (500 ng/ml final concentration). At the
end of the incubation period, the amount of 125I-hLHR remaining specifi-
cally bound to the cells was determined (top panel), and the amount of
acid-precipitable counts/min in the medium was determined (bottom
panel). Data shown are the mean � S.E. of triplicate determinations within
one representative experiment. Experiments entailing only top panel were
performed five times and those entailing top and bottom panels were
performed two times.
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scenario, the BRET2 ratios were determined under conditions
of a fixed concentration of donor and increasing concentrations
of acceptor (Fig. 7A). The resulting BRET2 saturation curves
from cells incubated with or without hCG appeared similar. In
the experiment shown, the hCG incubation was performed at

room temperature to minimize
internalization of the hormone-oc-
cupied receptor. Using the donor/
acceptor ratio yielding the half-
maximal BRET2 shown, the effects
of a 15-min incubation with hCG at
37C were also examined, but again
no changes in BRET2 were
observed. In the other scenario, we
examined the effects of a room tem-
perature incubation of the cells with
hCG on BRET2 ratios under condi-
tionswhere the ratio of hLHRdonor
and acceptor fusion proteins were
held constant, but the total receptor
expression levels were varied.
Again, no differences with hCG
stimulation were observed (Fig. 7B).
Although hCGwas without effect

on BRET2 ratios determined in
intact cells, it remained possible
that the BRET2 signal arising from
intracellularly located hLHR di-
mers/oligomers might have ob-
scured hCG-mediated effects on
cell surface hLHR. Therefore, we
examined the effects of hCG on
total membrane lysates prepared
from cells co-expressing a fixed
concentration of hLHR(wt)-Rluc
and increasing concentrations of
hLHR(wt)-GFP2, focusing on the
lower expression ratios of GFP2/
Rluc where it would be more likely
to observe an agonist-mediated
change in the BRET2 signal. As
shown in Fig. 8A, incubation of the
membranes with a saturating con-
centration of hCG for 15 min at
37 °C was without effect on the
BRET2 ratios. Agonist addition was
similarly without effect on the spe-
cific BRET2 ratios measured in
membranes fractionated by sucrose
density centrifugation, even in frac-
tion 2, which is highly enriched in
plasma membranes (Fig. 8B). It
should be noted that 125I-hCGbind-
ing was readily detected in intact
cells whose media contained
sucrose at the same concentration
as fraction 2. Therefore, at least for
the purified plasmamembrane frac-

tion, it is highly unlikely that sucrosewas adversely affecting the
binding of hCG. Therefore, the data examining BRET2 arising
from self-association of the WT hLHR in both living cells as
well as isolated membranes suggest the absence of an effect of
hCG on this phenomenon.

FIGURE 4. Subfractionation of membranes reveals constitutive hLHR dimers/oligomers in the plasma
membrane and the ER. HEK293T cells were transiently transfected with myc-hLHR-Rluc and myc-hLHR-GFP2.
Cell membranes lysates were applied to the bottom of a sucrose gradient as described under “Materials and
Methods” and resolved by floatation during centrifugation. Equal volume fractions were analyzed (top to
bottom) for hLHR dimerization as determined by BRET2, hLHR-Rluc expression as determined by luminescence,
hLHR-GFP2 expression as determined by fluorescence, Na�/K�-ATPase expression as determined by Western
blotting, and calnexin expression as determined by Western blotting. The bottom two panels depict hLHR
expression as determined by Western blotting, in the membrane lysate prior to fractionation (L) and each of the
fractions. Equal volume aliquots (next to bottom panel) or equal protein aliquots (bottom panel) of the fractions
were evaluated. Data shown are from one experiment representative of at least three independent
experiments.

