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ABSTRACT: Accumulating evidence suggests that G protein-coupled receptors (GPCRs) can form dimeric
or oligomeric arrays. Based on this concept, we have tested the hypothesis that truncated GPCRs can act
as negative regulators of wild-type receptor function. Using the GS-coupled V2 vasopressin receptor as
a model system, we systematically analyzed the ability of N- and C-terminal V2 receptor fragments to
interfere with the activity of the wild-type V2 receptor coexpressed in COS-7 cells. Several N-terminal
V2 receptor truncation mutants were identified that strongly inhibited the function (as determined in cAMP
and radioligand binding assays) and cell surface trafficking of the coexpressed full-length V2 receptor.
However, these truncation mutants did not interfere with the function of other GS-coupled receptors such
as the D1 dopamine and theâ2-adrenergic receptors. Dominant negative effects were only observed
with mutant receptors that contained at least three transmembrane domains. In addition, immunoblotting
experiments showed that all V2 receptor truncation mutants displaying dominant negative activity (but
not those mutant receptors lacking this activity) were able to form heterodimers with the full-length V2
receptor, suggesting that complex formation between mutant and wild-type V2 receptors underlies the
observed inhibition of wild-type receptor function. Given the high degree of structural homology shared
by all GPCRs, our findings should also be applicable to other members of this receptor superfamily.

All members of the superfamily of G protein-coupled
receptors (GPCRs)1 are predicted to share a similar molecular
architecture characterized by the presence of seven trans-
membrane helices (TM I-VII) that are connected by three
intracellular (i1-i3) and three extracellular loops (o1-o3;
Figure 1) (1-3). Models describing the interaction of
GPCRs with their G protein targets are generally based on
the assumption that the receptors exist as monomers and
couple to G proteins in an 1:1 stoichiometry. However,
several recent studies suggest that such classical models of
receptor/G protein coupling may be oversimplified.

Pharmacological studies, for example, have shown that the
complex agonist binding properties of muscarinic acetyl-
choline receptors can be explained best by postulating
cooperativity among receptor proteins arranged in oligomeric
complexes (4-7). A similar conclusion has been reached
based on genetic complementation experiments involving the
coexpression of two different, functionally active mutant
GPCRs (8, 9). Monnot et al. (9), for example, recently
described two angiotensin II mutant receptors which, when

expressed alone, did not show any ligand binding activity.
However, upon coexpression of the two receptor constructs,
ligand binding activity was restored, probably due to protein
trans-complementation (9).

The concept that GPCRs can exist as oligomers is also
strongly supported by several recent studies examining
receptor expression via immunological techniques. Immu-
noblotting experiments with different GPCRs have shown
that GPCRs are able to form SDS-resistant dimers or
multimers (for recent studies, see refs10-15). Furthermore,
a recent immunoprecipitation study employing receptor
constructs carrying different epitope tags demonstrated that
â2-adrenergic receptors exist in dimeric forms (10). These
investigators also provided evidence that the formation of
receptor dimers is not an artifact of membrane preparation
or solubilization and is critical for efficient G protein
activation (10). In addition, dimer formation was found to
be receptor-specific (â2-adrenergic and m2 muscarinic
receptors, for example, did not form heterodimers), excluding
the possibility that the receptor dimers or oligomers simply
represent nonspecific aggregates (10).

Coexpression studies with ‘split’ GPCRs have demon-
strated that GPCRs can be assembled from multiple, inde-
pendently stable receptor fragments (16-21). For example,
when the GS-coupled V2 vasopressin receptor was split in
the i3 loop, COS-7 cells cotransfected with the two receptor
fragments (referred to as Ni3 and V2-tail; Figure 1) were
able to respond to ligand stimulation with a pronounced
increase in cAMP production (21). In addition, evidence
was provided that functionally inactive mutant V2 vaso-
pressin [occurring in patients with X-linked nephrogenic
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diabetes insipidus (NDI)] can be functionally rescued (fully
or partially) by coexpression with the V2-tail polypeptide
spanning the region where various mutations occur (21).

