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Abstract

Even though there are hundreds of reports in the published literature supporting the hypothesis that
G protein-coupled receptors (GPCR) form and function as dimers this remains a highly
controversial area of research and mechanisms governing homodimer formation are poorly
understood. Crystal structures revealing homodimers have been reported for many different
GPCR. For adrenergic receptors, a potential dimer interface involving transmembrane domain 1
(TMD1) and helix 8 (H8) was identified in crystal structures of the beta;-adrenergic (B1-AR) and
B2-AR. The purpose of this study was to investigate a potential role for TMD1 and H8 in
dimerization and plasma membrane expression of functional B,-AR. Charged residues at the base
of TMD1 and in the distal portion of H8 were replaced, singly and in combination, with non-polar
residues or residues of opposite charge. Wild type and mutant f,-AR, tagged with YFP and
expressed in HEK293 cells, were evaluated for plasma membrane expression and function.
Homodimer formation was evaluated using bioluminescence resonance energy transfer,
bimolecular fluorescence complementation, and fluorescence correlation spectroscopy. Amino
acid substitutions at the base of TMD1 and in the distal portion of H8 disrupted homodimer
formation and caused receptors to be retained in the endoplasmic reticulum. Mutations in the
proximal region of H8 did not disrupt dimerization but did interfere with plasma membrane
expression. This study provides biophysical evidence linking a potential TMDZ1/H8 interface with
ER export and the expression of functional B»-AR on the plasma membrane.
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1. Introduction

Monoamine receptors are members of the G protein-coupled receptor (GPCR) super family
of plasma membrane signaling proteins, one of the largest protein families encoded in the
human genome. They are expressed throughout the body and are targets for a wide variety of
currently marketed pharmaceuticals. Therefore, significant emphasis has been placed on
understanding molecular mechanisms governing monoamine receptor structure and function.

Over the past several decades, evidence has been mounting in favor of a new model of
GPCR activation that includes the formation of dimeric or oligomeric complexes. While
highly controversial, dimerization has been reported to regulate all aspects of GPCR
function including synthesis, ligand binding, and signaling (reviewed in [1, 2]). More
recently, homodimer formation has been reported for native 5-HT,¢ receptors endogenously
expressed in their native cellular environment [3]. However, less is known about how dimer
formation occurs and how it regulates receptor function. Central to our understanding of
how dimerization occurs is the identification of the homodimer interface.

Two potential homodimer interfaces are predicted based on GPCR crystal structures: a more
frequently observed interface involving symmetrical regions of transmembrane domains
(TMD) 1, 2 and helix 8 (H8) [4-10] and a TMD4/5 or TMD5/6 interface [8, 10-12]. For
monoamine receptors, experimental evidence has been provided supporting both TMD1/H8
[10, 13, 14] and TMD4/5/6 interfaces [10, 15-17]. Computer modeling studies predict a
TMD1/H8 interface to be involved in the formation of stable GPCR homodimers, with the
possibility of a more transient TMD4/5 interface being involved in the formation of
oligomers [18, 19]. For adrenergic receptors, the beta;-adrenergic (B1-AR) crystal structure
reported by Huang and colleagues [10] and the B,-AR crystal structure reported by
Cherezov and colleagues [20] both implicate TMD1 and H8 as potential dimer interfaces,
albeit in different arrangements. The B1-AR crystal structure shows symmetrical TMD1 and
H8 interfaces, along with TMD4/5, while the B,-AR crystal structure predicts an inter-
receptor ionic linkage between charged residues at the base of TMD1 (K60) and H8 (E338).
Notably, both crystal structures implicate analogous charged residues in the distal portion of
H8 at the dimer interface.
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Previous mutagenesis studies have focused on hydrophobic residues within TMD1 [21, 22],
intracellular loop 1 [23], and H8 [22, 24-26]. In contrast, the present study investigated the
physiological role of charged residues at the base of TMD1 (in the region of K60) and the
distal portion of H8 (in the region of E338) in regulating B»-AR homodimer biogenesis and
receptor function. Polar and charged residues were replaced, singly and in combination, with
non-polar residues or residues of opposite charge. Wild type (WT) and mutant p,-AR,
labeled with YFP and expressed in HEK293 cells, were evaluated for plasma membrane
targeting and G protein activation. Dimerization was evaluated using bioluminescence
resonance energy transfer (BRET), bimolecular fluorescence complementation (BiFC) and
fluorescence correlation spectroscopy (FCS). The results of this study support the hypothesis
that residues in the distal portion of H8 and at the base of TMD1 play a role in f,-AR
homodimer formation and the delivery of functional receptor complexes to the plasma
membrane.

2. Methods

2.1 Cell culture and transfection

HEK?293 cells from the American Type Culture Collection were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Cellgro) with 10% fetal bovine serum (FBS, HyClone)
at 37°C, 5% CO,. For radioligand binding, fluorescence, CAMP, and BRET assays the cells
were plated in six-well plates (5x10° cells/well) 24hrs prior to transfection. For confocal
imaging, BiFC, and FCS cells were plated on poly-lysine treated glass coverslips in six-well
plates. Transfections contained 100ng of each plasmid with 2ul of lipofectamine reagent
(Invitrogen), unless otherwise indicated. Transfections were performed in serum-free
DMEM and were ended after 5hrs by washing in PBS and addition of DMEM. For confocal,
BiFC, and FCS transfections were ended in phenol-free MEM. Assays were performed
24hrs following transfection. Transfection efficiency was 40%, determined by confocal
fluorescence imaging of cells transfected with CFP plasmid to identify transfected cells.

