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Summary
Several naturally-occurring mutations in human luteinizing hormone receptors (LHR) at position
578 are associated with constitutive activation of the receptor. To determine whether human LHRs
that signal in the absence of ligand are self-associated, fluorescence resonance energy transfer
(FRET) between receptors was evaluated. Values for FRET between wild type LHR in the absence
of ligand were less than 1% and increased significantly to over 11% after exposure to hCG.
Constitutively active receptors exhibited 11-15% FRET efficiency in the absence of hormone and
these values did not change with hCG treatment. A large fraction of constitutively active LHR-D578H
receptors were also associated with so-called plasma membrane rafts. Disruption of these membrane
microdomains reduced FRET efficiency but did not affect signaling through cAMP. Thus, in the
absence of ligand, constitutively-active receptors are self-associated and located in high buoyancy
membrane fractions, both characteristics of the hormone-treated wild type receptor.

Keywords
Luteinizing hormone receptor; plasma membrane rafts; signaling; fluorescence resonance energy
transfer

Introduction
Functional luteinizing hormone (LH) receptors are critical to fertility in both males and females.
In females, the LH receptor is found on granulosa and thecal cells in the follicle and on luteal
cells. In males, the receptor is found on Leydig cells. Binding of LH from the anterior pituitary
results in signaling cascades leading to follicle maturation, steroidogenesis or spermatogenesis.
Mutations in the human luteinizing hormone (hLH) receptor aspartic acid residue at position
578 are associated with constitutive activation of Gs by the receptor [1] as well as with
naturally-occurring pathologies, such as Familial Male-limited Precocious Puberty (FMPP)
and Leydig cell adenomas [2].
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Although details of G protein-coupled receptor signaling through intracellular mediators are
increasingly well-characterized, membrane events involved in signaling are less understood
including receptor interactions such as receptor dimer or oligomerization or interactions with
other membrane proteins. Several lines of evidence suggest that functional LH receptors, i.e.,
receptors that have bound hormone and are actively transducing signal, are associated within
large molecular weight structures following the binding of hormone. Electron micrographs of
LHR on rat granulosa cells show large clusters of receptors that form only after binding of
hormone [3] as does immunofluorescent labeling of rat receptors in granulosa cells [4]. Large
clusters of wild type rat LH receptors tagged with green fluorescent protein (LHR-GFP) also
form within minutes following binding of either LH or hCG to receptors on viable cells [5].
These clusters may reflect aggregation of receptors cis-activated by ligand or aggregated
receptors in which ligand-occupied receptors have trans-activated nearby unliganded
neighbors [6]. The presence of receptors in physically large structures is also suggested by
lateral diffusion studies of hormone-treated LH receptors on luteal cells from sheep and rat in
which most LH receptors were laterally immobile (reviewed in [7].

The LH receptor within these membrane clusters appears to be self-associated. Rat LH
receptors become self-associated upon binding of either LH or hCG [7] and when desensitized
in plasma membrane preparations from porcine granulosa cells [8]. Tao et al. [9] have used
immunoprecipitation methods to show that some human LH receptors stably expressed in 293
cells exist as receptor dimers or oligomers and that the relative amounts of these receptor
structures increases upon binding of hCG.

Receptor self-association may also be accompanied by a redistribution of the LH receptor
within the plasma membrane. Upon binding of ligand, rat LH receptors partition into high
buoyancy membrane fractions that can be isolated via density gradient centrifugation [7].
Because of their high lipid content, these specialized membrane microdomains or rafts are
found in membrane fractions with low density and “float” in sucrose gradients. The outer leaflet
of the raft membrane is enriched with sphingolipids and cholesterol as well as
glycosylphosphatidyl-inositol (GPI)-anchored proteins and can limit the lateral diffusion of
specific membrane proteins [10]. In addition to sequestering receptors, such domains may serve
“signaling platforms” for a diverse group of signaling molecules [11] as well as G protein-
coupled receptors such as the rat LH receptor [12] and the gonadotropin releasing hormone
(GnRH) receptor [13]. The presence of membrane microdomains with higher affinity for
activated, signaling receptors than the bulk membrane could also explain, at least in part, why
receptor clustering occurs within minutes and, upon microscopic inspection, involves the
movement of diffusely distributed LH receptors into discrete membrane locations [5]. In single
particle tracking experiments of rat LH receptors on viable cells, the size of compartments
accessed by hCG-treated receptors is reduced by over 60% [12]. Thus, the question raised by
these various observations is whether constitutively-active hLHRs, but not wild type receptors,
are self-associated in the absence of hormone, are restricted in their motions within the plane
of the membrane and localized in membrane rafts involved in receptor-mediated signaling.