Lack of Association between hLHR Activation and Dimerization

7488 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 12 • MARCH 20, 2009



In an independent line of investigation, we also examined if
there was a correlation between constitutively active and sig-
naling inactive mutants of the hLHR and their propensity for
homodimerization/oligomerization. If an increased or
decreased activation state of the hLHR endowed the receptor
with an altered propensity for homodimerization, then one
would predict that this would be observed regardless of the
subcellular localization of the receptor. Therefore, we chose to
perform these analyses using BRET2 saturation curves in intact
living cells. Within a given experiment comparing the BRET2

saturation curve of the WT hLHR to those of hLHR mutants,
care was taken to ensure comparable expression levels for the

different Rluc fusion proteins. As shown in Fig. 9, four different
strong hLHR CAMs exhibited saturable BRET2 curves, with
M398T, T577I, and D578Y displaying greater BRETmax values
andL457R adecreasedBRETmax comparedwith theWThLHR.
The BRETmax, however, reflects the distance between donor
and acceptor molecules as well as the relative orientations
between donor and acceptor (42, 51). Because one cannot
assume that the orientations of the donors and acceptors are
the same in the different hLHR constructs, it is not possible to
infer much from differences between BRETmax values. The
BRET50 (the acceptor to donor ratio yielding 50% of the
BRETmax as derived from titration curves), however, has been
proposed to reflect the relative affinity of donor and acceptor
fusion proteins for each (42, 51). Although used initially to
compare different GPCR homodimers and heterodimers in a
given study (42), the validity of comparing BRET50 values
between different constructs has since been questioned. Inter-
pretation of the BRET50 may also be confounded by higher
orderGPCRoligomerization occurring in addition to dimeriza-

FIGURE 5. Homodimerization of ER-retained misfolded mutants of the
hLHR. For the hLHR(wt) and the two hLHR misfolded mutants shown,
HEK293T cells were transfected with a fixed amount of Rluc fusion protein
(adjusted so that the expression of receptor-Rluc in the absence of receptor-
GFP2 was the same for all constructs) and increasing concentrations of the
corresponding GFP2 fusion protein. As a negative control, KvLQT1-Rluc
(matched as above) was co-transfected with increasing concentrations of
hLHR(wt)-GFP2. Data shown are the corrected BRET2 signals (mean � range of
duplicate determinations) as a function of GFP2/Rluc expression. The con-
structs shown were analyzed within the same experiment. The data shown
are from one experiment that is representative of at least three independent
experiments.

FIGURE 6. Heterodimerization of ER-retained misfolded mutants of the
hLHR with hLHR(wt). HEK293T cells were transfected with a fixed amount
of hLHR(wt)-Rluc and increasing concentrations of hLHR(S16Y)-GFP2 or
hLHR(A593P)-GFP2. Data shown are the corrected BRET2 signals as a func-
tion of GFP2/Rluc expression. The constructs shown were analyzed within
the same experiment. The data shown are the mean � range of duplicate
determinations from one experiment that is representative of at least
three independent experiments.

FIGURE 7. Lack of effect of hCG on BRET2 analyses in intact cells.
A, HEK293T cells were transiently transfected with a fixed concentration of
hLHR(wt)-Rluc and increasing concentrations of hLHR(wt)-GFP2. On the day
of the experiment, cells were incubated with buffer only or with hCG (1000
ng/ml final concentration) for 20 min at room temperature and then analyzed
for BRET2. Data shown are the net BRET2 signals (mean � range of duplicate
determinations) as a function of GFP2/Rluc expression taken from one exper-
iment that is representative of at least four independent experiments.
B, HEK293T cells were transiently transfected with decreasing total amounts
of a fixed ratio (1:5) of hLHR(wt)-Rluc and hLHR(wt)-GFP2. On the day of the
experiment, the cells were incubated with buffer only or with hCG (1000
ng/ml final concentration) for 20 min at room temperature and then analyzed
for BRET2. Data shown are the net BRET2 signals (mean � range of duplicate
determinations) as a function of the total amount of plasmid transfected
taken from one experiment that is representative of at least four independent
experiments.
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tion. Therefore, although we report the BRET50 values for
hLHRCAMsover several experiments (Table 1), we do so in the
context just discussed. As such, the BRET50 values for T577I
and D578Y were the same as WT, and those for M398T and
L457R were �2-fold lower, suggesting a lack of correlation
between activation and dimerization.
To examine the potential homodimerization/oligomeriza-

tion of a signaling inactive hLHR mutant, we initially tested
hLHR(K605R), which had previously been reported (using an
alternate nomenclature as K583R) to be signaling inactive (33,
34). However, when compared with cells expressing the same
cell surface density of WT hLHR, we found K605R responded
to hCG with �30% of the maximal cAMP response of the WT
hLHR. Therefore, our experiments were performed using a
novelD405N,Y546Fmutant, whichwedetermined to have nor-
mal cell surface expression andhCGbinding affinity but little or
no hCG responsiveness.4 As shown in Fig. 10, the signaling
inactive D405N,Y546F mutant can form homodimers, as evi-
denced by a saturable BRET2 titration curve. In fact, the BRET2

titration curve for the signaling inactive hLHRmutant is similar
to that of the hLHRCAML457R. Fromseveral experiments, the
BRET50 for homodimerization of the signaling inactive mutant