On the basis of these findings, we hypothesized that it
should also be possible to identify mutant V2 receptors that
are able to interfere with the function of the wild-type V2
receptor via complex formation. We initially showed, using
cotransfected COS-7 cells, that the Ni3 V2 receptor trunca-
tion mutant but not the V2-tail polypeptide can interfere with
the ability of the wild-type V2 receptor to bind ligands and
to properly couple to G proteins. To further explore the
structural basis underlying the dominant negative activity of
the Ni3 mutant receptor, we next generated a series of
additional V2 mutant receptors that had been truncatd in the
i1, o1, i2, and o2 loops (Figure 1). Coexpression studies
demonstrated that only those mutant receptors that contained
the first three TM domains (TM I-III) were able to act as
negative regulators of wild-type receptor function.

In addition, the molecular mechanism by which truncated
V2 receptors interfere with wild-type receptor function was
further explored by studying receptor cell surface localization
via ELISA using wild-type and mutant receptor constructs
carrying an N-terminal hemagglutinin (HA) epitope tag.
Moreover, immunoblotting experiments were carried out to
study complex formation between wild-type and mutant

receptors. We found that expression of all mutant receptors
displaying dominant negative activity (but not of those unable
to interfere with wild-type receptor function) led to greatly
reduced cell surface expression of the wild-type receptor
protein and to the formation of heterodimeric complexes with
the full-length V2 receptor. These results provide novel
insight into the molecular basis of GPCR function.

EXPERIMENTAL PROCEDURES

DNA Constructs. All mutations were introduced into
V2pcD-PS (21), a mammalian expression vector coding for
the human V2 vasopressin receptor (22), using standard
polymerase chain reaction (PCR) mutagenesis techniques
(23). All wild-type and truncated mutant receptor constructs
contained a nine-amino acid HA epitope tag (YPYDVPDYA;
24) inserted after the initiating methionine codon. The ligand
binding and G protein-coupling properties of the epitope-
tagged wild-type V2 receptor did not differ significantly from
those found with the non-tagged version (21, 25). For the
construction of truncated V2 vasopressin receptors (referred
to as Ni1, No1, Ni2, No2, and Ni3; Figure 1), stop codons
(TGA) were inserted at the appropriate positions in V2pcD-
PS. The stop codons were placed approximately in the center
of the i1, o1, i2, and o2 loops. The Ni3 (Glu242fstop)
fragment (truncation within the i3 loop) was generated since

FIGURE 1: Schematic representation of the human V2 vasopressin receptor indicating the structure of mutant V2 receptors analyzed in this
study. The three intracellular and three extracellular loops are referred to as i1-i3 and o1-o3, respectively. To generate a series of truncated
V2 receptors, the indicated amino acid codons (His70, Phe105, Tyr148, Ala194, and Glu242) were replaced with translation termination
codons, resulting in Ni1, No1, Ni2, No2, and Ni3, respectively. To create a mutant V2 vasopressin receptor that is no longer a substrate for
N-linked glycosylation, Asn22 was replaced with Gln (27). To allow translation of the C-terminal V2-tail polypeptide (Glu242-Ser371),
an ATG start codon was placed immediately upstream of the Glu242 codon (21). The nine amino acid N-terminal HA epitope tag present
in all receptor constructs is highlighted. A rabbit polyclonal antibody (referred to as anti-C-V2) was raised against the indicated C-terminal
receptor sequence. Numbers refer to amino acid positions in the human V2 vasopressin receptor sequence (22).
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this mutant receptor has been identified in NDI patients (26).
In addition, an expression plasmid was created in which
amino acids Arg38-Arg104 were deleted from Ni3, resulting
in V2(III -V). No other N-terminal V2 receptor fragments
were generated. The construction of an expression vector
coding for the C-terminal V2-tail polypeptide (Glu242-
Ser371; Figure 1) has been described previously (21). To
generate a plasmid coding for a glycosylation-defective V2
receptor (27), a 143-base pair syntheticEcoRI-NheI frag-
ment encoding an Asn22fGln point mutation was used to
replace the corresponding sequence in V2pcD-PS.

The construction of expression plasmids coding for the
m3-Ni3 and m3-tail mutant receptors has been described
previously (17). m3-Ni3 and m3-tail are receptor fragments
derived from the rat m3 muscarinic receptor (Glu273fstop
and Leu388-Leu589, respectively) and are structurally
homologous to the Ni3 and V2-tail V2 receptor polypeptides,
respectively (Figure 1). In addition, the following wild-type
receptor expression plasmids were used: human D1 dopam-
ine receptor (28) in pcDNAI, ratâ2-adrenergic receptor (29)
in pSVL, and rat V1a vasopressin receptor (30) in pcD-SP6/
T7. The identity of the various constructs and the correctness
of all PCR-derived sequences were verified by restriction
endonuclease analysis and by dideoxy sequencing of the
mutant plasmids.

