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ABSTRACT

Combinations of coimmunoprecipitation, single-cell fluores-
cence resonance energy transfer, and cell-surface time-re-
solved fluorescence resonance energy transfer demonstrated
protein-protein interactions and quaternary structure for the
a4,-adrenoceptor. Self-association of transmembrane domain
1 and its interaction with the full-length receptor indicated a
symmetrical interface provided by this domain. Lack of effect of
mutation of the glycophorin-A dimerization-like region within
this helix demonstrated that this did not provide the molecular
mechanism. Multiple interactions were observed between the
aq,-adrenoceptor and fragments derived from its sequence.
Fragments comprising transmembrane domains 3 and 4 and
transmembrane domains 5 and 6, but not transmembrane do-
main 7, were also able to interact with the full-length receptor.
Transmembrane domain 7 failed to interact significantly with
any element of the receptor and was not transported to the cell

surface after coexpression with the full-length receptor. Sym-
metrical interactions were also noted between fragments incor-
porating transmembrane domain 4, but this segment of the
receptor failed to interact with transmembrane domains 1 and
2 or transmembrane domains 5 and 6. Time-resolved fluores-
cence resonance energy transfer studies were also consistent
with contributions of transmembrane domains 1 and/or 2 and
transmembrane domains 3 and/or 4 to protein-protein interac-
tions within the quaternary structure of the «,,-adrenoceptor,
and with a contribution of transmembrane domains 5 and/or 6.
These data are consistent with a complex oligomeric quater-
nary structure of the «,,-adrenoceptor in which major, sym-
metrical interactions may define intradimeric contacts with
other contributions, providing interdimer contacts to generate
oligomeric complexes akin to those observed for murine rho-
dopsin. A model derived from this was developed.

A host of recent studies have demonstrated the capacity of
G protein-coupled receptors (GPCRs) to form dimers or, po-
tentially, higher-order oligomers (George et al., 2002; Milli-
gan et al., 2003; Milligan, 2004a). Conclusions that GPCRs
have quaternary structure have derived from a wide range of
experimental approaches. These include the analysis of li-
gand binding studies (Armstrong and Strange, 2001), the
coimmunoprecipitation of coexpressed but differentially
epitope-tagged forms of GPCRs (Hebert et al., 1996; Jordan
and Devi, 1999; Uberti et al., 2003), interactions between
GPCR fragments detected in yeast two-hybrid studies (White
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et al., 1998), the application of a variety of resonance energy
transfer techniques (Angers et al., 2000; Overton and
Blumer, 2000; Rocheville et al., 2000; Cheng and Miller,
2001; McVey et al., 2001; Ayoub et al., 2002; Mercier et al.,
2002; Ramsay et al., 2002; Canals et al., 2003), the use of
chemical cross-linkers (Guo et al., 2003; Klco et al., 2003),
and various forms of functional reconstitution (Kobilka et al.,
1988; Osuga et al.,, 1997; Lee et al.,, 2002; Baneres and
Parello, 2003; Carrillo et al., 2003). Recent application of
atomic force microscopy has indicated the in situ organiza-
tion of murine rhodopsin to be complex in that both dimeric
structures and arrays of dimers were observed (Liang et al.,
2003).

At this time, understanding of the basis of GPCR dimer-
ization/oligomerization is limited. Early evidence suggested
key roles for both C- (Cvejic and Devi, 1997) and N- (AbdAlla
et al., 1999) terminal elements in homodimeric interactions
between rhodopsin-like family A GPCRs. Certain more re-

ABBREVIATIONS: GPCR, G protein-coupled receptor; APC, allophycocyanin; FRET, fluorescence resonance energy transfer; TM, transmem-
brane; TR-FRET, time-resolved fluorescence resonance energy transfer; PCR, polymerase chain reaction; PBS, phosphate-buffered saline;
MOPS, 4-morpholinepropanesulfonic acid; PAGE, polyacrylamide gel electrophoresis; CFP, cyan fluorescent protein; eYFP, enhanced yellow
fluorescent protein; HEK, human embryonic kidney; RIPA, radioimmunoprecipitation assay; N-TM, N-terminal extracellular region of the receptor

linked to the sequence defining a specific transmembrane domain.
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cent studies have also provided evidence for a role of the
N-terminal region in dimerization of the yeast « factor recep-
tor (Overton and Blumer, 2002) and that N-terminal glyco-
sylation may also be important in particular GPCRs (Xu et
al., 2003). However, the bulk of recent work in this area has
concentrated on the contribution of the transmembrane (TM)
helices. Evidence for a key role of TM6 in dimerization of the
Bs-adrenoceptor (Hebert et al., 1996) is mirrored in the leu-
kotriene B4 BLT1 receptor. A peptide corresponding to this
region disrupted dimer formation, whereas peptides corre-
sponding to the other TM helices were without effect (Ba-
neres and Parello, 2003). Initial studies on the dopamine D2
receptor also used TM peptides and indicated a role for TM6
(Ng et al., 1996). A peptide corresponding to TM7 of this
GPCR produced a similar effect but was without effect on
apparent homodimers of the dopamine D1 and 5-hydroxy-
tryptamine-1B receptors (Ng et al., 1996). In the case of the
Bs-adrenoceptor, part of the rationale for selecting TM6 for
study was the presence of a glycophorin-A dimerization in-
terface-like sequence (GXXXGXXXL) in this region. A pep-
tide corresponding to the sequence of TM6 reduced immuno-
reactivity corresponding to the B,-adrenoceptor dimer, but
when the above sequence within the peptide was converted to
AXXXAXXXA, this was without effect (Hebert et al., 1996),
implying a role for this motif in dimerization. Recent studies
on the yeast « factor receptor have also indicated a key role
for a similar GXXXG sequence (Overton et al., 2003). In this
case, it is located in TM1, a region indicated previously to be
a key element for dimerization as determined from interac-
tions between coexpressed fragments of the GPCR (Overton
and Blumer, 2002). These differences may simply reflect that
multiple contact points are required to produce high-affinity
interactions, particularly if GPCRs do form complex oligo-
meric arrays (Klco et al., 2003; Liang et al., 2003). For rho-

dopsin, intradimer contacts were indicated to involve TMs 4
and 5, whereas contacts to generate further structural orga-
nization were suggested to involve TMs 1 and 2 and, possibly,
the third intracellular loop (Liang et al., 2003). Because most
studies are unable to discriminate between dimers and high-
er-order oligomers, data suggesting contributions from dif-
ferent or multiple TM elements may not be incompatible.

The diversity of data available at this point suggests that
no single set of interactions or common mechanism is able to
explain the foundation of GPCR quaternary structure. In the
current study, we have performed comprehensive mapping of
interactions between distinct fragments of the «;,-adreno-
ceptor and between these fragments and the full-length re-
ceptor using both coimmunoprecipitation and fluorescence
resonance energy transfer (FRET)-based techniques. We
record a number of both symmetrical and nonsymmetrical
interactions that are consistent with complex oligomeric
structure. These may explain why much of immunoprecipi-
tated «;,-adrenoceptor migrates with apparent high molec-
ular mass and why older studies on GPCR structure, which
used approaches such as target-size analysis, suggested they
might exist within large macromolecular complexes.