4 M. Zhang, R. Guan, T. Hébert, and D. L. Segaloff, submitted for publication.

FIGURE 9. Constitutively activating mutants of the hLHR do not exhibit
an increased propensity to dimerize. For the hLHR(wt) or each of the
hLHR activating mutants shown, HEK293T cells were transfected with a
fixed amount of Rluc fusion protein (adjusted so that the expression of
receptor-Rluc in the absence of receptor-GFP2 was the same for all con-
structs) and increasing concentrations of the corresponding GFP2 fusion
protein. Data shown are the corrected BRET2 signals (mean � range of
duplicate determinations) as a function of GFP2/Rluc expression. The con-
structs shown were analyzed within the same experiment. The data shown
are from one experiment that is representative of at least five independ-
ent experiments.

FIGURE 10. A signaling impaired mutant of the hLHR does not exhibit a
decreased propensity to dimerize. For the hLHR(wt) or signaling impaired
hLHR(D405N,Y546F) mutant, HEK293T cells were transfected with a fixed
amount of Rluc fusion protein (adjusted so that the expression of receptor-
Rluc in the absence of receptor-GFP2 was the same for all constructs) and
increasing concentrations of the corresponding GFP2 fusion protein. Data
shown are the corrected BRET2 signals (mean � range of duplicate determi-
nations) as a function of GFP2/Rluc expression. The constructs shown were
analyzed within the same experiment. The data shown are from one experi-
ment that is representative of at least four independent experiments.

TABLE 1
BRET50 values for activating and inactivating mutants of the hLHR
HEK293T cells were transiently transfectedwith Rluc andGFP2 fusion protein pairs
of each of the hLHR constructs such that the expression of the Rluc fusion protein
was constant while that of the GFP2 fusion protein was increased. Within a given
experiment, the expression of the different Rluc fusion proteins was similar among
the different donor-acceptor pairs. Data were plotted as the BRET2 ratio as a func-
tion of Rluc expression/GFP2 expression, and the BRET50 was taken as the KD value
derived from a one-site binding curve. Data shown are the means � S.E. of the
indicated number of experiments. The BRET50 for homodimerization of the WT
hLHR was calculated from only those experiments also containing curves examin-
ing homodimerization of activating and/or inactivating hLHR mutants.

hLHR BRET50

WT 0.225 � 0.040 (n � 11)
M398T (constitutively active) 0.104 � 0.015 (n � 6)a
T577I (constitutively active) 0.230 � 0.070 (n � 6)
D578Y (constitutively active) 0.271 � 0.070 (n � 5)
L457R (constitutively active) 0.091 � 0.031 (n � 7)a
D405N,Y546F (signaling inactive) 0.161 � 0.044 (n � 4)

a BRET50 values of mutant hLHRs that are statistically different fromWT receptor
(p � 0.05) are noted.