Materials and Methods
Materials

Dulbecco’s modified Eagle medium containing high glucose was purchased from Irvine
Scientific, Santa Ana, CA. Geneticin was purchased from GIBCO, Grand Island, NY. Non-
essential amino acids were purchased from Sigma-Aldrich, St. Louis, MO. Fetal bovine serum
(FBS) was purchased from Invitrogen (Carlsbad, CA). hCG was purchased from Research
Diagnostics Inc. (Flanders, NJ). Methyl-β-cyclodextrin (MβCD) and the FLAG vector were
purchased from Sigma-Aldrich (St. Louis, MO). CFP and YFP vectors were purchased from
Clontech. Vectors containing human LHR (LHR-wt) receptors or receptors with mutations
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D578G, D578H or D578Y were gifts from Dr. Andrew Shenker. Intracellular cAMP was
measured using a TiterFluor cAMP EIA kit obtained from Assay Designs, Ann Arbor, MI.

Preparation and maintenance of CHO cells expressing visible fluorescent proteins (VFP) or
epitope tags

Stable CHO cell lines expressing wild type human LHR receptors or receptors with mutations,
D578G, D578H or D578Y, associated with constitutive activation, were coupled to one of the
visible fluorescent proteins, either enhanced cyan fluorescent protein (CFP) or enhanced
yellow fluorescent protein (YFP), at their C terminus using N-terminal Protein Fusion Vectors
cECFP-Ca (6900-1) and pEYFP-C1 (6006-1), respectively. To prepare these cell lines, vectors
were constructed for LHR-wt-CFP and -YFP, LHR-D578G-CFP and -YFP, LHR-D578H-CFP
and -YFP, and LHR-D578Y-CFP and -YFP as previously described for transfection of rat LHR
coupled to GFP [5]. CHO cells in 60 mm dishes at 40-80% confluence were transfected with
5μg DNA in 20μL lipofectamine. DNA was added as either a single vector or, to accomplish
co-transfection of two vectors, at a 1:3 ratio of CFP:YFP. After 3-4 weeks, clones expressing
both CFP and YFP were selected using fluorescence microscopy. To determine whether LHRs
partitioned into membrane rafts, stable CHO cell lines were prepared expressing either LHR-
wt or LHR-D578H coupled to the FLAG epitope at the receptor N terminus and were
maintained in CHO cell medium [7].