Transient Expression of Wild-Type and Mutant V2 Recep-
tors. COS-7 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS) at 37°C in a humidified 5% CO2 incubator.
For transfections, 2× 106 cells were seeded into 100-mm
dishes. About 24 h later, cells were transfected with the
various receptor constructs (4µg of plasmid DNA per dish)
by a DEAE-dextran method (31). In cotransfection experi-
ments, the total amount of transfected DNA was kept
constant at 4µg per dish.

Radioligand Binding Assays.For radioligand binding
studies, COS-7 cells were harvested approximately 72 h after
transfections, and membrane homogenates were prepared as
described (32). Binding buffer consisted of 50 mM Tris (pH
7.4), 3 mM MgCl2, 1 mM EDTA, 0.1% bovine serum
albumin, and 0.1 mg/mL bacitracin. Incubations were carried
out for 1 h atroom temperature in a 0.5 mL volume with 2
nM radioligand, [3H]arginine vasopressin ([3H]AVP, 81 Ci/
mmol; Dupont NEN). For saturation binding studies, six
different concentrations of [3H]AVP (0.125-4 nM) were
used. Nonspecific binding was assessed in the presence of
5 µM AVP. Protein concentrations were determined ac-
cording to Bradford (33). Binding data were analyzed by a
nonlinear least squares curve-fitting procedure using the
computer program LIGAND (34).

cAMP Assays.Approximately 20-24 h after transfections,
COS-7 cells were transferred into 6-well plates, and 2µCi/
mL of [3H]adenine (15 Ci/mmol; American Radiolabeled
Chemicals Inc.) was added to the growth medium. After a
40-48 h labeling period, cells were preincubated in Hanks’
balanced salt solution containing 20 mM Hepes and 1 mM
3-isobutyl-1-methylxanthine for 15 min (37°C) and then
stimulated with 1µM AVP for 30 min at 37°C. To generate
complete concentration-response curves, six different con-
centrations of AVP (ranging from 10-13 to 10-5 M) were
used. Incubations were terminated by aspiration of medium
and addition of 1 mL ice-cold 5% trichloroacetic acid

containing 1 mM ATP and 1 mM cAMP. Increases in
intracellular [3H]cAMP levels were determined by anion
exchange chromatography as described (21, 35).

ELISA. An indirect cellular ELISA was performed to
quantitate the amount of epitope-tagged wild-type and mutant
V2 receptor proteins present on the cell surface (18, 21).
COS-7 cells were transferred into 96-well plates (4-5 ×
104 cells/well) about 24 h after transfections. Approximately
48 h later, cells were fixed with 4% formaldehyde in
phosphate-buffered saline (PBS) for 30 min at room tem-
perature. After being washed with PBS and blocked with
DMEM containing 10% FBS, cells were incubated for 2 h
at 37 °C with a monoclonal antibody directed against the
HA epitope tag (12CA5, Boehringer Mannheim; 10µg/mL
in DMEM, 10% FBS). Plates were then washed and
incubated with 1:2000 dilution (in DMEM containing 10%
FBS) of a horseradish peroxidase-conjugated goat anti-mouse
IgG antibody (Sigma) for 1 h at 37°C. Subsequently, H2O2

ando-phenylenediamine (2.5 mM each in 0.1 M phosphate-
citrate buffer, pH 5.0) were added to serve as substrate and
chromogen, respectively. Enzymatic reactions (carried out
at room temperature) were stopped after 10 min with 1 M
H2SO4 solution containing 0.05 M Na2SO3, and color
development was measured bichromatically in the Biokinet-
ics reader (EL 312, Bio Tek Instruments, Inc., Winooski,
VT) at 490 and 630 nm.