FIGURE 8. Lack of effect of hCG on BRET2 analyses in isolated mem-
branes. A, HEK293T cells were transiently transfected with a fixed concen-
tration of hLHR(wt)-Rluc and increasing concentrations of hLHR(wt)-GFP2.
On the day of the experiment, total cell membrane lysates were prepared
from each group of cells. Membranes were incubated with buffer only or
with hCG (1000 ng/ml final concentration) for 15 min at 37 °C and then
analyzed for BRET2. Data shown are the net BRET2 signals (mean � range
of duplicate determinations) as a function of GFP2/Rluc expression taken
from one experiment that is representative of at least three independent
experiments. B, HEK293T cells were transiently transfected with hLHR(wt)-
Rluc and hLHR(wt)-GFP2. On the day of the experiment, total cell mem-
brane lysates were prepared and fractionated by sucrose density centrif-
ugation. Fractions 1– 8 were collected and incubated with buffer only or
with hCG (1000 ng/ml final concentration) for 15 min at 37 °C and then
analyzed for BRET2. Data shown are the net BRET2 signals (mean � range
of duplicate determinations) taken from one experiment that is represent-
ative of at least three independent experiments.
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was found to be similar to the WT hLHR (Table 1). If one
assumes that the BRET50 measure reflects relative affinities for
receptor homodimerization, our resultswith the signaling inac-
tive and constitutively active hLHR mutants would suggest a
lack of correlation between the state of receptor activation and
their propensity for homodimerization. Even if onewere to take
a more skeptical view of a comparison of BRET50 values
between different constructs and removed those data from
consideration, the results presented still demonstrate that both
hLHR CAMs as well as a profoundly signaling impaired hLHR
mutant constitutively homodimerize, thus arguing against
dimerization/oligomerization of the hLHR being correlated
with its activation state.

DISCUSSION

The results presented show that the hLHR can be detected by
BRET2 in living cells as constitutive dimers. Cells co-expressing
a fixed concentration of energy donor hLHR-Rluc and increas-
ing concentrations of the energy acceptor hLHR-GFP2 gave rise
to BRET2 ratios fit by a hyperbolic curve with a saturation pla-
teau, results that are in agreement with those reported by
Urizar et al. (47). Previously published studies in which differ-
entially tagged forms of the hLHR were co-immunoprecipi-
tated from unstimulated cells demonstrated self-associated
forms of the hLHR that, based upon mobilities on SDS gels,
were consistent in size with dimeric and oligomeric forms of
the hLHR (39). The BRET2 data presented herein indicate that,
at the very least, there is a specific self-association of two hLHR
protomers into a dimeric complex under basal conditions in
intact cells. Our BRET2 data do not permit the distinction
between hLHR dimers and oligomers. That the hLHR
homodimerization detected by BRET2 is not because of ran-
domprotein interactionswas also supported by the observation
that the BRET2 occurred at many different concentrations of
hLHR-Rluc/hLHR-GFP2 held at a fixed ratio and by the fact
that no dimers were detected between hLHR-GFP2 and
KvLQT1-Rluc.
Additional evidence supporting the constitutive expression

of hLHR dimers/oligomers in living cells was obtained from
hormone desorption assays. Although it had been previously
appreciated that allosteric modulators could affect the binding
of ligand to the orthosteric site on a GPCR (52), studies have
further demonstrated the modulation of ligand binding
between GPCR dimers (48, 53–57). Thus, the binding of ligand
to the orthostatic site of one protomer within a GPCR dimer
may allosterically affect the binding of ligand to the orthostatic
site of the other protomer in the complex. Using an experimen-
tal paradigmdescribed byUrizar et al. (47), we showherein that
in hLHR-expressing cells the addition of hLH or hCG increases
the rate of dissociation of prebound 125I-hLH, indicating an
allosteric regulation of hLH binding within an hLHR dimer.
In addition to providing additional independent evidence for
the constitutive expression of hLHR dimers in living cells,
the allosteric modulation of hLH binding demonstrates that
hLHR dimers are expressed on the cell surface and that they
are functional.
Using sucrose gradient centrifugation to fractionate mem-

branes isolated from cells co-expressing hLHR energy donor

and acceptor fusion proteins, we have also been able to show by
both BRET2 analyses and by Western blotting that constitu-
tively expressed hLHR dimers/oligomers are localized to both
the plasma membrane and ER. These results indicate that
hLHR dimers/oligomers form early in the biosynthetic process
and are most likely transported to the plasma membrane as
constitutive dimers. The hLHR, therefore, can be added to the
growing list of GPCRs that have been shown to homo- or het-
erodimerize within the ER (28, 59–63). Our studies lend fur-
ther support to the hypothesis that GPCR dimerization may be
an obligate process necessary for the transport of the GPCR to
the plasma membrane (64, 65).
Although the majority of the hLHR detected on Western