Imaging analysis of FRET using fluorescence dequenching
To evaluate the effects of hCG treatment on energy transfer efficiency, flasks containing 3-4
× 106cells were selected. The medium was discarded and cells were removed from the flask
using PBS containing 5mM EDTA, washed with 12mls of PBS, and spun down. The cell pellet
was resuspended in 500 μL of PBS alone or in PBS containing 100nM hCG. The cells were
then incubated at 37°C for 1 hour, washed once and resuspended in PBS for FRET
measurements. Because aggregation of rat LH receptors is visible within minutes [5]and
receptors clusters do not dissociate for several hours [14], it is likely that the extent of LH
receptor self-association is relatively stable on the time-scale of these experiments. FRET
between hLHR-CFP and hLHR-YFP was evaluated on individual cells by measuring the
intensity of the plasma membrane localized fluorescence donor CFP in the presence and
absence of a fluorescence acceptor YFP [15]. More intense signals from CFP, the fluorescence
donor, after photobleaching of YFP, the fluorescence acceptor, were indicative of energy
transfer from fluorescence donor to acceptor. For this donor-acceptor pair, the Förster r0is
calculated to be 56Å [16]and energy transfer occurs to a measurable extent only when the donor
and acceptor are separated by distances less than about 100Å. FRET measurements were made
using a Zeiss Axiovert 135 microscope or a Zeiss Axiovert 200m microscope, Omega Optical
filter sets for imaging of CFP and YFP and Metamorph software from Universal Imaging.
Before photobleaching YFP, CFP and YFP were imaged separately using a Princeton
Instruments1300YHS ICCD camera. Imaging the cell involved careful focusing through the
entire cell and selection of an image plane that demonstrated “ring-like” fluorescence at the
cell’s outermost plasma membrane. FRET measurements were made only on fluorescence
emitted from the anular image region containing the plasma membrane. After photobleaching
YFP for 5 minutes using a mercury arc lamp source and an Omega Optical XF1074 filter, YFP
and CFP were imaged again. Five minute exposure to 525nm light was sufficient to bleach
essentially all YFP signal. The intensity of CFP signals before and after YFP photobleaching
was then compared. After subtracting the background signal from each image and correcting
for the small extent of donor bleaching during the bleaching of acceptor, energy transfer
efficiency was calculated using %E= (donor fluorescence after photobleaching-donor
fluorescence before photobleaching/donor fluorescence after photobleaching) × 100.
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Isolation of plasma membrane rafts
To evaluate the localization of LH receptors in membrane fractions with high buoyancy, stable
cell lines were prepared that expressed either LHR-wt or LHR-D578H coupled to the FLAG
epitope on their N-terminus as has been described for rat LHR-wt [7]. Cells were incubated
with either 100nM hCG or PBS for 1 hour at 37°C prior to cell lysis. As previously described
[7], 1 mL cell lysate was combined with 1ml of 80% sucrose and the sample was layered at
40% sucrose within a discontinuous sucrose gradient from 10-80%. After centrifugation at
175,000× g for 20 hours at 4°C, fractions were collected from the top of the gradient downward
and an aliquots from each fraction were diluted 1:1 in Laemmli SDS buffer. After separation
of proteins using SDS-PAGE and transfer to nitrocellulose, the LH receptor was identified
using anti-FLAG M2 monoclonal antibody (Sigma-Aldrich, St. Louis, MO). In some
experiments, cells were pretreated for 1 hr at 37°C with 1% MβCD in serum free DMEM
medium prior to incubation with hCG or PBS.

Single particle tracking of FLAG-LHR-wt receptors on individual cells
Lateral dynamics and the size of domains accessed by individual FLAG-LHR-wt were
evaluated using single-particle tracking methods as described by Kusumi and coworkers [17]
and Smith et al. [12]. 40 nm nanogold particles were conjugated with the lowest possible
concentration of anti-FLAG monoclonal antibody (mAb) and then incubated with CHO cells
expressing FLAG-LHR-wt receptors at concentrations typically less 15 μg/mL to produce 1-4
gold particles per cell. The trajectories for individual gold particles were segmented into
domains by calculation of statistical variance in particle position over times using a procedure
similar to that developed by a number of investigators [18-20]. Results were analyzed to yield
the domain size, the residence time for each particle and the effective macroscopic diffusion
constants as described by Saxton [20].

Results
hLHR-wt become self-associated and translocate into membrane rafts following treatment
with hormone

We used fluorescence dequenching of the fluorescence donor and imaging methods to examine
conditions in which wild type human LHR were self-associated. This FRET method has a
number of advantages, the most important being that all measurements of fluorescence
emission from the fluorescence donor are accomplished on the same cell. To perform these
experiments, CHO cells were stably cotransfected with both CFP- and YFP-coupled LH
receptors. Stable transfection of LH receptors is reported to decrease immature or misfolded
hLHR and increase cell membrane expression [9]. We imaged CFP and YFP fluorescence
separately using fluorescence filter sets for these visible fluorescent proteins that minimized
the fluorescence contribution from CFP when imaging YFP [15] and that, in subsequent steps,
permitted photobleaching of YFP only. Following photobleaching, each cell was reimaged
using the same filter sets. As shown in Figure 1, after photobleaching of YPP, an increase in
CFP dequenching and thus a brighter CFP image was obtained when there was energy transfer
between the visible fluorescence proteins.