Materials and Methods

All materials for tissue culture were supplied by Invitrogen (Carls-
bad, CA). Reagents for time-resolved fluorescence resonance energy
transfer (TR-FRET) were from PerkinElmer Life and Analytical
Sciences (Boston, MA). All other chemicals were from Sigma Chem-
ical (Poole, Dorset, UK) or Fisons (Loughborough, UK) and were of
the highest grade available.

Construction of «,,-Adrenoceptor Fragments and Mu-
tants. Production and subcloning of fragments of the ay,-
adrenoceptor was carried out in three steps. In the first step, the
N-terminal domain of the hamster «;,-adrenoceptor was ampli-

Fig. 1. Representation of a,-adrenoceptor fragments
and fusion proteins. A, the amino acids of the hamster
a,,-adrenoceptor incorporated into the fragments used

to explore receptor quaternary structure are shown. B,
constructs used for FRET-based studies are illustrated.
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fied. Using the amino-terminal primer 5'-TTTCCCAAGCTTATG-
GAACAAAAACTTATTTCTGAAGAAGATCTGAATCCCG-
ATCTGGACACC-3’, a HindIII restriction site (underlined)
followed by an ATG codon and the c-myc tag sequence (bold) was
introduced by PCR upstream of the coding sequence of the «y-
adrenoceptor. Using the carboxyl-terminal primer 5'-CCGGAAT-
TCCCTGGTAACGTCCAGCTGGGG-3’, an EcoRI site was intro-
duced immediately after the 44'® amino acid of the N-terminal
domain. In the case of the FLAG-tagged constructs, the same
strategy was applied but using the amino-terminal primer 5’-
TTTCCCAAGCTTATGGACTACAAGGACGACGATGATA-
AGATCCCGATCTGGACACC-3' that introduced a FLAG epitope
immediately after the start codon. The amplified fragments were
digested with HindIII and EcoRI and subsequently purified.

In the second step, the corresponding TM domains (Fig. 1) of each
construct were amplified by PCR, introducing an EcoRI and a Kpnl site
upstream and downstream of the amplified region, respectively. A stop
codon was also introduced after the last codon of the amplified region.
The following primers were used (restriction sites are underlined and
stop codon in bold): TM3 and TM4: forward, 5'-CCGGAATTCCTGG-
GGCGCATCTTCTGTGAC-3'; reverse, 5'-CGGGGTACCCTAGG-
GTTCTTCGGTGACTCCGCA-3'; TM5 and TM6: forward, 5'-CCG-
GAATTCTTCTATGCCCTCTTTTCCTCCCTGG-3'; reverse, 5'-
CGGGGTACCCTACGGGGGCTTGAGAGTGGAGAAC-3'; and
TM7: forward, 5'- CCGGAATTCGACGCCGTGTTCAAGGTGG-
TATTC-3’; reverse, 5'-CGGGGTACCCTAGCCACTACGGCACT-
GGCACC-3'. The amplified fragments were digested with EcoRI
and Kpnl and purified.

In the last step, the vector pcDNA 3.0 (Invitrogen) was digested
with HindIII/KpnI and purified. Then the N-terminal fragment and
the amplified sequence of the corresponding TM region were ligated
into the vector.

A different strategy was used for the construction of the TM1 and
TM1 + TM2 fragment. Using the same amino-terminal primers as
those used to amplify the N terminus of the «y,-adrenoceptor, either
a c-myc or a FLAG tag was introduced immediately after the start
codon of the a;-adrenoceptor. Using the carboxyl-terminal primer
5'-AATCGGGGTACCCTAGGTGGGCGTCCGCAGGTGCCGAAT-3',
a stop codon (bold) and a Kpnl restriction site (underlined) were intro-
duced after the last codon of the amplified region for TM1. Next, the
amplified fragment was digested with HindIII/KpnI and ligated into
pcDNAS3.0. For the construction of TM1 + TM2, the carboxyl-terminal
primer 5'-CGGGGTACCCTAGCGCCCCAGAACCCAGTAGC-3" was
used to introduce the Kpnl restriction site and the stop codon after the
amplified region. Modification of the glycophorin-A-like sequence in
both TM1 of the full-length «,,,-adrenoceptor and the N-TM-1 fragment
was produced by standard mutagenesis techniques.

Constructs for Single-Cell FRET. To generate forms of the
hamster FLAG «4;,-adrenoceptor with cyan fluorescent protein (CFP)
or enhanced yellow fluorescent protein (eYFP) fused to the C-termi-
nal tail, a FLAGa,,-adrenoceptor-Ga,, fusion protein described pre-
viously (Carrillo et al., 2003) was used as a template. In brief, Ga;;
was liberated from the fusion construct by digesting with Kpnl and
Notl. CFP and eYFP were amplified from their original plasmids
(BD Biosciences Clontech, Palo Alto, CA) by PCR using the N-
terminal primer 5 -CGGGGTACCATGGTGAGCAAGGGCGAG-
GAG-3’, which introduced a Kpnl site (underlined) upstream of the
coding sequence, and the C-terminal primer 5'-TTTTCCTTTTGCG-
GCCGCCTACTTGTACAGCTCGTCCATGCC-3’, which introduced a
NotI site after the stop codon. After purification and digestion with
Kpnl/Notl, both PCR products were ligated into pcDNA3 vector
(Invitrogen) containing the ay,-adrenoceptor (Fig. 1). FLAGa,,-ad-
renoceptor-eYFP was used to create a CFP-YFP tandem fluorescent
protein (Fig. 1). The a;;,-adrenoceptor was liberated from the original
construct by digestion with HindITI/KpnI and subsequently replaced
by CFP without the stop codon and flanked by HindIII and Kpnl
sites. This form of CFP was obtained by PCR using as the N-terminal
primer 5'-CCCAAGCTTATGGTGAGCAAGGGCGAGGAG-3' and a
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C-terminal 5'-CGGGGTACCCTTGTACAGCTCGTCCAT-
GCC-3'.

Transient Transfection of HEK293 Cells. HEK293 cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented
with 0.292 g/l L-glutamine and 10% (v/v) newborn calf serum at 37°C
in a 5% CO, humidified atmosphere. Cells were grown to 60 to 80%
confluence before transient transfection in 60-mm dishes. Transfec-
tion was performed using LipofectAMINE reagent (Invitrogen) ac-
cording to the manufacturer’s instructions.