Preparation of Membrane Lysates.For Western blotting
experiments, membrane extracts were prepared from trans-
fected COS-7 cells as follows. About 70-72 h after
transfections, cells were scraped into ice-cold PBS, trans-
ferred into Eppendorf tubes, and centrifuged at 2000 rpm
for 5 min in a microcentrifuge. Supernatants were discarded,
and cell pellets were resuspended in 200µL of PBS
containing 0.2% digitonin, 1 mM phenylmethanesulfonyl
fluoride (PMSF, Sigma), and 1µg/mL pepstatin A (Sigma)
to remove soluble proteins as well as peripheral membrane
proteins. After incubation on ice for 20 min, cell pellets
were collected by centrifugation at 2500 rpm for 5 min,
followed by incubation with 200µL of lysis buffer (PBS
containing 1% digitonin, 0.5% deoxycholate, 1 mM PMSF,
and 1µg/mL pepstatin A) at 4°C for 1 h. Subsequently,
cell lysates were centrifuged in a refrigerated Eppendorf
5417R microcentrifuge at maximal speed for 30 min.
Supernatants were used either immediately for Western
blotting or stored at-80 °C prior to use.

Western Blotting.Membrane lysates prepared from trans-
fected COS-7 cells were mixed with 3× nonreducing
Laemmli sample buffer (Bio-Rad Laboratories). To allow
for reducing conditions, samples were incubated with 100
mM DTT (final concentration) for 30 min at room temper-
ature or heated (in the presence of 100 mM DTT) at 95°C
for 3 min prior to SDS-PAGE. Subsequently, samples were
resolved on 10-15% (w/v) acrylamide slab gels in the
presence of 0.1% SDS. For immunoblotting experiments,
proteins were transferred to nitrocellulose membranes and
probed with either the anti-HA 12C5A mouse monoclonal
antibody (1 µg/mL) or the anti-C-V2 rabbit polyclonal
antibody (1µg/mL; kindly provided by Dr. Paul Goldsmith,
NIH) raised against a peptide corresponding to the C-terminal
29 amino acids of the human V2 vasopressin receptor (Figure
1). Bound antibody was then detected with a secondary
antibody (goat anti-mouse or monkey anti-rabbit, respec-
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tively) conjugated to horseradish peroxidase, using an
enhanced chemiluminescence detection kit (Amersham).

RESULTS

Constructs.A series of truncated V2 vasopressin receptors
were created by introducing translation stop codons into the
i1, o1, i2, o2, and i3 loops. These mutant receptors were
designated Ni1 (His70fstop), No1 (Phe105fstop), Ni2
(Tyr148fstop), No2 (Ala194fstop), and Ni3 (Glu242fstop),
respectively (Figure 1). To allow for the detection of wild-
type and mutant receptor proteins via immunological tech-
niques, a nine amino acid HA epitope was added to the
N-terminus of all constructs (Figure 1). Previous studies
showed that the presence of the epitope tag had no significant
effect on the ligand binding and G protein-coupling properties
of the wild-type V2 receptor (21, 25). Upon transient
expression in COS-7 cells, the different V2 receptor trunca-
tion mutants were unable to bind the radioligand, [3H]AVP,
or to stimulate AVP-dependent increases in cAMP levels
(data not shown).

Inhibition of V2 Vasopressin Receptor Signaling by
Coexpressed Truncated V2 Receptors.We first wanted to
study whether coexpressed V2 receptor truncation mutants
were able to impair wild-type V2 receptor function in
cotransfected COS-7 cells. Initially, we examined the ability
of the Ni3 mutant receptor (obtained by ‘splitting’ the V2
receptor within the i3 loop;21) to interfere with wild-type
V2 receptor-mediated increases in cAMP production. To-
ward this goal, different amounts (0.25-3.9 µg) of Ni3
construct or pcD-PS vector DNA (as control) were cotrans-
fected with wild-type V2 receptor DNA, keeping the total
amount of transfected DNA constant at 4µg. As shown in
Figure 2, increasing the amount of cotransfected vector DNA
led to progressive reductions in maximum cAMP responses
(from 12- to 7-fold above basal) induced by ligand stimula-

tion (1 µM AVP) of the wild-type V2 receptor. This effect
is most probably due to competition between receptor and
vector DNA for amplification in COS-7 cells. However,
compared to the responses seen with vector-cotransfected
cells (which were set equal to 100% in each individual
experiment), cAMP responses observed with cells coex-
pressing the Ni3 fragment and the wild-type V2 receptor
were significantly reduced. Figure 2 shows that expression
of the Ni3 mutant receptor led to concentration-dependent
reductions in maximum cAMP responses. For example,
increasing the amount of cotransfected Ni3 DNA from 2 to
3.75 µg led to an inibition of cAMP responses by ap-
proximately 20 and 40%, respectively.