We used two methods to analyze data from these studies (Figure 2). In both methods,
background fluorescence was subtracted from the four images obtained in each individual
experiment. This involved selection of a cell-free site on the complete image and subtraction
of the average intensity of that site from the complete image. This typically produced images
of cells on a dark background. The first method used for analysis of fluorescence donor intensity
averaged fluorescence intensity from the entire cell before and after photobleaching to calculate
energy transfer efficiency. Figure 2 shows donor fluorescence from a representative cell before
and after photobleaching of the fluorescence acceptor. We compared this method with one in
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which only fluorescence from the periphery of the cell was used. In the example shown in
Figure 2, the average intensity before photobleaching from the entire cell as compared to
“plasma membrane only” was reduced from 1530 cps to 487 cps. After photobleaching, values
increased to 1753 cps and 560 cps. Energy transfer efficiency (%E) was not statistically
different (12.7% and 12.9%, respectively) using these two methods for analysis of FRET. More
generally, examining only the plasma membrane of each of the cells lines used for FRET
analysis produced a decrease in the mean and S.D. of 2.3 ± 1.4% for %E (data not shown)
which was not significant while reducing the overall number of photon counts used to evaluate
FRET.

A summary of results using the whole cell imaging method is shown in Table I. In the absence
of ligand, values for energy transfer efficiency between LHR-wt receptors were, on average,
less than 1%. Energy transfer efficiency increased significantly to 11.5 ± 1.2 % following
exposure of LHR-wt to 100 nM hCG. Since energy transfer occurs to a measurable extent only
when the CFP (donor) and YFP (acceptor) are separated by distances less than about 100 Å
[16], FRET results indicate that wild type human LHRs, if occupied by a functional ligand,
undergo receptor self-association.

LHR-wt receptors also translocated from the bulk plasma membrane into high buoyancy
membrane fractions (rafts) following ligand treatment (Figure 3 and upper panel of Figure 4).
Following isopycnic centrifugation of plasma membrane fractions from CHO cells, over 95%
of unoccupied receptors were found fractions containing 39-56% sucrose. About 75% of hCG-
treated FLAG-hLHR-wt consistently appeared in sucrose fractions containing 24-34% sucrose
and thus had “floated” to lower sucrose densities during centrifugation. The remaining
receptors were found in fractions containing higher sucrose concentrations. To further
demonstrate the presence of hormone-treated LH receptors within rafts, we treated cells with
1% MβCD, a cholesterol-sequestering reagent that is efficient in removing cholesterol from
the plasma membranes of live cells and that disrupts raft structure (Figure 3 and the upper panel
of Figure 4). At low concentrations MβCD extracts membrane cholesterol by placing it in a
central non-polar cavity of cyclic oligomers of glucopyranoside in 1,4 glycosidic linkages
[21] without affecting cell viability (data not shown). Pretreatment of CHO cells with MβCD
followed by exposure to 100 nM hCG reduced the relative number of receptors in fractions
containing less than 34% sucrose from 75% to 13%, presumably by disrupting membrane
microdomains.

Constitutively-active human LHR are self-associated in the absence of hormone
In contrast to wild type human LH receptors, constitutively active receptors in the absence of
hormone exhibited relatively high values for fluorescence energy transfer efficiency that
ranged from about 11-15% (Table I). Hormone treatment had no statistically significant effect
on FRET values. Following treatment of cells with 100 nM hCG, energy transfer between
LHR-D578Y increased from 11.7 ± 2.2 % to 14.1 ± 4.2% while energy transfer efficiency for
cells expressing LHR-D578H decreased slightly. The absence of any statistically significant
effect suggests that there was little, if any, overall change in the extent of receptor association
when constitutively active receptors were occupied by ligand.

MβCD treatment disrupts plasma membrane rafts and reduces the extent of energy transfer
between FLAG-LHR-D578H receptors but does not affect cAMP signaling

To examine localization of LHR-D578H in rafts, the receptor was epitope-tagged on the N
terminus using FLAG. Western blots of sucrose gradient fractions obtained from isopycnic
ultracentrifugation showed approximately 20-25% of FLAG-LHR-D578H associated with
sucrose fractions containing 24-34% sucrose both before and after binding of hCG (Figure 4,
lower panel). As expected, MβCD treatment shifted the constitutively active receptor to lower
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buoyancy membrane fractions which was consistent with disruption of membrane rafts
(Figures 3 and 4, lower panel).

Because it has been suggested that plasma membrane rafts may concentrate receptors and other
plasma membrane molecules necessary for the transduction of a productive ligand-mediated
signal, we examined whether disruption of membrane rafts reduced or eliminated cAMP
signaling by FLAG-LHR-D578H cells. Interestingly, there was no decrease in cell signaling
via cAMP following MβCD treatment (Table II) suggesting that localization of LHRs to rafts
may not be required for receptor signaling. There was, however, a significant decrease in the
extent of receptor self association from an average of 14% to 8% in MβCD-untreated cells
(Table I).