GPCR Coimmunoprecipitation and Expression Studies. Co-
immunoprecipitation studies using FLAG- and c-myc-tagged forms
of the full-length «4,-adrenoceptor or various fragments of the recep-
tor were performed. Cells were harvested 24 h after transfection and
homogenized in 2.5 ml of 1X RIPA buffer (50 mM HEPES, 150 mM
NaCl, 1% Triton X-100, and 0.5% sodium deoxycholate) supple-
mented with 10 mM NaF, 5 mM EDTA, 10 mM NaH,PO,, 5%
ethylene glycol, and a protease inhibitor cocktail (Complete; Roche
Diagnostics, Indianapolis, IN), pH 7.4, and placed on a rotating
wheel at 4°C for 1 h. The samples were then centrifuged for 15 min
at 14,000g at 4°C, and the supernatant was transferred to a fresh
tube containing 200 ul of 1X RIPA and 50 pl of protein G (Sigma) to
preclear the samples. After incubation at 4°C on a rotating wheel for
1 h, the samples were centrifuged at 14000g at 4°C for 1 min, the
supernatant was transferred to a fresh tube, and the protein concen-
tration was determined. The protein concentration of individual
samples was altered to 1 mg/ml using 1X RIPA and 600 ul of the
sample incubated overnight with 40 ul of protein G and 5 ug of M2
anti-FLAG antibody (Sigma) at 4°C on a rotating wheel. A 100-ul
sample of the supernatants was reserved to examine protein expres-
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Fig. 2. Coimmunoprecipitation of coexpressed FLAG- and c-myc—tagged
forms of the full-length «,,,-adrenoceptor. FLAG- and c-myc-tagged forms
of the full-length «a,,-adrenoceptor were coexpressed (flag + myc) or
expressed individually (flag, myc) in HEK293 cells. Cells individually
expressing either the FLAG- or c-myc-tagged forms were also mixed
(mix). Cell lysates were generated from both these and untransfected
control cells (control). Cell lysates were resolved by SDS-PAGE and
immunoblotted to detect either FLAG or c¢-myc immunoreactivity (bot-
tom) or were immunoprecipitated (IP) with anti-FLAG antibody before
SDS-PAGE and immunoblotting to detect c-myc immunoreactivity (top).

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


http://molpharm.aspetjournals.org/

aspet.’

1126 Carrillo et al.
sion in the cell lysates and was incubated overnight on a rotating
wheel at 4°C. Approximately 16 h later, the samples were centri-
fuged at 14,000g for 1 min at 4°C, and the protein G beads were
washed in 1X RIPA buffer. This was repeated twice more, 40 ul of
Laemmli buffer was added, and the samples were heated to 85°C for
4 min. Both immunoprecipitated samples and cell lysates were then
subjected to SDS-PAGE analysis using a 4 to 12% Bis-Tris gel (Nu-
PAGE; Invitrogen) and MOPS buffer. After electrophoresis, proteins
were transferred onto nitrocellulose membranes that were incubated
in 5% milk and 0.1% Tween 20/PBS solution at room temperature on
a rotating shaker for 2 h to block nonspecific binding sites. The
membrane was incubated with 2.5 pg/ul anti-FLAG antibody over-
night in 5% milk and 0.1% Tween 20/PBS at 4°C. Then 16 h later, the
membrane was washed three times for 5 min each in 0.1% Tween
20/PBS. Horseradish peroxidase-linked anti-mouse IgG (Amersham
Biosciences Inc., Piscataway, NJ) was diluted 1:10,000 in 5% milk,
0.1% Tween 20/PBS was added, and the mixture was incubated for
20 min at room temperature. The membrane was again washed three
times in 0.1% Tween 20/PBS before application of enhanced chemi-
luminescence solution (Pierce Chemical, Rockford, IL) and develop-
ing of the immunoblot. Where appropriate, the membrane was sub-
sequently washed wusing ReBlot Plus solution (Chemicon
International, Temecula, CA) diluted 1:10 in H,O for 15 min and
then again incubated with 5% milk and 0.1% Tween 20/PBS to block
nonspecific sites. The above protocol was repeated with incubation of
the membrane with a polyclonal anti—c-myc antibody (Cell Signaling
Technology Inc., Beverly, MA) diluted 1:1000 to detect any coimmu-
noprecipitated material containing the c-myc sequence and detected
using a horseradish peroxidase-linked anti-rabbit IgG secondary
antibody (Amersham) diluted 1:10,000.

Fluorescent Microscopy and FRET Imaging in Living Cells.
An Eclipse TE2000-E (Nikon, Melville, NY) fluorescence inverted
microscope was used for living cell microscopy and FRET imaging.

A B

(g)

HEK293 cells were grown on polylysine-treated glass coverslips and
transiently transfected with the different CFP/eYFP fusion proteins.
These coverslips were mounted into a microscope chamber contain-
ing physiological saline solution (130 nM NaCl, 5 mM KCl, 1 mM
CaCl,, 1 mM MgCl,, 20 mM HEPES, and 10 mM D-glucose, pH 7.4).
Images were sequentially obtained in the following order: eYFP,
CFP, and FRET filter channels by means of an Optoscan monochro-
mator (Cairn Research, Faversham, Kent, UK) and a dichroic mirror
86002v2bs (Chroma Technology Corporation, Rockingham, VT). The
filter sets were the following: eYFP (excitation, 500/5 nm; emission,
535/30 nm); CFP (excitation, 430/12 nm; emission, 470/30 nm); and
FRET (excitation, 430/12 nm; emission, 535/30 nm). Illumination
time and binning modes were 250 ms and 2 X 2, respectively.

MetaMorph imaging software (Universal Imaging Corporation,
West Chester, PA) was used to quantify FRET images by the sensi-
tized FRET method. In brief, corrected FRET (FRET®) was calcu-
lated on a pixel-by-pixel basis for the entire image using the equation
FRETC = FRET — (coefficient B X CFP) — (coefficient A X eYFP),
where FRET, CFP, and eYFP corresponded to the background-sub-
tracted images of cells coexpressing CFP and eYFP acquired through
the FRET, CFP, and eYFP channels, respectively. B and A corre-
spond to the donor (CFP) and acceptor (eYFP) bleed-through coeffi-
cients, respectively, and they were calculated from cells expressing
only CFP- or eYFP-containing proteins. In the present set of exper-
iments, we obtained the following values for each coefficients: B =
0.65, and A = 0.20.

To normalize FRETC values according to the different expression
levels of donor (CFP) and acceptor (eYFP) proteins, we used the
equation FRETY = FRETC/CFPX eYFP, where FRETC, CFP, and
eYFP are the fluorescent values, after background subtraction, ob-
tained from selected cells. To validate this technique, we used cells
expressing the tandem fluorescent protein (CFP-eYFP) as a positive
control, and as a negative control we used cells coexpressing both

Fig. 3. Single-cell FRET studies detect interactions be-
tween CFP- and eYFP-tagged forms of the a,,-adreno-
ceptor. A, forms of the a,,-adrenoceptor C-terminally
tagged with either CFP or eYFP were coexpressed (A;—
A;) or individually (CFP, B,-Bj; eYFP, C,—C;) in
HEK293 cells. CFP (as energy donor) was detected us-
ing the filter set at excitation 430 nm and emission 470
nm (A, B;, and C,), and eYFP (as energy acceptor) with
the filter set at excitation 500 nm and emission 535 nm
(A,, B,, and C,). Corrected FRET signals (see Materials
and Methods) are displayed in A;, B;, and C;. B, a
FRET-positive control in which CFP and eYFP are pro-
duced in a single open-reading frame was expressed in
HEK293 cells (A,—A,). CFP and eYFP were coexpressed
(B,—B;) or were expressed individually (CFP, C,—Cg;
eYFP, D,—D,). Expression (A;-D;, A,—D,) and corrected
FRET (A;-Dj3) were detected as in 3A. C, corrected
FRET corresponding to images akin to those in 3A and
3B was quantified.
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CFP and eYFP proteins or cells only expressing donor (CFP) and
acceptor (eYFP) proteins (see Results for details).

Time-Resolved Fluorescence Resonance Energy Transfer.
Time-resolved fluorescence resonance energy transfer was per-
formed on intact HEK293 cells using Eu®*-labeled anti—c-myc anti-
bodies and allophycocyanin-labeled anti-FLAG antibodies as de-
scribed by McVey et al. (2001).