blots of unfractionated and fractionated membranes is in the
dimeric/oligomeric form, some hLHR is also detected in a
monomeric form as well. Interestingly, less monomeric hLHR
is detected in fractions enriched for the ER compared with
plasmamembrane-enriched fractions (compare fractions 2 and
8 in the Western blots of Fig. 4). These data may indicate that
although all or most of the hLHR is transported from the ER to
the cell surface as dimers/oligomers, a fraction of the hLHR
dimers/oligomers dissociate intomonomers once in the plasma
membrane. Alternatively, however, there may be a differential
sensitivity of hLHR monomers/dimers in the plasma mem-
brane versus the ER to dissociation by SDS. Although the ability
to detect hLHR dimers/oligomers on Western blots suggests
that they are in large part resistant to dissociation by SDS (at the
room temperature conditions we typically use because boiling
the hLHR in Laemmli buffer causes nonspecific aggregation),
this does not rule out the possibility that a small fraction of
dimers/oligomers may dissociate as a result of SDS treatment.
Nor is it unreasonable to postulate that differing lipid compo-
sitions of cellular membranes may affect the ability of SDS to
dissociate preformed hLHR dimers/oligomers or that different
populations of other interacting proteins or chaperones might
affect dimer stability in the different compartments. Clearly,
further studies are required to examine these possibilities in
more depth before a meaningful interpretation of the data can
be made.
Additional support for the dimerization of the hLHR initiat-

ing in the ER is derived from our data showing specific
homodimerization, as determined by BRET2 saturation curves
in living cells, of the hLHR mutants S616Y and A593P. These
are the gene products of naturally occurring loss-of-function
mutations of the hLHR gene (66–68). These two mutants have
been shown to be retained by the cell’s quality control system,
presumably due to misfolding of the mutants, which in turn
results in decreased cell surface expression of themutant recep-
tors (39, 50). Despite the misfolding of the S616Y and A593P
mutants, at least some of themutant receptor proteins undergo
specific homodimerization within the ER, as indicated by the
BRET2 data presented herein. These results are in agreement
with previous data from our laboratory showing that high
molecular weight complexes consistent with dimers and oli-
gomers of immature hLHR are detected onWestern blots pre-
pared from cells expressing each of these misfolded mutants
(39). We had previously reported that the S616Y and A593P
mutants, when co-expressed with the WT hLHR, have a dom-
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inant-negative effect on the cell surface expression of the WT
receptor and that this correlated with the physical association
of each of the mutants with the WT hLHR as determined by
co-immunoprecipitation (39). The current BRET2 studies
examining this phenomenon indicate a specific and saturable
association between each of the misfolded receptors and the
WT hLHR. The current BRET2 data are in agreement with the
previous co-immunoprecipitation data, providing further sup-
port for the premise that the heterodimerization of the mis-
folded hLHRmutant with theWT receptor in the ER underlies
the subsequent retention of the WT hLHR within the ER by
cellular quality control mechanisms. These findings further
suggest that, once associated, only homo- or heterodimers
composed of properly folded receptor protomers would be per-
mitted to exit the ER for further processing and eventual trans-
port to the plasma membrane.
There has been a great deal of attention given to the question

ofwhether or not the dimerization status ofGPCRhomodimers
is affected by activation of the receptor. Despite this, there
appears to be little consensus in the literature (10). Some of the
apparent discrepancies may have arisen because the data
derived from many of the experimental approaches used to
address this question are open to different interpretations, and
thesewere not necessarily taken into account (10, 69). In light of
this, it has been argued that complementary experimental
approaches may be required to more reliably characterize ago-
nist effects on GPCR dimerization. Our previous studies had
indicated an increased ratio of hLHR dimer/oligomer relative
to the monomer observed onWestern blots of detergent-solu-
bilized extracts of hCG-treated cells as compared with
untreated cells (39). As had been discussed, these data could be
interpreted to suggest that hCG increases dimerization/oli-
gomerization of the hLHR or that hCG stabilizes preformed
dimers/oligomers to detergent solubilization. Therefore, in this
study alternative methods were used to address whether the
activation of the hLHR affected its dimerization. In one
approach we asked whether the addition of hCG resulted in a
change in the net BRET2 ratio for hLHR dimerization/oli-
gomerization. Because a change in BRET2 ratio obtained from a
single set of donor and acceptor concentrations could reflect a
change in the amount of dimers formed and/or from confor-
mational changes altering the orientations of the donor and
acceptor relative to each other (10, 40, 41), we performed satu-
ration curves on cells that had been treated with or without
hCG. Bouvier and co-workers (42) have proposed that under
these conditions the BRET50 reflects the relative affinity of two
GPCR protomers to dimerize with each other. Because the sat-
uration curves and BRET50 values were nearly identical, these
data suggest that hCG does not affect the propensity of the
hLHR to dimerize. Using a similar experimental approach,
Urizar et al. (47) had also concluded that agonist binding hadno
effect on dimerization of the structurally related hTSHR. The
caveat to this experimental design, however, is that only the cell
surface receptor would be accessible to hormone. Therefore, if
there were an agonist-induced change in cell surface receptor
dimerization, it may be difficult to discern above the high back-
ground of BRET2 derived from ER-localized receptor dimers/
oligomers, which would remain unchanged with agonist treat-