A more detailed analysis of this decrease in FRET efficiency is presented in Figure 5 which
shows individual FRET values for both untreated and MβCD-treated cells. The efficiency of
energy transfer for untreated and MβCD-treated cells varied on a cell-to-cell basis over a fairly
large range. When LHR-D578H cells were treated with MβCD, higher values for FRET
efficiency were absent as reflected in the left shift in accumulated FRET values. One
explanation for this result is that there are two populations of self-associated, constitutively-
active receptors on LHR-D578H cells with more extensive receptor self-association occurring
in membrane rafts. The persistence of self-associated receptors in the bulk membrane following
cell treatment with MβCD may be sufficient to maintain adenylate cyclase activation and
elevated levels of cAMP in cells.

Single particle tracking of hCG-occupied FLAG-LHR-wt receptors demonstrates “trapping”
of receptors in small membrane compartments

To independently assess the localization of hCG-treated FLAG-LHR-wt in membrane
compartments, single particle tracking methods were used. This technique identifies individual
LH receptors on the surface of viable cells and tracks their motions over approximately two
minutes. The image of a 40 nm gold particle attached to an individual receptor can be identified
visually on video obtained from each experiment and the motions of its centroid can be
quantitatively described. hCG treatment reduced the average diameter of compartments
containing human FLAG-LHR-wt approximately 2-fold from 309 ± 131 nm to 146 ± 119 nm
as well as the diffusion coefficient for receptors within compartments (Figure 6 and Table III).
For both unoccupied and hormone-treated FLAG-LHR-D578H, the compartments containing
receptors were small with domain diameters, Lr, of 114 ± 22 nm and 94 ± 33 nm, respectively.
Diffusion coefficients within these small compartments (0.2 × 10-11cm2sec-1 and 0.1 ×
10- 11cm2sec-1, respectively) were comparable to those obtained for hCG-treated FLAG-LHR-
wt (0.3 × 10- 11cm2sec-1).

Discussion
In addition to exhibiting unregulated signaling, constitutively-active LH receptors have
characteristics of hormone-treated, actively signaling wild type human receptors and rat LH
receptors [12]. These receptors are self-associated, present in small membrane compartments
on viable cells and isolated within plasma membrane rafts. The extent of receptor self-
association is characteristic of wild type rat [14] and human LH receptors treated with a high
concentration of hCG with values for energy transfer efficiency ranging from 11-15%. The
LHR-D578H receptor also appears to be distributed into sucrose fractions with densities
comparable to those in which hormone-treated rat [12] or human LHR-wt receptors are found.

We find no evidence for extensive self-association of the LHR-wt receptor on the viable cells
used in these studies prior to binding of ligand. This is in contrast to reports by Tao et al. [9]
and Urizar et al. [22]. Whether this is because of differences in the experimental approaches
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used by these investigators or other factors such as receptor density is difficult to determine.
However, in our hands, results with human LH receptors are consistent with those seen for rat
LH receptors [14] using a related fluorescence method to evaluate FRET on intact, viable cells.
Moreover, the evaluation of single particle tracking of individual LH receptors also suggests
that extensive aggregation of the receptor has not occurred prior to hormone binding. Although
lateral diffusion measurements are only weakly correlated with the size of the diffusing 9
structure, it appears that prior to hormone treatment, wild-type LH receptors are diffusing freely
in the membrane over large distances while hormone-treated receptors are significantly
restricted in their ability to move laterally in the plane of the membrane. The restriction of LH
receptor motions may be due to extensive receptor self association, aggregation of the receptor
into large structures containing other proteins, receptor anchoring by, for example, cytoskeletal
components, or confinement of the receptor by membrane architectural features such as rafts.