Data Analysis. All experiments were performed on at least three
independent occasions. Where appropriate, data are presented as
means = S.E.M.

Results

Forms of the hamster «;,-adrenoceptor were generated
that incorporated either the c-myc or the FLAG epitope tag at
the extreme N terminus. These were expressed either indi-
vidually or in combination in HEK293 cells. Immunoblotting
SDS-PAGE-resolved lysates of these cells with either anti—
c-myc or anti-FLAG antibodies resulted in detection of
polypeptides of approximately 50 kDa in the appropriate
positively transfected cells but not in lysates of mock-trans-
fected cells or of those transfected only with the alternate
construct (Fig. 2). A relatively small fraction of the specific
anti—c-myc and anti-FLAG immunoreactivity in such SDS-
PAGE cell lysates migrated with apparent mass of approxi-
mately 100 kDa, suggesting the possibility that some of the
a;p-adrenoceptor was present as an SDS-resistant dimer
(Fig. 2). Particularly in the anti—c-myc immunoblots, a fur-
ther immunoreactive species with higher apparent molecular
mass was also detected. Immunoprecipitation, using anti-
FLAG antibodies, of lysates of cells transfected to coexpress
the c-myc—and FLAG-tagged forms of the «,-adrenoceptor
resulted in coimmunoprecipitation of anti—c-myc immunore-
activity. In SDS-PAGE gels of such immunoprecipitated ma-
terial, anti—c-myc immunoreactivity was detected as a mix-
ture of a 50-kDa polypeptide and a band of approximately
100 kDa of the size anticipated for a receptor dimer. The
strongest signals, however, corresponded to a series of less
rapidly migrating species that may represent higher-order
oligomers or other quaternary structures (Fig. 2). Coimmu-
noprecipitation of c-myc immunoreactivity was not produced
when either the c-myc—or the FLAG-tagged forms of the
aqp-adrenoceptor were expressed individually or when cell
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lysates expressing either the c-myc—or the FLAG-tagged
forms of the receptor were combined before immunoprecipi-
tation (Fig. 2). Such observations are consistent with dimer-
ization/oligomerization between the coexpressed, differen-
tially tagged forms of the a,,-adrenoceptor (Carrillo et al.,
2003). Because GPCR immunoprecipitation studies require
dissolution of cellular structure and membrane integrity, we
also wished to demonstrate interactions of differentially
modified forms of the a;,-adrenoceptor in intact cells. The
a;p-adrenoceptor was thus tagged at the C terminus with
either CFP or eYFP. Both of these constructs were success-
fully expressed in HEK293 cells (Fig. 3A). As observed with
heterologous expression of many GPCRs, a substantial frac-
tion of these two constructs was located in the perinuclear
region of individual cells (Fig. 3A). After coexpression of
a;p-adrenoceptor-CFP and «q,-adrenoceptor-eYFP, correc-
tions to eliminate apparent FRET signals generated because
of the overlapping spectral characteristics of CFP and eYFP
allowed detection and quantitation of corrected FRET be-
tween these constructs in single, individual cells (Fig. 3, A
and C). In contrast, coexpression of CFP and eYFP did not
result in a substantial FRET signal (Fig. 3, B and C), al-
though a fusion protein in which CFP and eYFP were ex-
pressed as a single polypeptide did result in a strong FRET
signal (Fig. 3, B and C). These results confirmed that the
FRET signal produced by coexpression of «;,-adrenoceptor-
CFP and «,,-adrenoceptor-eYFP did not reflect significant
mutual affinity between the two fluorescent proteins but did
require their proximity. The distance constraints of FRET
(Eidne et al., 2002; Milligan, 2004b) are thus also consistent
with the «,,-adrenoceptor existing within a dimeric or oligo-
meric complex. To assess whether at least a fraction of ex-
pressed a,,-adrenoceptor constructs was delivered to the cell
surface of HEK293 cells, we used TR-FRET in intact
HEK293 cells (McVey et al., 2001; Ramsay et al., 2004). The
N-terminally c-myc—and FLAG-tagged forms of the «,,,-adre-
noceptor were expressed either individually or in combina-
tion. Both intact cotransfected cells and mixtures of cells
expressing either of the two constructs were exposed to a
combination of europium-labeled anti—c-myc antibodies as
energy donor and allophycocyanin (APC)-labeled anti-FLAG
antibodies as energy acceptor. After excitation at 330 nm, a

C
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Fig. 4. TR-FRET detects «;,-adrenoceptor interactions at the surface of HEK293 cells. N-terminally FLAG- and c-myc—tagged forms of the
a;,-adrenoceptor were expressed individually or were coexpressed in HEK293 cells. Cells expressing the two forms of the receptor were mixed, and
these as well as the cotransfected cells were exposed to a combination of europium-labeled anti—c-myc antibodies as energy donor and APC-labeled
anti-FLAG antibodies as energy acceptor. A, time-resolved FRET was measured and is presented as the fold signal from cotransfected cells compared
with the mixed cell population. To confirm equivalent cell-surface expression of the two forms of the «,,-adrenoceptor in the cotransfected and mixed
cells, fluorescence corresponding to binding to the energy acceptor (FLAG-tagged receptor) (B) and the energy donor (c-myc—tagged receptor) (C) was

measured in the mixed ([J) and cotransfected (M) cells.
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strong output at 665 nm consistent with FRET was observed
from the cells coexpressing the two forms of the receptor, and
this was approximately 60-fold greater than signals obtained
from the mixed population of cells (Fig. 4A). This did not
reflect poor expression of either the FLAG- or c-myc-tagged
form of the «;;-adrenoceptor in the cells individually trans-
fected and then mixed. Direct monitoring of the fluorescence
associated with APC-labeled anti-FLAG and europium-la-
beled anti—c-myc antibodies bound to cells indicated equiva-
lent levels of cell-surface «,,-adrenoceptors in the cotrans-
fected and mixed cell populations (Fig. 4, B and C).
Previous studies have suggested a role for TM1 in produc-
ing the quaternary structure of the «;,-adrenoceptor (Car-
rillo et al., 2003; Stanasila et al., 2003). To assess this fur-
ther, FLAG- and c-myc-tagged forms of the N-terminal
extracellular region of the receptor linked to the sequence
defining TM1 were generated (N-TM1). These incorporated
amino acids 1 to 80 of the a;,-adrenoceptor (Fig. 1). Immu-
noblotting of appropriate cell lysates confirmed expression of
these constructs as approximately 12-kDa polypeptides (Fig.
5A, left). Immunoprecipitation using anti-FLAG antibodies
resulted in pull-down of anti-FLAG immunoreactivity from
lysates expressing the FLAG N-TM1 construct in isolation,
those coexpressing FLAG N-TM1 and c-myc N-TM1, and
lysates individually expressing either FLAG N-TM1 or c-myc
N-TM1 that was mixed before performing the immunopre-
cipitation (Fig. 5A, right). Coimmunoprecipitation of the c-