2.2 Creation of mutant and fluorescence-tagged receptors

Plasmid cDNA encoding B2-AR was provided by R.J. Lefkowitz (Duke University), CD-28
was provided by J. Miller (University of Rochester) and CD-86 was provided by G. Milligan
(University of Glasgow). The B»-AR was cloned into the pEGFP-N1 (Clonetech) at EcoRI/
BamHlI to create a chimeric receptor with a fluorescent tag on the C-terminus of the
receptor, which was used as the starting template for mutagenesis. Sense and anti-sense
primers containing the desired TMD1 and H8 ,-AR mutations were used in PCR-based
mutagenesis with pfu polymerase (Stratagene), according to the Stratagene protocol. For the
BRET assay, yellow fluorescent protein (YFP) and Renilla luciferase (Rluc) were attached
to the C-terminal end of WT and mutant 3,-AR by ligation of receptors into pEYFP-N1 and
Rluc vectors (Clontech). All constructs were confirmed by DNA sequencing (Center for
Functional Genomics, Albany, NY).

2.3 Bimolecular fluorescence complementation (BiFC)

BiFC pairs, N-YFP and C-YFP, were made by site-directed mutagenesis using the .-
AR/YFP cDNA as the starting template. B,-AR/N-YFP was made by inserting a stop codon
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at amino acid 156 of YFP. B,-AR/C-YFP was made by inserting a BamHI site at amino acid
156 of the YFP, followed by BamHI digest to remove amino acids 1-155 of the YFP, and
subsequent re-ligation. To create the mutant B,-AR BiFC pairs, WT B,-AR was cut out of
the N-YFP and C-YFP constructs and the mutant p,-AR was inserted. BiFC was performed
by co-transfecting equal amounts (200ng each) of WT or mutant f,-AR/N-YFP + B,-AR/C-
YFP, along with 50ng of pECFP-N1 plasmid into HEK293 cells as described in section 2.1
above. Confocal fluorescence imaging was performed 36 to 40 hours post-transfection. CFP
fluorescence was used to identify transfected cells and as a marker of transfection efficiency.
Positive BiFC was observed as complementation of the N-YFP and C-YFP halves to restore
YFP fluorescence. Negative BiFC was observed as a lack of YFP fluorescence in transfected
cells co-expressing the CFP plasmid.

2.4 Radioligand binding: Cell surface and total

HEK?293 cells were plated and transfected as described above in section 2.1. Whole cell
radioligand binding (to measure cell surface receptors) was performed by incubating intact
cells with 3H-DHA (1nM) at 37°C for 30 minutes in the absence and presence of membrane-
impermeable isoproterenol (10uM) to measure cell surface binding. Cells were washed twice
with cold PBS to remove unbound radioligand. Bound radioligand was released from intact
cells with 3% TCA in PBS for 20 minutes, and measured by liquid scintillation counting.
Membranes for homogenate radioligand binding (total binding; ER and plasma membranes)
were prepared by homogenizing transfected cells in assay buffer (50mM Tris-HCI/5SmM
MgCl,/0.5mM EDTA pH7.4) and centrifugation at 12,000xg for 30 minutes. Membrane
pellets were washed, re-suspended in assay buffer, and 10ug of membrane protein was
incubated with 3H-DHA (1nM) and propranolol (0.01nM-1uM) at 37°C for 30 minutes.
Samples were filtered through glass fiber filters and measured by liquid scintillation
counting. Propranolol competition was analyzed using GraphPad Prism5.0.

2.5 Fluorescence assay for total protein expression

HEK293 cells were plated and transfected as described above in section 2.1. Twenty-four
hours post-transfection, each well of cells was washed in PBS, re-suspended in 100 ul of
trypsin/PBS 1:1, and 100ul of PBS with 5% FBS was added to a final volume of 200ul per
well. Individual 200ul samples were added to a 96 well plate (black wall and bottom,
Costar) and total YFP fluorescence was measured using a Victor3 Perkin Elmer plate reader
(485nm/530nm for 2.0s). Data are reported as total fluorescence observed in each well in
arbitrary fluorescence units recorded by the plate reader.

2.6 cCAMP Assay

Transfected HEK293 cells were transferred to a 96 well plate and incubated with
isoproterenol (0.1nM-1uM) for 30 minutes. Isoproterenol-stimulated cAMP production was
measured using the LANCE cAMP kit (PerkinElmer), according to the manufacture’s
protocol, in a VICTORS3 plate reader (Perkin Elmer). Dose-response ECs values were
determined using GraphPad Prism5.0.
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2.7 Bioluminescence Resonance Energy Transfer (BRET)

HEK293 cells were plated and transfected as described above in section 2.1. HEK293 cells
co-transfected with BRET donor (Renilla luciferase fused to the C-terminus of WT and
mutant receptors) and acceptor (YFP fused to the C-terminus of WT and mutant receptors)
were washed in PBS, lifted in 1ml of PBS/EDTA and placed in a cuvette with 5SuM
coelenterazine f (Molecular probes). Emission spectra (400nm-600nm) were collected on a
Perkin Elmer LS-50B luminescence spectrophotometer. BRET ratios were calculated as:
[(emission at 510-590nm) — (emission at 440-500nm) X cf] / (emission at 440-500nm)
where cf = (emission at 510-590nm) — (emission at 440-500nm) for WT/Rluc+pcDNA3
control, as previously described [27].