Unlike constitutively active LHR-D578H receptors, human wild type receptors undergo
translocation into rafts upon binding of ligand. In addition to rat and human LH receptors, there
are a number of examples of plasma membrane receptors that are transiently associated with
rafts during signaling. As examples, the β-adrenergic receptor becomes transiently associated
with lipid rafts together with nitric oxide synthase and adenylate cyclase [23]and requires the
raft environment for adenylate cyclase activity by Gs. The Type I Fc, receptor is also transiently
associated with lipid rafts and exhibits increased signaling capability in that environment. Baird
and coworkers suggest that, although the Type I Fc, receptor appears to be associated with Lyn
in the bulk membrane, Lyn has low activity under these conditions [24]. Rather, it is
translocation of Type I Fc, receptors together with Lyn into the raft environment together as
well as aggregation of the Fc, receptor that promotes the coupling of Type I Fc, receptors with
Lyn phosphorylation. There are also examples of constitutive association of proteins with rafts
including gonadotropin releasing hormone receptor, a G protein-coupled receptor [13].

Factors driving translocation of either the wild type receptor into membrane rafts or residence
of constitutively-active receptors within these structures are not known. Although the
possibility remains that factors regulating LH receptor association with rafts differ for wild
type and LHR-D578H, these studies indicate that association of LH receptors with rafts does
not involve direct interactions between glycosylated hCG and raft components. While binding
of hCG to the wild type receptor is necessary for translocation of the receptor into raft domains,
the increase in association of the LHR-D578H with raft domains following addition of hormone
is small, approximately 6% of the total receptor number. Moreover, studies of an rat LH
receptor with a point mutations in the sixth transmembrane domain [12] suggest that these
receptors, which exhibit little if any capacity to signal, remain localized in bulk membrane
fractions despite binding of hCG.

On the other hand, conformational differences between the wild type and constitutively active
receptor may be sufficient to promote constitutive interactions between the receptor and raft
components. An appropriate conformation for the constitutively active receptor and acquisition
of a similar conformation by the hormone-occupied wild type receptor may increase receptor
affinity for raft-associated proteins. It is also possible that a critical receptor conformation is
needed for association of ligand-activated receptors with other non-receptor raft components
and it is these interactions that result in retention of the receptor in rafts.

Alternatively, structural modification of receptors such as lipidation could cause preferential
localization of the receptor in the cholesterol and spingomyelin-rich outer leaflet that defines
the raft environment. There is evidence of palmitoylation of the wild type rat LH receptor upon
binding of hormone [25] and both the constitutively active human LH receptor and the human
wild type receptor contain the palmitoylation motif. Menon and coworkers [26,27] have
suggested that rat LH receptor depalmitoylation may be involved in internalization of the
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receptors: wild type receptors, which are more extensively palmitoylated, are also more rapidly
internalized than a less palmitoylated, constitutively-active mutant. Whether palmitoylation is
a dynamic process, occurring in response to, for example, binding of ligand, is not known
although there are examples of other G-protein coupled receptors for which this process is
dynamic [28]. Moreover, palmitoylation of other membrane proteins such as Thy-1 [17] and
linker for activation (LAT) of T cells [29] is necessary for retention in low density membrane
fractions.