B

myc N-TM1 fragment was produced when the anti-FLAG
immunoprecipitations were performed on lysates of cells co-
expressing the c-myc and FLAG forms of N-TM1 but not after
combination of lysates expressing each construct separately
(Fig. 5A, right). Such results are consistent with self-associ-
ation of N-TM1 and a potential role of this region in produc-
ing quaternary structure. In addition to the detection of the
12-kDa c¢-myc N-TM1 fragment in the anti-FLAG immuno-
precipitates from lysates of cells coexpressing the differen-
tially epitope-tagged forms of N-TM1, a band of approxi-
mately twice this size was also present. This is probably an
SDS-resistant dimer of the N-TM1 fragment because it was
not present unless the lysates were from cells coexpressing
the two forms of the N-TM1 fragment (Fig. 5A). Studies on
the TM1 segment of the Saccharomyces cerevisiae o factor
receptor have indicated a key role of the GXXXG glycoph-
orin-A dimerization-like sequence in TM1 of this receptor in
generation of quaternary structure (Overton et al., 2003). It
has also been suggested that the affinity of interaction be-
tween such motifs is modulated by the contribution of more
distant contacts (Melnyk et al., 2004). The hamster o;,-
adrenoceptor has a similar sequence within TM1, with a Leu
residue located a further turn of the helix below the second
glycine (G*LVLG°FRIL?”). We modified this sequence
within the c-myc N-TM1 construct to L*°LVLL?*FRIA’? (the
LLA mutant). This construct was also expressed as a 12-kDa
polypeptide (Fig. 5B). When coexpressed with FLAG N-TM1
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and immunoprecipitation performed with anti-FLAG anti-
bodies, c-myc N-TM1 LLA was coimmunoprecipitated as ef-
fectively as the wild-type c-myc N-TM1 fragment (Fig. 5B),
suggesting that this region does not play a key role in TM1
self-association and hence in producing quaternary structure
in this receptor. The antiparallel orientation of the odd- and
even-numbered TM helices of GPCRs means that it was not
possible to generate FLAG- and c-myc—tagged forms of the
N-terminal region linked directly to the even-numbered TM
segments. To overcome this, we next examined the expres-
sion and potential interactions of FLAG- and c-myc—tagged
N-TM1 + TM2, in which the first intracellular loop was
maintained to link together TM1 and TM2 (Fig. 1). These
constructs thus incorporated amino acids 1 to 115 of the
receptor. Both c-myc N-TM1 + TM2 and FLAG N-TM1 +
TM2 were detected as 14-kDa polypeptides (Fig. 5C). As with
the N-TM1 constructs, coexpression of c-myc N-TM1 + TM2
and FLAG N-TM1 + TM2 allowed and was required for their
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coimmunoprecipitation (Fig. 5C). Coexpression of FLAG N-
TM1 + TM2 with c-myc N-TM1 + TM2 containing the dis-
rupted LLA, glycophorin-A dimerization-like sequence also
did not inhibit coimmunoprecipitation (Fig. 5D).
c-myc-tagged forms of each of the full-length «;,-adreno-
ceptors and of N-TM1 + TM2, N-TM3 + TM4, N-TM5 +
TM6, and N-TM7 were expressed individually in HEK293
cells, and after fixation, expression, and distribution of these
constructs, they were assessed by immunocytochemistry
(Fig. 6A). All were expressed with a similar pattern with a
substantial level of intracellular, perinuclear staining. To
assess whether N-TM1 + TM2 was able to interact with the
full-length «;,-adrenoceptor, the FLAG-tagged «,,-adreno-
ceptor was coexpressed with c-myc N-TM1 + TM2. Immuno-
blotting studies on cell lysates confirmed expression of the
50-kDa FLAG-a;,-adrenoceptor (Fig. 6B, top left) and the
14-kDa c-myc N-TM1 + TM2 (Fig. 6B, bottom left). Immu-
noprecipitation with anti-FLAG antibodies successfully
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pulled down FLAG-a;,-adrenoceptor from all lysates in
which it was expressed (Fig. 6B, top right). In all cases,
immunoprecipitation of cell lysates with anti-FLAG antibod-
ies followed by immunoblotting of the SDS-PAGE-resolved
lysates with the same anti-FLAG antibodies resulted in weak
detection of a polypeptide of approximately 52 kDa. This is
presumably the heavy chain of the anti-FLAG antibody. Co-
immunoprecipitation of c-myc N-TM1 + TM2 was achieved
only from lysates of cells in which it was coexpressed with the
FLAG-a;;,-adrenoceptor (Fig. 6B, bottom right). To extend
these studies, FLAG-«a,,,-adrenoceptor was coexpressed with
c-myc N-TM3 + TM4 (Fig. 6C), c-myc N-TM5 + TM6 (Fig.
6D), or c-myc N-TM7 (Fig. 6E). In each case, immunoblotting
of cell lysates confirmed the anticipated pattern of expression
of both the FLAG-a;,-adrenoceptor and the c-myc-tagged
fragments. Each of the receptor fragments, with the excep-
tion of c-myc N-TM5 + TM6, migrated as a single polypeptide
of the anticipated size (Fig. 6, C-E). c-myc N-TM5 + TM6
produced a more complex immunostaining pattern with two
extra distinct bands of apparent molecular mass between 33
and 35 kDa. Although reminiscent of patterns associated
with differential glycosylation, the basis and significance of
this were not investigated in detail. For both ¢c-myc N-TM3 +
TM4 (Fig. 6C) and c-myc N-TM5 + TM6 (Fig. 6D), coexpres-
sion with the FLAG-«;,-adrenoceptor resulted in coimmuno-
precipitation of these fragments with the full-length recep-
tor. These were not nonspecific interactions because,
although coexpression of c-myc N-TM7 with the FLAG-a,-
adrenoceptor could be shown (Fig. 6E) with similar cellular
distribution (Fig. 6A), immunoprecipitation of the FLAG-«;,-
adrenoceptor did not result in coimmunoprecipitation of c-
myc N-TM7 (Fig. 6E). The ability of three distinct segments

A B

704

of the oy, -adrenoceptor to interact with the full-length recep-
tor cannot be explained easily by a simple dimeric structure
defined by a single set of contacts. Such results suggest that
the in vivo organization of the «;,-adrenoceptor may repre-
sent an oligomeric complex.

Interactions between the receptor fragments and the full-
length «,-adrenoceptor at the cell surface were explored by
TR-FRET. Cells were cotransfected with the full-length
FLAG-a;;,-adrenoceptor and each of c-myc N-TM1 + TM2,
c-myc N-TM3 + TM4, and c-myc N-TM5 + TM6. A substan-
tial TR-FRET signal was obtained compared with that ob-
served upon addition of the antibodies to mixtures of cells
individually expressing FLAG-a4,-adrenoceptor or the recep-
tor fragments (Fig. 7A). These results confirmed cell-surface
delivery of each of these three receptor fragments and are
consistent with interactions of each fragment with the full-
length receptor at the cell surface. When calculated as a fold
FRET signal produced in cells coexpressing the constructs
compared with the signal from mixed populations of cells
each expressing a single construct, N-TM1 + TM2 and N-
TMS3 + TM4 generated substantially greater signals than did
N-TM5 + TM6 (Fig. 7A).