2.8 Fluorescence correlation spectroscopy (FCS) with Photon Counting Histogram (PCH)

HEK293 cells were plated and transfected as described above in section 2.1. FCS recordings
were made on the upper plasma membrane (WT) or within the ER (K60L/E338L and
F332A/F336A) of transfected HEK293 cells (in HEPES-buffered MEM without phenol red)
using a Zeiss LSM-780 confocal microscope (Carl Zeiss, Germany) as previously described
[28]. Briefly, one-photon excitation with a continuous wave argon ion laser was performed
using a 40x C-apochromat water immersion objective with 1.2 numerical aperture. FCS
measurements were recorded at 23°C for 100s, as 10 consecutive 10s intervals. Time-
dependent fluctuations in YFP fluorescence intensity were recorded using a gallium arsenide
phosphide photon counting detector and analyzed using least-squares minimization (Zeiss
Aim4.2 software) to calculate the autocorrelation function G(x), which represents the time-
dependent decay in fluorescence fluctuation intensity. PCH were generated and analyzed as
previously described [28]. Briefly, each 10s FCS recording was broken down into one
million 10ps intervals or bins. Histograms were constructed (using the PCH module, Zeiss
Aim4.2 software) in which the number of 10yus bins was plotted on the y-axis and photon
counts on the x-axis. The resulting histogram depicts the number of bins that registered 1, 2,
3 photon counts etc. during one 10s FCS recording. PCH data were fit to a one component
model where concentration and molecular brightness were allowed to be free (and the first
order correction was fixed at zero) to determine the average molecular brightness of the
entire sample. The molecular brightness of a dimer was determined using a known dimeric
control, CD-28/YFP, and the results were used to predict the monomeric/dimeric/oligomeric
composition of wild type and mutant receptors. Residuals of the curve fit and reduced chi
square analyses were used to determine the goodness of fit to a one component model for a
single species (monomers or dimers or tetramers) and a two component model (for a mixture
of monomers, dimers, tetramers), as previously described [28].

3. Results

Site-directed mutagenesis was used to investigate the role of TMD1 and H8 in f,-AR
homodimerization and plasma membrane expression. Figure 1 shows the characteristic
seven TMD structure of a GPCR, with amino acid residues of the 3,-AR targeted for
mutation analysis shown in red.
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3.1 Cellular localization of wild type and mutant receptors

Confocal microscopy was used to determine the cellular localization of YFP-tagged wild
type (WT) and mutant B,-AR expressed in HEK293 cells (figure 2). A plasma membrane
dye (Dil) and YFP tag with ER retention motif (ER/YFP) were used to visualize the
architecture of the plasma membrane and ER, respectively. WT receptors displayed normal
trafficking and plasma membrane expression (figure 2). As a starting point, a triple mutant
was created to convert the polar/charged region at the base of TMDL1 into a non-polar region.
The amino acids chosen for substitution were driven by the DNA sequence of the B,-AR.
Alanine substitution was not possible at K60/F61/E62 because the DNA sequence to create a
triple mutant with Alanine at all three positions generated primer dimers incompatible with
site-directed mutagenesis. Instead, a K60L/F61I/E62V triple mutant was created. This
mutant receptor demonstrated a pattern of fluorescence identical to the ER/YFP marker
(figure 2). Individual mutation analysis revealed a major role for amino acid K60 and a
minor role for E62 in mediating this phenotype: a K60L mutant was largely ER retained
while an E62A mutant was expressed on the plasma membrane. In a similar fashion, the role
of the polar/charged region of Q337/E338 in H8 was investigated by removing the charge
while maintaining side chain length. The Q337L/E338L mutant was ER retained (figure 2).
Individual mutation analysis revealed E338L receptors with impaired trafficking and Q337L
receptors with plasma membrane expression. Based on these results, double TMD1/H8
mutants were investigated. The K60L/E338L double mutant was completely ER retained,
while the neighboring E62A/Q337L mutant was able to traffic to the plasma membrane.
Reversing the charge in the K60/E338 region to K60E/E338K partially restored trafficking.
Since a previous study reported that F332 and F336 in H8 play a role in the ER export of the
B2-AR [27], we tested these residues as well. The F332A and F336A single mutants were
expressed on the plasma membrane, while the F332A/F336A double mutant was largely ER
retained.

3.2 Expression levels of wild type and mutant receptors

Whole cell radioligand binding was performed to measure plasma membrane expression of
WT and mutant receptors (figure 3A). Specific binding of 3H-DHA to cell surface receptors
was measured using isoproterenol to define non-specific binding. Consistent with the
fluorescence microscopy results, the TMD1 triple mutation K60L/F61I/E62V and the
Q337L/E338L H8 double mutation reduced plasma membrane expression by 85% compared
to WT levels (2.78+/-0.30 pm/mg protein). Plasma membrane expression was reduced by
50% for K60L and 43% for E338L, while the E62A and Q337L neighboring mutations had
minimal impact. The K60L/E338L TMD1/H8 double mutation reduced cell surface
expression by >90% and the K60E/E338K double reverse mutation partially restored surface
expression to 41% of WT levels. The E62A/Q337L mutation slightly reduced surface
expression. The F332A/F336A mutation reduced surface expression to 32% of WT levels.
While several of the mutations significantly reduced cell surface expression, they did not
reduce protein expression as similar total cellular fluorescence was observed in cells
transfected with equal amounts of WT/YFP or mutant/YFP cDNAs (figure 3B). Therefore,
differences in cell surface expression levels of the mutant receptors (observed in figure 3A)
are not due to differences in transfection, translation or expression of the mutant receptors,
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but instead reflect differences in the ability of the mutant receptors to traffic to the plasma
membrane.

3.3 Binding pocket integrity and function

Homogenate radioligand binding studies were performed to test the integrity of the binding
pocket of several ER-retained mutant receptors. Membrane homogenates, containing both
ER and plasma membranes, were prepared from HEK293 cells expressing WT and mutant
receptors. Competition radioligand binding experiments were used to determine the Ki value
of propranolol for inhibition of 3H-DHA binding (table 1). The K60L/E338L, K60E/E338K
and E62A/Q337L mutant receptors displayed high affinity for propranolol, demonstrating
proper folding of the binding pocket. The functionality of plasma membrane expressed
receptors was determined by measuring cCAMP production. Isoproterenol ECsq values within
1-5nM were obtained for cells expressing WT and K60E/E338K mutant receptors (table 1).
No cAMP production was observed in cells expressing K60L/E338L in response to 100nM
isoproterenol, consistent with a lack of cell surface expression for this mutant.