We next wanted to define the minimum structural require-
ments for the ability of the Ni3 mutant receptor to interfere
with wild-type receptor signaling. Thus, additional cotrans-
fection experiments were carried out with progressively
shortened V2 receptor truncation mutants (Ni1, No1, Ni2,
and Ni2; Figure 1). Based on the initial findings obtained
with the Ni3 fragment, we decided to use a fixed ratio of
mutant V2 receptor or vector DNA (3.75µg) and wild-type
V2 receptor plasmid (0.25µg) in all further experiments.
As shown in Figure 3, little or no inhibition of AVP-induced
cAMP responses was seen in the presence of the coexpressed
Ni1 and No1 fragments. Similar findings were obtained
when the C-terminal V2 receptor polypeptide, V2-tail (Figure
1), was coexpressed with the full-length V2 receptor (Figure
3). In contrast, the Ni2 and No2 fragments were able to
interfere with wild-type V2 receptor signaling in a fashion
similar to the Ni3 mutant receptor, leading to reductions in
AVP-stimulated cAMP levels by approximately 50% (Figure
3). However, complete AVP concentration-response curves

FIGURE 2: Inhibition of wild-type V2 receptor-mediated cAMP
accumulation by the Ni3 truncation mutant. COS-7 cells were
cotransfected with the indicated amounts of plasmid DNA coding
for the wild-type V2 receptor and the Ni3 V2 receptor truncation
mutant or pcD-PS vector DNA (control). The structure of the Ni3
construct is given in Figure 1. Cells were incubated in 6-well plates
for 30 min (at 37°C) in the absence or presence of 1µM AVP.
The resulting increases in intracellular cAMP levels (fold stimula-
tion above basal) were determined as described under Experimental
Procedures. In each individual experiment, cAMP responses
observed with vector-cotransfected control cells were set equal to
100%. Numbers above bars indicate actual increases in cAMP levels
(fold stimulation above basal level; means). Data are given as means
( SE of at least three independent experiments, each carried out
in triplicate.

FIGURE 3: Inhibition of wild-type V2 receptor-mediated cAMP
production by truncated V2 receptors. COS-7 cells were cotrans-
fected with plasmid DNA coding for the wild-type V2 receptor
(0.25µg) and the indicated mutant receptor constructs or pcD-PS
vector DNA (3.75µg each). The structures of the different mutant
receptors/receptor fragments are given in Figure 1 and under
Experimental Procedures. The m3-Ni3 and m3-tail polypeptides
are derived from the rat m3 muscarinic receptor (17) and are
structurally homologous to Ni3 and V2-tail, respectively. Cells were
incubated in 6-well plates for 30 min (at 37°C) in the absence or
presence of 1µM AVP. The resulting increases in intracellular
cAMP levels (fold stimulation above basal) were determined as
described under Experimental Procedures. In each individual
experiment, cAMP responses observed with vector-cotransfected
control cells were set equal to 100%. Numbers above bars indicate
actual increases in cAMP levles (fold stimulation above basal level;
means). Data are given as means( SE of at least three independent
experiments, each carried out in triplicate.
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showed that the coexpressed Ni2, No2, and Ni3 mutant
receptors had no significant effect on AVP EC50 values (data
not shown; AVP EC50 in vector-cotransfected control cells:
0.30 ( 0.04 nM).

To examine whether the observed inhibition of V2
receptor-mediated functional responses was specific for V2
receptor fragments, the wild-type V2 receptor was also
coexpressed with a truncated rat m3 muscarinic receptor, m3-
Ni3 (Glu273fstop;17), which is structurally homologous
to the Ni3 V2 mutant receptor. However, as shown in Figure
3, the coexpressed m3-Ni3 receptor had no significant effect
on V2 receptor-mediated increases in adenylyl cyclase
activity. Similar results were obtained when the wild-type
V2 receptor was coexpressed with a C-terminal m3 musca-
rinic receptor fragment (m3-tail; Leu388-Leu589;17) that
is structurally homologous to the V2-tail polypeptide.