ment of intact cells. Therefore, we also examined the effects of
hCG on BRET2 ratios measured in membranes isolated from
cells expressing hLHR energy donor and acceptor fusion
proteins. Even in highly purified plasma membranes, no
effects of hCG on BRET2 were observed. In addition, we
examined if constitutively active and signaling inactive
mutants of the hLHR had altered propensities for
homodimerization as determined by BRET2 saturation
curves in living cells. Even though our results reflect the total
pool of cellular receptor rather than those localized to the
plasmamembrane, it should not matter as any changes in the
dimerization/oligomerization of the hLHR mutants because
of their activation state would be expected to be present in the ER
as well, where dimerization is initiated. The data presented
showed homodimerization of four different strong hLHR CAMs
(M398T, T577I, L457R, andD578Y) as well as a signaling inactive
mutant, where the BRET2 saturation curve of the signaling inac-
tive mutant was quite similar to one of the activating mutants.
These data further suggest a lack of correlation between hLHR
activation and homodimerization/oligomerization.
Based on our data on the effects of hCG on hLHR dimeriza-

tion/oligomerization from our previous studies (39) and the
experiments presented herein, we conclude the following
points. (i) The hLHR is expressed constitutively (on the cell
surface as well as in the ER) as dimers/oligomers. (ii) hCG bind-
ing to cells stabilizes preformed hLHR dimers/oligomers to
detergent solubilization. (iii) Neither agonist stimulation nor
mutation-induced activation of the hLHR results in an altered
propensity of the hLHR to homodimerize. Previous studies
have suggested that upon agonist treatment, the LHR on the
plasma membrane becomes aggregated (37). Our findings that
hCG does not affect the dimerization/oligomerization of the
hLHR do not rule out possible effects of agonist on large scale
clustering of the receptor. Rather, they suggest that dimeriza-
tion per se of the hLHR is not enhanced by agonist treatment. In
this respect, our findings would be in accord with those
reported of Jastrzebska et al. (70), who showed that the degree
of oligomerization of rhodopsin does not correlate with the
magnitude of Gt activation. Rather, there was a correlation
between the extent of rhodopsin oligomerization and the kinet-
ics of Gt activation.

Our observations on the constitutive expression of hLHR
dimers/oligomers are not in agreement with reports by another
group who, using FRET analyses, detected little or no energy
transfer LHR molecules under basal conditions (38, 71).
Because RET is dependent on the relative concentrations of
energy donor and acceptor and their experiments were per-
formed with a single donor/acceptor ratio, it is possible that
they may not have had the appropriate conditions to detect
self-association of the LHR under basal conditions (41). Also,
given that RET depends on the relative orientations between
the energy donor and acceptor, false negative results may arise
even when two proteins are in a physical complex if the confor-
mations are not compatible for detecting energy transfer (10).
Using BRET2 saturation experiments, which entail a wide range
of donor/acceptor ratios, it has been independently reported by
both our group in this study and that of Urizar et al. (47) that
specific hLHR dimerization/oligomerization under basal con-
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ditions can be observed. As shown herein, constitutive hLHR
dimerization/oligomerization was detected by BRET2 in
plasma membrane as well as ER cellular compartments. Con-
stitutive hLHR dimerization/oligomerization has also been
observed under basal conditions examining co-immunopre-
cipitation of differentially tagged hLHRs (39). Furthermore, the
highmolecular weight complexes observed onWestern blots of
membrane lysates (present study) or detergent-solubilized
extracts (39) are of the same mobilities as those brought down
by co-immunoprecipitation of differentially tagged hLHRs,
strongly suggesting that the high molecular weight complexes
seen onWestern blots represent constitutively expressed hLHR
dimers/oligomers. Therefore, there are several lines of evidence
that support the presence of constitutive hLHR dimers/oli-
gomers. That the hLHR is expressed as dimers/oligomers under
basal conditions is consistent with reports on the structurally
related follitropin receptor (72) and thyrotropin receptor (47)
and several other GPCRs (27–30).
Our conclusion that dimerization/oligomerization of the