Such differences in signal are, however, difficult to inter-
pret because FRET-based assays are sensitive to both the
distance between and the relative orientation of the energy
donor and acceptor species (Milligan, 2004b). However, TR-
FRET signals produced by coexpression of c-myc N-TM1 +
TM2 or c-myc N-TM3 + TM4 with the FLAG full-length
receptor were substantially lower than after coexpression of
the FLAG- and c-myc-tagged full-length receptors (Fig. 7A).
Accepting the caveat noted above, this is at least consistent
with the hypothesis that intermolecular contacts from more
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than one part of the receptor are required to produce the full
oligomeric structure. Although c-myc N-TM7 could clearly be
expressed (Fig. 6), direct monitoring of europium fluores-
cence upon the addition of labeled anti—c-myc antibodies to
intact cells indicated little of this fragment to be delivered to
the cell surface (data not shown).

A key issue in any study of protein-protein interactions
using either fragments or full-length forms of transmem-
brane polypeptides is to provide relevant and convincing
negative controls. We have indicated previously that inter-
actions can occur between the a4, -adrenoceptor and the his-
tamine H1 receptor but that these are of low affinity com-
pared with «;,-adrenoceptor homodimeric interactions
(Carrillo et al., 2003). We therefore either coexpressed c-myc
N-TM1 + TM2 of the a;,-adrenoceptor along with an N-
terminally FLAG-tagged form of the full-length human his-
tamine H1 receptor or expressed these constructs in individ-
ual cell populations that were subsequently mixed. In
contrast to data obtained after expression of c-myc N-TM1 +
TM2 with FLAG-full-length «,,-adrenoceptor, addition of a
combination of Eu®*-labeled anti—c-myc antibodies and
APC-labeled anti-FLAG antibodies did not result in any
higher level of energy transfer signal from cells in which the
two constructs were coexpressed (Fig. 7B). This was not a
reflection that cell-surface delivery of the c-myc N-TM1 +
TM2 fragment of the «;,-adrenoceptor was not achieved in
cells coexpressing the histamine H1 receptor (Fig. 7C) or that
the histamine H1 receptor was expressed more poorly at the
cell surface than the full-length «;,-adrenoceptor (Fig. 7D).

We next assessed potential interactions between epitope-
tagged fragments of the «;,-adrenoceptor, because previous
studies have shown that coexpressed fragments of a GPCR
can reconstitute structure and function (Martin et al., 1999;
Overton and Blumer, 2002) and can therefore presumably
interact. Interactions between N-TM1 + TM2 and N-TM3 +
TM4 were essentially undetectable after their coexpression,
whether FLAG N-TM1 + TM2 was used to attempt to coim-
munoprecipitate c-myc N-TM3 + TM4 or the protocol was
reversed and FLAG N-TM3 + TM4 was immunoprecipitated
in the presence of coexpressed c-myc N-TM1 + TM2 (Fig. 8).
In each case, both constructs were expressed, and the anti-
FLAG antibodies successfully immunoprecipitated the
FLAG-tagged fragment (Fig. 8). FLAG N-TM1 + TM2 also
showed no propensity to interact with c-myc N-TM7 (Fig.
9A). Likewise, c-myc N-TM7 was unable to be coimmunopre-
cipitated with coexpressed FLAG N-TM3 + TM4 or FLAG
N-TM5 + TM6 (Fig. 9, B and C). These results and the lack
of interaction of N-TM7 with the full-length receptor (Fig.
6D) do not suggest an important role of TM7 in «;,-adreno-
ceptor homodimerization/oligomerization and stand some-
what in contrast to the data of Stanasila et al. (2003). In a
similar vein, coexpression of N-TM3 + TM4 with N-TM5 +
TMS6 did not allow their coimmunoprecipitation, whether the
FLAG-tagged form used for the immunoprecipitation was
N-TM3 + TM4 or N-TM5 + TM6 (Fig. 10). Like N-TM1 +
TM2, N-TM3 + TM4 was able to self-associate (Fig. 11A). To
assess the contribution of TM3, we coexpressed c-myc N-TM3
+ TM4 along with FLAG N-TM3 (Fig. 1). FLAG N-TM3 was
expressed and successfully immunoprecipitated by the anti-
FLAG antibodies, but no coimmunoprecipitation of c-myc
N-TM3 + TM4 was now observed (Fig. 11B). These results
indicate that TM3 was not responsible for coimmunoprecipi-
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tation of coexpressed FLAG and c-myc-tagged forms of N-
TM3 + TM4 and hence imply a key role for either TM4 or,
possibly, the amino acids of intracellular loop 2 that link TM
segments 3 and 4. No self-association of N-TM5 + TM6 was
noted in equivalent immunoprecipitation studies (Fig. 11C).
These results were supported by TR-FRET-based studies in
which a strong signal was obtained after coexpression of
FLAG and c-myc forms of N-TM3 + TM4. However, no sig-
nificant TR-FRET signals consistent with cell-surface inter-
actions between N-TM1 + TM2 and N-TM3 + TM4 or be-
tween N-TM3 + TM4 and N-TM5 + TM6 could be recorded
(Fig. 12). Finally, we were able to observe both coimmuno-
precipitation of (Fig. 13A) and cell surface TR-FRET between
(Fig. 13B) N-TM5 + TM6 and N-TM1 + TM2 when these
constructs were coexpressed. A summary of these interac-
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Fig. 8. Lack of interactions between TM1 + TM2 and TM3 + TM4.
FLAG- (A) or c-myc (B)-tagged forms of the N terminus and TM1 + TM2
and c-myc—(A) or FLAG (B)-tagged forms of the N terminus and TM3 +
TM4 were expressed individually or in combination. Expression of these
constructs was monitored in cell lysates as described in Fig. 6, and the
capacity of anti-FLAG antibodies to immunoprecipitate the FLAG-tagged
constructs was monitored. Although immunoprecipitation was effective,
interactions between N-TM1 + TM2 and N-TM3 + TM4 were not ob-
served because they were not coimmunoprecipitated.
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tions is provided in Table 1. Although not performed as
extensively as the coimmunoprecipitation studies, the pat-
tern of positive interactions of these fragments at the cell
surface, monitored by TR-FRET, was entirely consistent with
the immunoprecipitation studies (Table 1).

These data clearly implicate central roles for TM1 (and
possibly TM2) and the TM4 segment (or possibly intracellu-
lar loop 2) in providing interactions that contribute to the
quaternary structure of the «;,-adrenoceptor, with symmet-
rical contacts between the TM1 and the TM4 regions likely to
be important. The data are also consistent with contributions
of the TM5 + TM6 region. However, a lack of symmetrical
interactions for this region may implicate it as more relevant
to interdimer contacts that contribute to organization of
higher oligomeric structure.