3.4 Homodimerization

Homodimer formation was investigated using three different approaches: BRET, BiFC and
FCS. The first step was to identify a non-interacting receptor pair to be used as a control for
establishing baseline BRET measurements and BiFC fluorescence. The serotonin 5-HTo¢
receptor was used for this purpose. For the BRET studies, Renilla luciferase (Rluc) attached
to the C-terminus of the receptor was used as the donor and YFP as the acceptor. Figure 4
shows the BRET ratios obtained for different combinations of Rluc and YFP vectors with
tagged B2-AR and 5-HT,¢ receptors. Significant BRET ratios were observed in cells co-
expressing Rluc- and YFP-tagged B,-AR or 5-HTy¢ receptors, but not in cells co-expressing
B2-AR with 5-HT,¢ (figure 4). BiFC was used to verify the BRET results (figure 5). Bo-AR
and 5-HT ¢ receptors were tagged with the N-terminal half of YFP (N-YFP) or the C-
terminal half of YFP (C-YFP). Fluorescence can only be observed when the N and C
terminal halves of YFP physically associate with one another to reconstitute a functionally
fluorescent YFP protein. Fluorescence complementation was observed in cells co-expressing
N- and C-terminally tagged B2-AR or 5-HT,c, but not in cells co-expressing B»-AR with 5-
HT,c (figure 5). The BRET results were confirmed by BiFC and indicate that f,-AR and 5-
HTyc are suitable non-interacting partners for determining baseline BRET values. Thus, the
BRET ratio obtained for B2-AR/Rluc + 5-HT,c/YFP (0.065) was used in subsequent
experiments to define baseline or non-specific BRET levels.

3.4.1 BRET—BRET was used as a preliminary screen to identify potential amino acids at
the base of TMD1 and in H8 that may play a role in the self-association of B,-AR (figure
6A). The BRET ratio obtained for the non-interacting Bo-AR/RIluc + 5-HT,c/YFP pair was
used to determine non-specific BRET. Specific BRET ratios were defined as the difference
in BRET ratio obtained from cells co-expressing Rluc- and YFP-tagged WT or mutant B,-
AR and cells co-expressing po-AR/Rluc with 5-HT,c/YFP (figure 6A). Mutations at E62
and Q337 did not impair the BRET signal, while the K60L and E338L mutations produced a
moderate decrease in the BRET signal. Notably, the K60L/E338L double mutant did not
interact with self as evidenced by a specific BRET signal equivalent to 10% of WT levels.
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Similar results were obtained with the TMDL triple mutant K60L/F611/E62V and to a lesser
extent with the Q337L/E338L H8 double mutant. The K60E/E338K double reverse mutation
partially restored specific BRET to 45% of WT levels. The F332A and F336A mutations did
not impair the BRET signal. Linear regression analysis revealed a significant correlation
between BRET ratios and cell surface expression for mutations involving K60 and/or E338,
but not for mutations in the neighboring amino acids (figure 6B).

3.4.2 BiFC—Of all the mutations screened in the preliminary BRET study, the K60L/
E338L double mutant had the greatest impact on the BRET ratio. Since the BRET results
implicate a role for K60 in combination with E338 in maintaining the ability of the B,-AR to
self-associate, the K60L/E338L mutant was selected for further analysis using BiFC (figure
7). The N-terminal and C-terminal halves of YFP where individually attached to the C-
terminus of each receptor. The ability of the YFP halves to recombine and restore
fluorescence upon co-expression was monitored using fluorescence microscopy. A CFP
plasmid was used as a control to identify transfected cells and to determine transfection
efficiency. As anticipated based on the BiFC results presented in figure 5, HEK293 cells co-
transfected with WT/N-YFP and WT/C-YFP, in combination with CFP plasmid, displayed
YFP fluorescence on the plasma membrane and CFP in the cytosol (figure 7A). In contrast,
in cells co-transfected with K60L/E338L/N-YFP and K60L/E338L/C-YFP, along with CFP
plasmid, YFP fluorescence was absent from entire fields of cells in which nearly half of the
cells were transfected successfully and expressed the CFP plasmid (figure 7B). Since the
BRET study indicated a partial restoration of the BRET signal for the double reverse
mutation, the K60E/E338K mutation was also evaluated in the BiFC assay. Co-expression of
KB60E/E338K/N-YFP and K60E/E338K/C-YFP, along with CFP plasmid, yielded YFP
fluorescence in the majority of cells expressing CFP (figure 7C). Positive BiFC for K60E/
E338K was observed using the same split constructs (N-YFP and C-YFP) that were used on
the K60L/E338L mutant. At this point we have no reason to anticipate that the same split
constructs that worked on the K60E/E338K mutant would be non-functional on the K60L/
E338L mutant. While this cannot be ruled out, lack of positive BiFC for K60L/E338L is
supported by the BRET results. The F332A/F336A mutant was used as a positive control in
the BiFC assay since this mutant had a specific BRET ratio similar to WT. Even though the
F332A/F336A mutant was entirely ER-retained, prominent BiFC was observed within the
ER (figure 7D).