hLHR is not affected by the activation state of the hLHR is also
in conflict with studies published by others (38, 71). As noted
above, these other investigators detected very low FRET
between LHR molecules under basal conditions. However,
their studies reported an increased efficiency of energy transfer
after hCG treatment (38, 71). Based upon the change in FRET
(using one ratio of energy donor and acceptor), they concluded
that hCG increased the dimerization of the hLHR. Using pho-
tobleaching FRET analyses, it was also reported that the energy
transfers in the hLHR CAMs D578Y, D578H, and D578Y were
greater than that of the hLHR(wt), and that the energy transfer
of a signaling impaired rLHR mutant was less than that of the
rLHR(wt) (35, 38). Therefore, they concluded that these data
further showed a correlation between the activation of the
hLHR and its increased homodimerization. With respect to
hCG treatment, changes in a FRET or BRET signal arising from
a single ratio of donor/acceptormay be due not only to changes
in the dimerization of the GPCR but also to conformational
changes of the receptor (10, 40, 41). However, this alternative
interpretation of their data was not considered. Also, in the
earlier studies, cells were incubated with hCG for 1 h at 37 °C,
conditions that promote internalization of the agonist-occu-
pied receptor and its subsequent degradation and/or recycling
(73). Therefore, it is possible that changes in receptor localiza-
tion and receptor numbers may have affected the resulting
FRET signals. With respect to the apparent discrepancies
regarding our results on activating and inactivating LHR
mutants and those previously reported, there are several points
to consider. First, because in vitro (74) and in silico (45, 58,
75–79) data suggest that the conformations of hLHRCAMs are
different from theWT hLHR, one cannot assume that, within a
dimeric complex, the distances between and/or orientations of
an energy donor and acceptor on constitutively active or signal-
ing inactive mutants are identical to those on the WT hLHR.
Furthermore, energy transfer is also dependent on the ratio of
donor to acceptor. There are no data in the FRET studies on the
hLHR, however, to indicate whether the ratios between the
expression levels of energy donors and acceptors for the differ-
ent constructs were the same or not. Therefore, the greater

FRET signals derived from cells expressing activating hLHR
mutants and decreased FRET signals of the signaling inactive
mutant as compared with theWTmay have arisen from differ-
ences in the expression ratios of donor and acceptors, the rela-
tive orientations of the donor and acceptor to each other, dif-
ferences in the distances between energy donor and acceptor
within amutant LHRdimer and theWTLHRdimer, and/or the
relative propensity of themutants or theWTreceptor to dimer-
ize (10, 40–42).
In summary, this study demonstrates the obligate and con-

stitutive expression of hLHR dimers/oligomers. Dimerization/
oligomerization occurs early in the biosynthetic pathway, with
hLHR dimers/oligomers detected in the ER as well as the
plasma membrane under basal conditions. Misfolded mutants
that are retained in the ER similarly undergo specific
homodimerization and, when co-expressed with the WT
hLHR, heterodimerize with the WT receptor, thus accounting
for the dominant-negative effect of misfolded mutants on the
cell surface expression of theWT hLHR (39). Using a variety of
experimental approaches, our studies further suggest that the
dimerization/oligomerization of the hLHR is not affected by
the activation state of the receptor. Although the functional
basis for hLHR homodimerization/oligomerization remains
elusive, the ability of the hLHR to dimerize/oligomerize may
have consequences in the context of hLHR interactions with
other GPCRs, a question that we are currently examining.
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