Discussion

Production of the functional GABAD receptor requires co-
expression of the protein products of two distinct GPCR
genes (White et al., 1998). Evidence of direct protein-protein
interactions involving the C-terminal tails of these proteins,
that this interaction masked an endoplasmic reticulum re-
tention motif and hence allowed cell-surface delivery of the
complex, and that only the GABAbrl subunit was able to

bind the neurotransmitter GABA, provided clear evidence for
the heterodimeric structure of the functional receptor. Par-
allel studies on the structure of the extracellular domain of
the metabotropic glutamate receptor la provided direct
structural evidence of dimerization (Kunishima et al., 2000).
These receptors belong to the small group of family 3 GPCRs
that all have long N-terminal extracellular elements in which
the ligands bind (Parmentier et al., 2002). Considerable evi-
dence also indicates that members of the large family of
rhodopsin-like class 1 GPCRs also have quaternary structure
(George et al., 2002; Milligan et al., 2003; Milligan, 2004a).
However, the majority of these studies have used techniques
that cannot discriminate between GPCR dimers and the
presence of GPCRs within higher-order oligomers. Protein
refolding studies indicate that the leukotriene B4 BLT1 re-
ceptor can form a dimer (Baneres and Parello, 2003) and that
dimeric structure is the basic requirement to bind a single
heterotrimeric G protein (Baneres and Parello, 2003). Appli-
cation of atomic-force microscopy has shown the presence of
apparent rhodopsin dimers in murine rod outer segments,
confirming their presence in physiological settings, but these
studies also detected further organization and structure with
rows, or arrays, of dimers being aligned (Liang et al., 2003).
It might be argued that the high concentration and special-
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ized function of rhodopsin in rod outer segments would gen-
erate and require specific organization beyond other GPCRs.
However, recent studies on the complement C5a receptor
that examined cross-linking between forms of this protein
into which cysteine residues had been engineered at specific
locations concluded that the receptor may exist within higher
order oligomers or in clusters (Klco et al., 2003). These con-
clusions were largely derived from the data being inconsis-
tent with a simple, single symmetrical interface model and
with other studies suggesting distinct models of dimeriza-
tion. As noted by Klco et al. (2003), it is clearly possible that
different members of the GPCR family have evolved different
mechanisms to produce homodimers. This may well be the
case for family 1 compared with family 3 receptors because
they have evolved entirely separately. However, although
informatic studies provide hypotheses to suggest that even
very closely related GPCRs may have quite distinct mecha-
nisms of homodimerization (Filizola and Weinstein, 2002),
this is perhaps surprising given the parsimonious adaptation
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Fig. 10. Lack of interactions between TM3 + TM4 and TM5 + TMS6.

FLAG- (A) or c-myc (B)-tagged forms of N-TM3 + TM4 and c-myc—(A) or

FLAG (B)-tagged forms of N-TM5 + TM6 were expressed individually or

in combination. Expression of these constructs was monitored in cell

lysates as described in Fig. 6, and the capacity of anti-FLAG antibodies to

immunoprecipitate (IP) the FLAG-tagged constructs was monitored. Al-

though immunoprecipitation was effective, interaction between N-TM3 +
TM4 and N-TM5 + TM6 was not observed.
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TM4 (B), and FLAG- and c-myc—tagged forms of N-TM5 + TM6 (C) were
expressed individually or in combination. Expression of these constructs
was monitored in cell lysates as described in Fig. 6, and the capacity of
anti-FLAG antibodies to immunoprecipitate (IP) the FLAG-tagged con-
structs was monitored, as was coimmunoprecipitation of the c-myc—
tagged forms. N-TM3 + TM4 showed self-association, but N-TM5 + TM6
did not, whereas N-TM3 was unable to associate with N-TM3 + TM4.
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of other aspects of class A GPCR function and the general
understanding that homologous proteins have highly homol-
ogous structures.

Many of the studies to date, designed to identify GPCR
interaction interfaces, have tested a limited number of pos-
sible interactions. However, given the observed organization
of rhodopsin (Liang et al., 2003), we wished to examine po-
tential sites of interaction generally and in an unbiased man-
ner rather than testing one specific hypothesis. Previous
studies using each of coimmunoprecipitation- (Carrillo et al.,
2003; Stanasila et al., 2003; Uberti et al., 2003), FRET-
(Carrillo et al., 2003, Stanisila et al., 2003), and functional
reconstitution (Carrillo et al., 2003) -based approaches have
provided evidence for dimerization of the «,,,-adrenoceptor.
We have indicated previously a role of either TM1 or the
N-terminal region of the «;,-adrenoceptor because we could
monitor a TR-FRET signal in intact cells between the full-
length «;,-adrenoceptor and a construct related to N-TM1
that was used to anchor a G protein « subunit in proximity to
the receptor (Carrillo et al., 2003). We thus used combina-
tions of coimmunoprecipitation and TR-FRET to measure
interactions between different fragments of this receptor and
their interactions with the full-length receptor to build a
comprehensive interaction pattern map. The generated data
are generally consistent with the cysteine cross-linking stud-
ies on the Cha receptor (Klco et al., 2003). Strong interactions
were detected in each assay format indicative of symmetrical
contact points involving both TM1 and TM4. Despite the
clear contribution of TM1 to a symmetrical dimer interface,
we were unable to disrupt this interaction by mutation of the
glycophorin-A dimerization-like sequence present in TM1 of
this receptor. These data are in agreement with those of
Stanisila et al. (2003), who reached similar conclusions from
less extensive mutational alteration of this site.

These results, however, are distinct from those of Overton
et al. (2003), who showed that mutation of a similar sequence
in the S. cerevisiae a factor receptor prevented the generation
of a FRET signal. The current results clearly indicate that
such glycophorin-A-like motifs do not generally serve this
function in GPCRs. However, the genetic distance between
yeast and mammalian systems and because these studies
examined different GPCRs mean that it is not possible to
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Fig. 12. Cell-surface self-association of TM3 + TM4. TR-FRET studies
were performed in intact HEK293 cells after either coexpression of Flag
N-TM3 + TM4 with c-myc N-TM1 + TM2, c-myc N-TM3 + TM4, c-myc
N-TM5 + TMS6, or c-myc N-TM7. Equivalent studies were performed in
cells expressing each construct individually and mixed before analysis.
Data are presented as the ratio of TR-FRET signal in coexpressing versus
mixed cell populations.
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draw more general conclusions. Equally strong evidence sup-
ports a symmetrical TM4 interface in the quaternary struc-
ture of the a;,-adrenoceptor. Again, this is consistent with
cysteine cross-linking studies on the C5a receptor (Klco et al.,
2003) and with related studies on the dopamine D2 receptor
(Guo et al., 2003; Lee et al., 2003). However, a domain-swap
study on the a;,-adrenoceptor, in which one TM domain of
the ay,-adrenoceptor at a time was replaced with the equiv-
alent section of the B,-adrenoceptor, did not produce positive
support for a contribution of TM4 (Stanisila et al., 2003).
Furthermore, the TM domain-swap studies of Stanisila et al.
(2003) indicated a role of TM7 in «;,,-adrenoceptor interac-
tions. Apart from an early TM peptide-competition study on
the dopamine D2 receptor (Ng et al., 1996), no other studies
have implicated specific roles for TM7 in GPCR dimerization,
and models (Klco et al., 2003) consistent with our data do not
favor a key role of this region. We were unable to record any
specific interactions of N-TM7 of the a;,-adrenoceptor with
either the full-length receptor or any other tested fragment of
the receptor in these studies. Data consistent with symmet-
rical interactions involving both TM1 and TM4 might sug-
gest two distinct means to generate an «;,-adrenoceptor ho-
modimer. Appropriate models can certainly be produced for
both (Klco et al., 2003). However, although we cannot elimi-
nate this possibility, a further possibility that is in keeping
with the atomic-force microscopy studies on rhodopsin (Liang
et al., 2003) is that the a;,-adrenoceptor consists of higher-
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Fig. 13. Interactions between TM1 + TM2 and TM5 + TM6. Flag N-TM1
+ TM2 and c-myc N-TM5 + TM6 were expressed individually or were
coexpressed as in Fig. 8. A, appropriate expression patterns were con-
firmed by immunoblotting of cell lysates. Coimmunoprecipitation was
achieved only from cells coexpressing the two fragments. B, TR-FRET
monitored cell surface interactions. [], mixed cell population; B, cells
coexpressing the two constructs; IP, immunoprecipitation.
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order oligomers or clusters. This would also be consistent
with the observation of interactions of the N-TM5 + TM6
fragment with the full-length receptor and with N-TM1 +
TM2 but with the lack of symmetrical interactions when
differentially epitope-tagged forms of this fragment were co-
expressed. Although caveats must be placed on the interpre-
tation of coimmunoprecipitation studies involving full-length
GPCRs (Salim et al., 2002), we note that in both these and
many other studies, a substantial fraction of the precipitated
receptor migrates with high apparent molecular mass. Al-
though generally assumed to reflect nonspecifically aggre-
gated proteins, it may, at least in part, also indicate a higher-
order array or cluster of receptors. It is common to detect
complexes with the characteristics of dimers or higher-order
species that are resistant to SDS treatment in coimmunopre-
cipitation studies that use full-length GPCRs. However, with
the exception of the symmetrical N-TM1-N-TM1 interaction,
we observed little sign of the preservation of SDS-resistant
polypeptide complexes when the coimmunoprecipitation
studies used the «;;,-adrenoceptor fragments. This may also
indicate the existence of and requirement for multiple inter-
action interfaces to strengthen the receptor oligomer. The
evidence in favor of potential higher oligomer or cluster or-
ganization of the a;,-adrenoceptor and the clear implication
of symmetrical interactions involving both TM1 and TM4
raise the possibility of an interesting model. Given the ori-
entation of the transmembrane helices in GPCR monomers
and the available organizational density maps, symmetrical
interactions between both TM1 and TM4 can be accommo-