In these studies, a minimum of two events appear to be necessary for signaling by the LH
receptor. First, productive signaling by a hormone occupied receptor appears to involve
receptor-receptor interactions that produce comparatively high positive values for energy
transfer efficiency. Second, migration to the raft environment or retention in small membrane
compartments may also play a role in signaling. Although we anticipated that disruption of
lipid rafts would impair signaling by constitutively active LH receptors, as it did for rat LHR-
wt receptors [12], this was not the case. Rather, receptor-mediated cAMP accumulation by the
constitutively-active receptor was not affected by cholesterol depletion although it did reduce
the extent of receptor-receptor interaction. Thus, it remains possible that the key event in
signaling by the constitutively-active receptor, in contrast to the wild type receptor, is
establishing and maintaining receptor interactions rather than their membrane
microenvironment.
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Figure 1.
Photobleaching of the fluorescence acceptor in evaluation of FRET. This figure shows
representative images from a single cells before and after photobleaching of YFP. As shown
in the lower right panel, photobleaching of YFP eliminates essentially all YFP signal and
increases the CFP signal as a result of CFP dequenching. In this examine, energy transfer
efficiency was 24%.
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Figure 2.
A comparison of FRET efficiencies from a whole cell and from a portion of the plasma
membrane. Two methods were used to evaluate the extent of energy transfer efficiency. Panels
A and C show donor fluorescence from periphery of the cell before and after acceptor
photobleaching. Panels B and D show donor fluorescence from entire cell before and after
acceptor photobleaching. In this example, the values for energy transfer efficiency (%E) were
12.7% and 12.9%, respectively.
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Figure 3.
Identification of FLAG-tagged receptors in membrane fractions with high buoyancy.
Representative western blots obtained from cell samples separated on sucrose density gradients
demonstrate that FLAG-LHR-wt receptors (upper images) are localized in high density
membrane fractions before exposure to hCG and appear in fractions containing lower sucrose
concentrations after treatment of CHO cells with 100 nM hCG. Disruption of plasma membrane
rafts by 1% MβCD membrane prevented translocation of FLAG-LHR-wt into low density
sucrose fractions. Images in the lower panel demonstrate that a constitutively active human
LH receptors LHR-D578H appear in low density membrane fractions both in the absence and
presence of hCG. Disruption of plasma membrane rafts by extraction of cholesterol from the
plasma membrane causes a redistribution of receptors into lower density sucrose fractions.
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Figure 4.
Evaluation of raft localization for LHR-wt and LHR-F578H. The relative amounts of either
LHR-wt or LHR-D578H in each sucrose fraction were evaluated after preparation of western
blots using densitometry. Results shown are the mean and standard error of the mean (S.E.M.)
for at least 2 separate experiments. The sucrose concentration in each fraction obtained from
a sucrose gradient following centrifugation was evaluated in five separate experiments using
a Baush and Lomb refractometer together with a standard curve. Because, for any given
fraction, the sucrose concentration did not vary appreciably from experiment to experiment,
the average sucrose concentration for five representative experiments is shown.
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Figure 5.
Effects of MβCD on the distribution of FRET values. Individual FRET measurements for either
untreated CHO cells expressing LHR-D578H or cells treated with MβCD were plotted. In the
absence of MβCD, energy transfer efficiency ranged from 3% to 36%. Following treatment of
cells with MβCD, only energy transfer efficiency was, on average lower, and high extents of
energy transfer were no longer observed.
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Figure 6.
Single particle tracking of individual FLAG-LHR-wt and FLAG-LHR-D578H receptors
labeled with gold-conjugated anti-FLAG antibody. The compartment size and diffusion
coefficient for the LH receptor within that compartment were calculated as described in
Methods and Materials. Results shown are from CHO cells expressing untreated FLAG-LHR-
wt receptors (△), FLAG-LHR-wt receptors treated with hCG after labeling of receptors with
gold-conjugated anti-FLAG antibody (□), untreated CHO cells expressing FLAG-LHR-
D578H (▼) or cells expressing FLAG-LHR-D578H that were treated with hCG after labeling
of receptors with gold-conjugated anti-FLAG antibody. Data presented in this figure were
obtained for 8 particles on individual cells.
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Table I
Efficiency of Fluorescence Energy Transfer between Wild Type LH receptors and Constitutively Active
Receptors

Cell Line Ligand Treatment %Efficiency n

LHR-wt none none 0.8 ± 1.3 17
100 nM hCG none 11.5 ± 1.2 24

LHR-DG none none 15.3 ± 1.9 11
100 nM hCG none 11.1 ± 2.5 14

LHR-DH none none 13.8 ± 1.6 39
100 nM hCG none 13.0 ± 1.3 23
none 1% mβCD, 45 min 8.0 ± 1.4 15

LHR-DY none none 11.7 ± 2.2 14
100 nM hCG none 14.1 ± 4.3 11
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Table II
cAMP responsiveness of cells expressing FLAG-LHR-wt and FLAG-LHR-D578H1

Cell Line Treatment Fold Increase over basal cAMP levels n

LHR-wt None 1.0a 9
LHR-wt 100 nM hCG 1.6 ± 0.1b 9
LHR-D578H None 2.1 ± 0.3b 9
LHR-D578H 1% MβCD 2.9 ± 0.6b 6

1
CHO cells expressing LHR-wt were assayed for cAMP expression following treatment with 100 nM hCG or following pretreatment of cells expressing

LHR-D578H with MβCD. Results are expressed as the mean of the relative increase in cAMP ± S.E.M. compared to basal levels of cAMP in untreated
CHO cells expressing LHR-wt receptors.

a
Means with different superscripts differ (p<0.03).

b
Means with different superscripts differ (p<0.03).
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