Truncated V2 Receptors Do Not Interfere with the Func-
tion of Other GS-Coupled Receptors.We next wanted to
exclude the possibility that the ability of the Ni2, No2, and
Ni3 mutant receptors to interfere with wild-type V2 receptor
function occurred via sequestration of the stimulatory G
protein, Gs. We therefore studied the ability of the Ni3
fragment to affect signaling induced by two other Gs-coupled
receptors, the human D1 dopamine (28) and the ratâ2-
adrenergic receptors (29). Control experiments with vector-
cotransfected cells showed that the D1 dopamine andâ2-
adrenergic receptors were able to mediate pronounced
increases in intracellular cAMP levels (10-17-fold above
basal) when stimulated by the appropriate agonist ligands
[1 mM dopamine and 0.2 mM (-)-isoproterenol, respec-
tively] (Figure 4). As shown in Figure 4, maximum cAMP
responses obtained in the presence of the coexpressed Ni3
V2 mutant receptor were not significantly different from
those found with vector-cotransfected control cells. Similar

results were obtained with cells coexpressing the D1 dopam-
ine or theâ2-adrenergic receptor and the m3-Ni3 mutant
receptor, which is structurally homologous to the Ni3 mutant
V2 receptor construct (Figure 4). These data indicate that
the ability of the Ni3 fragment and, most likely, other V2
receptor truncation mutants to interfere with wild-type V2
receptor function is not due to competition at the G protein
level.

Truncated V2 Receptors Reduce Ligand Binding to the
Wild-Type V2 Receptor.We next wanted to examine
whether coexpressed V2 receptor fragments also interfered
with the ability of the wild-type V2 receptor to bind ligands.
Toward this goal, membranes prepared from COS-7 cells
coexpressing the wild-type V2 receptor and different V2
receptor truncation mutants were tested for their ability to
bind the radioligand, [3H]AVP. These studies showed that
cotransfection of the Ni2, No2, and Ni3 constructs led to
approximately 55-65% reductions inBmax values, as com-
pared with vector-cotransfected control cells (175( 11 fmol/
mg; set equal to 100% in each individual experiment) (Figure
5). However, [3H]AVP KD values determined in the presence
of these three mutant constructs were similar to the value
obtained with vector-cotransfected control cells (0.65( 0.12
nM; n ) 3), and Scatchard analysis revealed the presence
of single high-affinity [3H]AVP binding sites (data not
shown).

In contrast to the results obtained with the Ni2, No2, and
Ni3 mutant receptors, coexpression of the Ni1 or No2 V2
receptor fragments had little or no effect on the [3H]AVP
binding properties of the wild-type receptor (Figure 5).
Similarly, no reduction in maximum V2 receptor density
(Bmax) was observed with cells cotransfected with the wild-
type V2 receptor and the V2-tail, m3-Ni3, or m3-tail receptor
fragments (Figure 5).

TM I and II Are Not Required for the Dominant NegatiVe
ActiVity of Ni3. As outlined in the previous paragraphs, only

FIGURE 4: Lack of inhibition of D1 dopamine andâ2-adrenergic
receptor-mediated cAMP accumulation by the Ni3 V2 receptor
truncation mutant. COS-7 cells were cotransfected with plasmid
DNA coding for the wild-type human D1 dopamine or ratâ2-
adrenergic receptors (0.25µg each) and the Ni3 V2 receptor
truncation mutant, the m3-Ni3 mutant muscarinic receptor construct,
or pcD-PS vector DNA (3.75µg each). Cells were incubated in
6-well plates for 30 min (at 37°C) in the absence or presence of
1 mM dopamine (D1 dopamine receptor) or 0.2 mM (-)-iso-
proterenol (â2-adrenergic receptor). The resulting increases in intra-
cellular cAMP levels (fold stimulation above basal) were determined
as described under Experimental Procedures. Data are given as
means( SE of three independent experiments, each carried out in
triplicate.