3.4.3 FCS—Taken together, the confocal microscopy, BRET and BiFC results suggest that
the K60L/E338L double mutation disrupts B,-AR self-association and plasma membrane
expression. The F332A/F336A mutation also impaired plasma membrane expression, but
did not impair BRET or BiFC. These results predict that the K60L/E338L mutant is
monomeric and that the F332A/F336A mutant retains its ability to self-associate. This
hypothesis was tested using FCS. FCS records the fluctuations in fluorescence intensity
arising from individual fluorescent molecules in a temporal manner (reviewed in [28-30]).
In FCS, fluorescence-tagged receptors freely diffusing within the membrane are excited by a
laser and the emitted photons are recorded by a photon counting detector. Fluorescence-
tagged receptors that associate with one another or are part of a larger protein complex will
co-diffuse within the plasma membrane. The number of fluorescence-tagged receptors
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present in the complex can be determined using a photon counting histogram (PCH), which
analyzes the amplitude of the fluorescence fluctuations to determine the number of
fluorescent molecules present in the sample and determines the number of photon counts per
molecule or molecular brightness [31]. The molecular brightness is proportional to the
number of fluorescent molecules traveling together within a protein complex such that a
monomer with a single fluorescent tag will have a brightness of x, a dimer 2x, tetramer 4x
and so forth. The molecular brightness of fluorescence-tagged receptors known to be
monomeric (CD-86) or known to form homodimers (CD-28) [32] can be used as controls to
decode the monomeric/oligomeric size of WT and mutant B,-AR.

WT and mutant YFP-tagged receptors, freely diffusing within HEK293 cell membranes,
were excited by a laser and the fluctuations in fluorescence intensity were recorded (figure
8A). Autocorrelation analyses of the fluorescence intensity traces produced biphasic
autocorrelation curves (figure 8B) with a fast component related to the photo-physical
properties of YFP (on the order of 100us) and a slower component representing the
translational diffusion of receptors within the membrane (on the order of 30ms, equivalent to
7.5 x 1079 cm?/s). The amplitude of the autocorrelation function is inversely related to the
number of fluorescent receptor complexes present in the sample. The amplitude (y-intercept)
of the autocorrelation curve (figure 8B) was the same for all samples tested, indicating that
each sample was expressing similar numbers of receptor complexes.

The corresponding fluorescence intensity traces (shown in figure 8A) revealed an average
photon count rate of 110kHz for WT/YFP, F332A/F336A/YFP and CD-28/YFP, and 55 kHz
for K60L/E338L/YFP. Similarly, the corresponding photon counting histograms (PCH,
figure 8C), registered twice as many photon counts for WT/YFP, F332A/F336A/YFP and
CD-28/YFP as for K6OL/E338L/YFP. Initially, the PCH data were fit to a one component
model for a single fluorescent species. The residuals of the PCH curve fit (figure 8D) were
randomly distributed about zero and less than 2 standard deviations. Reduced chi square
values were close to unity (table 2), indicating the PCH data are a good fit to a one
component model [31].

PCH molecular brightness values, expressed as counts per second per molecule (CPSM), are
listed in table 2. WT B,-AR and the known dimer CD-28 displayed similar molecular
brightness values, consistent with our previous FCS results for B,-AR homodimers [28]. The
known monomer, CD-86, was half as bright as the known dimer CD-28. The WT BiFC pair,
containing a single YFP tag, was half as bright as WT and similar to monomeric CD-86. The
ER-retained K60L/E338L/YFP was half as bright as WT and was similar to monomeric
CD-86. F332A/F336A/YFP was similar to WT/YFP and CD-28/YFP. Since PCH reports the
average molecular brightness of all fluorescent species present in the sample [31], a
molecular brightness value that is half of the known dimeric control sample (as observed for
CD-86 and K60L/E338L) can only be produced by a population of receptors that is
predominantly monomeric. On the other hand, a molecular brightness value equivalent to the
known dimeric control sample could be produced either by a predominantly homodimeric
population of WT B,-AR or by a mixture of monomers/dimers/tetramers in fixed proportions
that yield an average molecular brightness equivalent to a dimer, such as 20%/70%/10% or
40%/40%/20%, respectively. Multi-component modeling of the PCH data to these fixed
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proportions of monomers/dimers/tetramers produced reduced chi square values greater than
four or 15, respectively [28]. Fitting the PCH data to a one component homodimer model
gave reduced chi square values close to unity (table 2). These results indicate that WT f,-
AR and the ER-retained F332A/F336A mutant are predominantly homodimeric, while the
K60L/E338L mutant remains monomeric within the ER.

3.5 Pharmacochaperone-mediated rescue

Both the K60L/E338L and the F332A/F336A mutant receptors were ER-retained, yet they
exhibit very different structural properties in terms of their ability to form homodimers. The
structural properties were investigated using pharmacochaperone-mediated rescue.
Propranolol, a membrane-permeable B,-AR antagonist, was added to the culture media and
the distribution of YFP-tagged receptors was evaluated. In contrast to the images of F332A/
F336A/YFP in figures 2 and 7D where the receptors were ER-retained, in the presence of
propranolol the F332A/F336A/YFP mutant was able to traffic to the plasma membrane and
demonstrated co-localization with the Dil plasma membrane marker (figure 9A). However,
the K60L/E338L/YFP mutant remained ER-retained in the presence of propranolol and did
not co-localize with Dil (figure 9B).

In order to quantify these results, transfected cells were cultured in the absence and presence
of propranolol and visualized using confocal microscopy. The number of cells displaying
YFP fluorescence co-localized with the Dil marker was recorded (figure 10). In the absence
of propranolol, cells expressing K60L/E338L/YFP did not display YFP co-localization with
Dil. A small percentage of the F332A/F336A/YFP expressing cells did show YFP co-
localization with Dil, as did the single mutants K60L/YFP and E338L/YFP. Note that the
percentage of cells with YFP/Dil co-localization (plasma membrane expression) is very
similar to results obtained from whole cell radioligand binding (figure 3A). Following
exposure to propranolol, approximately 85% of the cells showed YFP co-localization with
the Dil marker for F332A/F336A/YFP, K60L/YFP and E338L/YFP. However, propranolol
had no effect on the cellular distribution of K60L/E338L/YFP.