TABLE 1
Interactions between fragments of the a;,-adrenoceptor
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dated in a chain of GPCRs (Fig. 14). It is interesting in this
regard to note the “arrays” or strings of rhodopsin monomers
noted in rod outer segments by Liang et al. (2003). Nonsym-
metrical interactions observed between TM5, TM6, or the
third intracellular loop with the TM1 + TM2 segment could
then contribute to the organization of a molecular network of
GPCRs.

Many of the studies herein used fragments of the receptor
linked to a c-myc-tagged form of the N-terminal domain.
Because the N-TM7 construct showed no detectable interac-
tions with either the full-length receptor or the other receptor
fragments, these studies provide no positive evidence for
residues in the N-terminal section of the receptor being in-
tegral to the generation of receptor quaternary structure. As
noted above, this is clearly very different from the situation
with the class 3 GPCRs and from a small number of examples
of class 1 GPCRs in which either the N-terminal sequence
(Overton and Blumer, 2002) or glycosylation within this re-
gion (Xu et al., 2003) seems to contribute.

A number of studies have shown that the expression of
certain fragments of GPCRs (Zhu and Wess, 1998; Lee et al.,
2000) or even naturally occurring truncated variants (Coge et
al., 1999; Karpa et al., 2000; Ding et al., 2002) are able to
interact with full-length GPCRs and prevent effective cell-
surface delivery. Herein, as monitored directly by fluores-
cence corresponding to APC-labeled anti-FLAG antibodies,
coexpression of the various N-TM fragments did not signifi-
cantly alter cell-surface delivery of the «;,-adrenoceptor. It is
interesting that although expressed, N-TM7 was not deliv-

Interactions (+) or lack of interactions (—) between N-terminally FLAG- and c-myc—tagged fragments of the ay-adrenoceptor were examined by either coimmunoprecipi-

tation (square brackets) or TR-FRET (parentheses).

c-myc N-TM1 + TM2 c-myc N-TM3 + TM4 c-myc N-TM5 + TM6 c-myc N-TM7
FLAG N-TM1 + TM2 [+] (N.D) [-]1(N.D.) [+](N.D) [-]1(N.D.)
FLAG N-TM3 + TM4 -1 [+](+) [-1(=) [-1(=)
FLAG N-TM5 + TM6 [N.D.](+) [—](—) [-](N.D.) [-]1(N.D)

N.D., not determined.

Fig. 14. A macromolecular chain of «;,-adrenoceptors can incorporate both symmetrical TM1-TM1 and TM4-TM4 interactions in a single model.
Coimmunoprecipitation of «,,-adrenoceptor fragments support symmetric interactions involving both TM1 and TM4. Although this may indicate two
mechanisms to form distinct «,,-adrenoceptor dimers, it is also consistent with the generation of a chain of «;,-adrenoceptors that would seem similar
to the “rows” of rhodopsin molecules observed by Liang et al. (2003). A model of such a row of a,,-adrenoceptors and how this might interact with a
second row of receptors is illustrated. Individual «,,-adrenoceptor monomers are shown in different colors. Symmetric TM1-TM1 interfaces are noted
in red and symmetric TM4-TM4 interactions in yellow. Possible nonsymmetric interactions consistent with those observed between the N-TM1 + TM2
and N-TM5 + TM6 fragments are labeled with arrows. These would allow a more complex network of a;,-adrenoceptors to form.
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ered effectively to the cell surface and equally was not coim-
munoprecipitated when expressed with the full-length recep-
tor. In contrast, when coexpressed with the full-length
receptor, fragments such as N-TM1 + TM 2 and N-TM3 +
TM4 were easily detected at the cell surface by direct moni-
toring of fluorescence derived from europium-labeled anti—c-
myc antibodies. Although indirect, this could indicate that
interaction with the full-length «,,-adrenoceptor assisted in
their cell-surface delivery. However, although no interactions
were noted after coexpression of the N-TM1 + TM2 fragment
of the a;,-adrenoceptor with the full-length histamine H1
receptor, the N-TM1 + TM2 fragment was delivered to the
cell surface. This was also the case when noninteracting
fragments of the a,-adrenoceptor were coexpressed.

TR-FRET was used as a key approach in these studies to
monitor the cell-surface expression of both full-length recep-
tors and receptor fragments. The pattern of positive interac-
tions of these fragments at the cell surface, monitored by
TR-FRET, was entirely consistent with the immunoprecipi-
tation studies (Table 1). It is difficult to interpret the mag-
nitude of energy transfer signals because the physical basis
of the signal is dependent on both the distance between
energy donor and acceptor and their relative orientation
(Milligan, 2004b). However, lack of energy transfer signal
after coexpression of the N-TM1 + TM2 fragment of the
ayp-adrenoceptor with the human histamine H1 receptor is
at least consistent with the positive signal obtained after
coexpression of N-TM1 + TM2 with the full-length «,,-adre-
noceptor, reflecting a specific interaction. This complements
previous data showing only weak interactions between the
ajp-adrenoceptor and the histamine H1 receptor obtained
using completely distinct approaches (Carrillo et al., 2003).

These studies provide a comprehensive analysis of protein-
protein interactions between TM-containing fragments of the
a;p-adrenoceptor that contribute to quaternary structure.
The data are not compatible with the existence only of dimers
resulting from a single symmetrical interaction between a
specific TM domain. Although it is impossible to exclude the
existence of only dimeric forms of the receptor that are gen-
erated by contacts between different sets of TM helices, these
results are most consistent with the existence of clusters or
arrays of the «;,-adrenoceptor.
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