4. Discussion

While isolated and purified monomeric B2-AR have been reported to activate G proteins [33,
34] and a B,-AR crystal structure revealed a monomeric B,-AR in complex with a single G
protein [35], it is difficult to ignore the plethora of evidence supporting the self-assembly of
B2-AR into homodimeric or oligomeric complexes provided by studies using
immunoprecipitation, BRET, FRET, BiFC, FRAP, TIRF, FCS, and others. Even so,
homodimer formation remains a highly controversial topic [2], as little is known about the
physiological function of class A GPCR homodimers and their organization in native tissues.

GPCR crystal structures have provided valuable information, but it is recognized that GPCR
organization within the crystal lattice is influenced by the purification and crystallization
process. Even so, a small handful of crystal structures have revealed GPCR dimers with
interfaces similar to those predicted by mutagenesis, cross-linking and computer modeling
studies (reviewed in [36]), suggesting that they may have physiological relevance and
warrant further investigation. Such dimer interfaces include TMD1/2 and H8 as identified in
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a crystal structure of the p1-AR [10], the Bo-AR crystal structure reported by Cherezov and
colleagues [20], and a crystal structure of the closely related rhodopsin receptor [6]. On the
other hand, crystal structures of chemokine and opioid receptors contain potential TMD4/5
and/or TMD5/6 dimer interfaces [8,12]. Thus it should be acknowledged that dimer
interfaces could be a shifting network of interactions that may be receptor specific and may
even be ligand specific [37]. With these caveats in mind, we investigated a potential
TMD1/H8 dimer interface in p,-AR homodimer formation, as predicted by two of the p-AR
crystal structures [10, 20], and studied its role in regulating plasma membrane expression of
functional Bo-AR.

The B2-AR crystal structure reported by Cherezov and colleagues predicts a TMD1-H8
homodimer interface involving K60 and E338 [20]. The same region of H8 is implicated in
the B1-AR crystal structure, although the B1-AR crystal structure revealed a symmetrical H8
interface as well as TMD1/2 and TMDA4/5 interfaces [10]. Cross-linking of cysteine residues
within H8 of rhodopsin receptors in native disc membranes supports the physiological
relevance of a potential H8-H8 interface [38]. The H8-H8 interface predicted by the B1-AR
crystal structure involves K354/R355/L.356. Experimental evidence supporting a role for H8
in the B1-AR dimer interface was provided by cross-linking of a substituted cysteine at
position 355 [10]. Interestingly, the analogous residue in this region of H8 in the B,-AR is
E338. In the present study, mutation of analogous residues in H8 of the B,-AR significantly
decreased the BRET signal between donor and acceptor pairs attached downstream of H8 at
the C-terminus of the receptor. Combining mutations in this region with a point mutation at
the base of TMD1 further impaired dimer formation and halted plasma membrane targeting.

Single amino acid substitutions at K60 or E338 impaired cell surface expression and reduced
the specific BRET ratio. The magnitude of the effect was enhanced by multiple mutations
within these regions. These results suggest that the K60-E338 ionic linkage predicted by the
B2-AR crystal structure is not absolute but that neighboring residues may participate. The
important role of charged residues in these positions is highlighted by the partial restoration
of trafficking and BRET signaling for the K60E/E338K double reverse mutation. At this
point it is not known if the ER-retained receptors are fully functional. However, the ER-
retained receptors with mutations at K60 or E338 appear to have a functional binding pocket
as they have retained the ability to bind propranolol. One of the challenges of this type of
study is to distinguish between mutations that produce defects in folding as opposed to
defects in receptor dimerization. The best evidence that to suggest that the results observed
with the K60I/E338L mutant are not simply a folding issue is the binding pocket for
propranolol appears to remain intact, suggesting proper folding of the mutant receptor.

Several studies have provided evidence that dimerization is essential for the expression of
functional monoamine receptors on the plasma membrane [27, 39, 40]. In the present study,
a significant correlation was found between cell surface expression and the specific BRET
ratio for mutations at the base of TMD1 and in the distal portion of H8, linking a potential
TMD1/H8 dimer interface with ER export. This conclusion is supported by the BiFC results.
No BiFC was observed for the ER-retained K60L/E338L mutant, indicating that this mutant
does not self-associate. This result was verified using FCS with PCH, demonstrating that
this mutant is monomeric. The C-terminal region of H8, implicated in B-AR dimer
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formation [10, 20], is located at the distal end of a highly conserved F(X)gLL motif
previously suggested to play a role in ER export [22, 25, 26]. Interestingly, mutation of
hydrophaobic residues in the proximal region of H8, within the highly conserved F(X)gLL
motif (F332/F336), produced a different result from mutation of polar/charged residues in
the distal portion of H8 (Q337/E338). While mutations in both regions dramatically
impaired cell surface expression, only mutation of polar/charged residues in the distal
portion of H8 impaired BRET, suggesting a specific role for this region in homodimer
formation. These results are in agreement with the crystal structures of the B1-AR and B,-
AR, revealing the same polar/charged residues in the distal portion of H8 as contact points
within the dimer interface [10, 20]. Positive BiFC was observed for the F332A/F336A
mutant and was largely confined to the ER, providing direct visual conformation that dimer
formation occurs within the ER. The BRET and BiFC results for the F332A/F336A
mutation were further validated using FCS and PCH, which demonstrated that this mutant
receptor is dimeric in the ER.

The F332A/F336A mutation did not impair dimerization, suggesting that these residues may
play a role in protein folding, recognition by chaperone proteins, and/or association with
COP Il vesicles essential for ER export. These results are consistent with previous studies
demonstrating a role for hydrophobic residues in the proximal portion of H8 in protein
folding and ER export [22, 25, 26]. In each of these studies, membrane permeable
antagonists were used to restore plasma membrane expression of mutant receptors. In the
present study, propranolol effectively rescued plasma membrane expression of the dimer-
competent F332A/F336A mutant. However, propranolol did not rescue the dimer-deficient
K60L/E338L mutant, even though propranolol binding was not impaired. These results
further substantiate the conclusion that TMD1 and H8 are important for f-AR homodimer
assembly, trafficking and expression of functional receptors on the plasma membrane.

GPCR homodimers have been reported to preassemble with G proteins in the ER, and a
specific role for GB+y in this process has been proposed (reviewed in [41]). Preassembly of
the signaling complex and association with appropriate chaperone proteins play an important
role in GPCR exit from the ER and trafficking to the plasma membrane [42]. Based on the
crystal structure of the G-protein heterotrimer and initial GPCR crystal structures, it
appeared that two receptors would be required to provide enough surface area to form the
predicted docking interface (based on functional studies) with G-alpha and beta-gamma
subunits of a single G-protein [43, 44]. 3D projection mapping of photo-activated rhodopsin
shows the rhodopsin dimer more centrally positioned over the G-protein heterotrimer with
both protomers contacting the G-protein in an asymmetrical manner [45-47]. G-protein
docking simulations using the recently solved crystal structure of the f;-AR homodimer
suggest that one protomer of the dimer is predominantly responsible for contacting the G-
alpha subunit [10]. In an elegant series of experiments using mutant Gs proteins, Huang and
colleagues reported a role for the second intracellular loop of the B,-AR in G-alpha
activation and guanyl nucleotide exchange [48].Their model, based on the reported crystal
structure of the B,-AR-G protein complex [35], shows one protomer of a B,-AR contacting
the G protein alpha subunit, with the TMD1/H8 regions facing inward toward the beta-
gamma subunits. If both protomers of a p,-AR homodimer physically associate with the G
protein, then these models [35, 48] predict a TMD1/H8 homodimer interface as the TMD4/5
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regions appear to be oriented away from the center of the G protein complex. These models
are supported by the findings in the present study in which residues in TMD1 and H8 are
proposed to play a role in homodimer formation.

Notable differences have been observed between B1-AR and B,-AR homodimers in terms of
their stability [49] and monomer/dimer/tetramer equilibrium [50]. B2-AR have been reported
to form tetramers following reconstitution into a model lipid bilayer [14], or to exist as a
mixture of monomers, dimers and tetramers when expressed in recombinant cells [50]. In
the present study, the FCS and PCH results suggest that f,-AR are predominantly
homodimers, similar to our previous results with other monoamine receptors [3, 28, 51].
Thus our mutagenesis results favor the presence of a TMD1/H8 interface in the formation of
B2-AR homodimers, without higher order oligomers. Since FCS only measures mobile
proteins, the FCS results cannot exclude the possibility that higher order oligomers may
form within regions of the plasma membrane where receptor mobility is more limited.
However, the presence of higher order oligomers involving potential TMDA4/5 or TMD5/6
interface(s) is not supported by a complete loss of BRET and BiFC signals observed for the
K60L/E338L mutant.

Based on our results it is tempting to speculate a role for an interaction between residues in
the distal portion of H8 with residues at the cytoplasmic side of TMD1, in similar fashion to
the B2-AR crystal structure of Cherezov and colleagues [20]. However, we cannot exclude
the possibility that mutating polar/charged residues at the base of TMD1 could have a more
global impact on the overall organization of the TMD1 helix within the plasma membrane,
potentially disrupting residues involved in a symmetric TMD1 dimer interface similar to the
B1-AR crystal structure reported by Huang and colleagues [10].

5. Conclusion

In conclusion, this study provides biophysical evidence demonstrating specific roles for
residues at the base of TMD1 and in the distal portion of H8 in the assembly of B,-AR
homodimers. The striking correlation between the BRET ratio and cell surface expression
provides supporting evidence potentially linking a TMD1/H8 interface with ER export and
the expression of functional B,-AR on the plasma membrane.
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FCS fluorescence correlation spectroscopy
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Highlights
. Mutations that disrupt p,-Adrenergic Receptor (B,-AR) homodimerization.
. Homodimer formation was evaluated using BRET, BiFC and FCS.

. Transmembrane domain 1 (TMD1) and helix 8 (H8) regulate trafficking &
homodimers.

. A TMD1/H8 interface is linked with ER export and expression of functional
B2-AR.
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Figure 1.
Seven transmembrane domain (TMD) structure of the B,-AR. Amino acids selected for

mutagenesis at the base of TMD1 and helix 8 (H8) are shown in red. See pB,-AR crystal
structure of Cherezov and colleagues [20].
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Fluorescence Confocal Microscopy. Live HEK?293 cells expressing YFP-tagged Wild Type

(WT) and mutant B,-AR (green); Dil plasma membrane marker (red) with ER marker

ER/YFP (green). Red scale bar = 10um. Images are representative of entire fields of cells

from two to four independent transfections.
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Figure 3.

Expression of WT and mutant B,-AR in HEK293 cells. A) Whole cell radioligand binding
of 3H-DHA to the surface of intact cells. Data are expressed as percent of WT and represent
the mean+/—sem from three transfections. Student’s t-test *p< 0.01 vs WT; +p<0.01 for
K60E/E338K vs K60L/E338L. B) YFP fluorescence as an indicator of total protein
expression. Data represent the mean+/—sem from three transfections.
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Figure 4.
BRET controls. Identification of a non-interacting BRET pair as a control for establishing

baseline BRET measurements. HEK293 cells were transfected with the indicated constructs
and BRET ratios were measured as described in the methods section. Data represent the
mean+/—sem from three to five experiments. Student’s t-test *p<0.01 vs controls.
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Bimolecular Fluorescence Complementation
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Figure 5.
Verification of non-interacting BRET pair using bimolecular fluorescence complementation

(BIiFC). A) Fluorescence microscopy of HEK293 cells co-transfected B2- AR/N-YFP + B,-
AR/C-YFP. Positive BiFC is indicated by green fluorescence in the left panel. The middle
panel shows the differential interference contrast (DIC) image of the same cells and the right
panel shows the merged image of the left and middle panels. B) Left panel: fluorescence
image of cells co-transfected with p,-AR/N-YFP + 5-HT,c/C-YFP. Middle panel: DIC
image of same cells. Right panel: merged image of the left and middle panels. C) Left panel:
fluorescence image of cells co-transfected with 5-HT,c/N-YFP + 5-HT,c/C-YFP. Middle
panel: DIC image of same cells. Right panel: merged image of the left and middle panels.
Red scale bar = 10um. Images are representative of entire fields of cells from two
transfections.
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Figure 6.

A) BRET measured in transfected HEK293 cells. The B,-AR/Rluc+5-HT,c/YFP pair was
used to define non-specific BRET as 0.065 (determined in figure 4), which was subtracted

B) BRET Ratio vs Cell Surface Expression
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from BRET ratios obtained with the indicated Rluc+YFP pairs to obtain the “specific”
BRET ratios plotted on the Y-axis. Data represent the mean-+/-sem from three to five

experiments. Student’s t-test *p<0.01 vs Wild Type; +p<0.05 for K60E/E338K vs K60L/
E338L. B) BRET ratio vs cell surface expression. The specific BRET ratios from figure 6A
were plotted on the Y-axis and cell surface expression levels from the whole cell radioligand

binding assay in figure 3A were plotted on the X-axis.
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Bimolecular Fluorescence Complementation
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Figure 7.
BiFC. Fluorescence confocal microscopy of HEK293 cells co-transfected with CFP plasmid

(shown in blue to identify transfected cells) and WT or mutants with N-YFP and C-YFP
tags. Positive BiFC is indicated by green fluorescence in the middle column. Cells were co-
transfected as follows: A) left panel, CFP; middle panel, WT/N-YFP + WT/C-YFP with
positive BiFC shown in green; right panel, CFP/YFP merged image. Red scale bar = 20um.
B) left panel, CFP; middle panel, K6OL/E338L/N-YFP + K60L/E338L/C-YFP with no
BiFC; right panel, differential interference contrast merged with CFP image shows 40%
transfection efficiency. Red scale bar = 20um. C) left panel, CFP; middle panel, K60E/
E338K/N-YFP + K60E/E338K/C-YFP with BiFC; right panel, CFP/YFP merged image.
Red scale bar = 20um. D) F332A/F336A/N-YFP + F332A/F336A/C-YFP positive BiFC
signal (green) at higher magnification to show detailed ER structure. Red scale bar = 10um.
Images are representative of entire fields of cells from two transfections.
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Fluorescence Correlation Spectroscopy with Photon Counting Histogram
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FCS. Fluorescence fluctuation recordings were made in HEK293 cells expressing the

indicated constructs. A) Recorded fluctuations in fluorescence intensity. B) Autocorrelation

of fluorescence fluctuations. C) Photon counting histograms of the corresponding FCS

recordings. To generate the histograms, each 10 second fluorescence intensity trace shown in

(A) was broken down into one million 10us intervals or bins. The number of bins is plotted
on the y-axis and photon counts on the x-axis. D) Residuals of the PCH curve fit to a one
component model. The residuals of the curve fit are less than two standard deviations and
are randomly distributed about zero, indicating a good fit to the selected model.
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Propranolol Rescue
F332A/F336A Dil Merge
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Figure 9.
Propranolol rescue. HEK293 cells were incubated in the presence of 10uM propranolol for

24 hours following transfection with the indicated mutant receptors. A) Cells transfected
with F332A/F336A/YFP (green, left panel) were labeled with the plasma membrane marker
Dil (red, middle panel). Yellow in the merged image (right panel) shows F332A/F336A/YFP
on the plasma membrane in the presence of propranolol. Red scale bar =10um. B) Cells
transfected with K60L/E338L/YFP (green, left panel) were labeled with the plasma
membrane marker Dil (red, middle panel). The merged image (right panel) shows K60L/
E338L/YFP retained in the ER in the presence of propranolol.
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Figure 10.
Confocal microscopy was used to measure cell surface expression of YFP-tagged mutant

receptors in the absence and presence of 10uM Propranolol. The percentage of cells
exhibiting YFP co-localization with the Dil plasma membrane marker (as illustrated in
figure 9) was used as a measure of propranolol rescue. Data represent the mean+/=SD from
four different fields of cells (from independent transfections) with 15-20 cells/field.
Student’s t-test *p<0.001 vs. no propranolol.
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Table 1

Propranolol binding affinity for 3H-DHA labeled receptors in membrane homogenates and isoproterenol-
stimulated cAMP production in intact HEK293 cells expressing WT and mutant p,-AR. Data represent the

mean+/-sem from three experiments. NR=No response to 100nM isoproterenol. ND=Not determined.

B2-AR Plasmid | Propranolol Ki (nM) | Isoproterenol EC50 (hM)
WT 1.0+/-0.1 0.9+/-0.1
K60L/E338L 1.0+/-0.5 NR
K60E/E338K 0.5+/-0.2 4.3+/-1.5
E62A/Q337L 0.4+/-0.2 ND
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Table 2

PCH molecular brightness values are reported as counts per second per molecule (CPSM). Reduced chi square
values are reported for the PCH data fit to a one component model. Data represent the mean+/—sem for the
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number of cells examined (N).

Fluorescence-tagged Receptors | Brightness CPSM | Reduced chisquare | N
WT B,-AR 19,342+/-822 0.99+/-0.08 7

CD-28 dimer 19,175+/-456 0.96+/-0.06 6

CD-86 monomer 9,364+/-390 1.04+/-0.10 12

WT BiFC pair 9,596+/-480 1.10+/-0.06 13
K60L/E338L 8,533+/-485 0.97+/-0.06 6
F332A/F336A 17,149+/-872 1.40+/-0.10 10
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