FIGURE 5: Inhibition of radioligand binding to the wild-type V2
receptor by coexpressed truncated V2 receptors. COS-7 cells were
cotransfected with plasmid DNA coding for the wild-type V2
receptor (0.25µg) and the indicated mutant receptor constructs or
pcD-PS vector DNA (3.75µg each). The structures of the different
mutant receptors/receptor fragments are given in Figure 1 and under
Experimental Procedures. The m3-Ni3 and m3-tail polypeptides
are derived from the rat m3 muscarinic receptor (17) and are
structurally homologous to Ni3 and V2-tail, respectively. [3H]AVP
binding studies were carried out with membrane homogenates
prepared from cotransfected COS-7 cells as described under
Experimental Procedures. Data are given as means( SE of at least
three independent experiments, each carried out in duplicate.
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those mutant receptors that contained TM I-III (Ni2, No2,
and Ni3) were able to act as negative regulators of wild-
type V2 receptor function. To examine whether the presence
of TM I and II was essential for the ability of V2 receptor
fragments to inhibit V2 receptor activity, we created an
additional expression construct coding for a V2 receptor
polypeptide that included only TM III-V [V2(III -V)]. This
construct was generated by deleting amino acids Arg38-
Arg104 from Ni3, thus fusing the N-terminal extracellular
segment of the V2 receptor to the middle of the o1 loop
(Figure 1). Coexpression studies showed that the V2(III-
V) polypeptide was able to inhibit V2 receptor-mediated
cAMP production and [3H]AVP binding in a fashion similar
to the Ni3 fragment from which this polypeptide was derived
(Figure 6).

Truncated V2 Receptors Reduce Cell Surface Expression
of the Coexpressed Wild-Type V2 Receptor.Our next goal
was to study whether truncated V2 receptors were able to
interfere with proper cell surface localization of the coex-
pressed wild-type V2 receptor protein. To quantitate the

amount of wild-type and mutant receptor proteins present
on the cell surface, an indirect cellular ELISA was employed
(18, 21). For ELISA measurements, transfected COS-7 cells
were incubated with the 12CA5 monoclonal antibody
directed against the extracellular HA epitope tag present in
all receptor constructs, followed by the addition of a
peroxidase-conjugated secondary antibody and the photo-
metric determination of peroxidase activity. Previous studies
showed that this ELISA procedure does not interfere with
the integrity of the plasma membrane barrier, as determined
in control experiments with receptor constructs carrying
C-terminal (intracellular) epitope tags (18).

Expression of the different V2 receptor truncation mutants
alone resulted in rather weak OD signals (0.02-0.06),
indicating that these mutant proteins were not well expressed
on the cell surface (Figure 7). In contrast, expression of the
wild-type V2 receptor construct resulted in a considerably
more pronounced increase in OD readings (0.20-0.25).
Strikingly, coexpression of the wild-type V2 receptor with
the Ni2, No2, or Ni3 mutant constructs led to strong
reductions in OD signals (by approximately 50-70%), as
compared with vector-cotransfected control cells (Figure 7).
Little or no reductions in OD readings were observed when
the wild-type V2 receptor was cotransfected with the Ni1
and No1 receptor fragments.

Western Blot Analysis ReVeals Dimeric Forms of Wild-
Type and Mutant V2 Receptors.As outlined in the previous
paragraphs, all V2 receptor truncation mutants capable of
inhibiting wild-type V2 receptor function (Ni2, No2, and
Ni3) also strongly interfered with cell surface expression of
the coexpressed full-length V2 receptor. We therefore
hypothesized that these mutant receptors are able to form
complexes with the wild-type V2 receptor that are retained
intracellularly in a nonfunctional state. To demonstrate that
such interactions do in fact occur, we monitored protein
expression more directly via Western blot analysis.

FIGURE 6: TM I and II are not required for the ability of Ni3 to
inhibit wild-type V2 receptor function. COS-7 cells were cotrans-
fected with plasmid DNA coding for the wild-type V2 receptor
(0.25µg) and the indicated mutant V2 receptor constructs or pcD-
PS vector DNA (3.75µg each). The structure of the Ni3 fragment
is given in Figure 1. The V2(III-V) polypeptide was generated by
deleting amino acids Arg38-Arg104 from Ni3, thus fusing the
N-terminal extracellular segment of the V2 receptor to the middle
of the o1 loop (Figure 1). (A) For cAMP assays, cells were
incubated in 6-well plates for 30 min (at 37°C) in the absence or
presence of 1µM AVP. The resulting increases in intracellular
cAMP levels (fold stimulation above basal) were determined as
described under Experimental Procedures. In each individual
experiment, cAMP responses observed with vector-cotransfected
control cells were set equal to 100%. Numbers above bars indicate
actual increases in cAMP levels (fold stimulation above basal level;
means). (B) [3H]AVP binding studies were carried out with
membrane homogenates prepared from cotransfected COS-7 cells
as described under Experimental Procedures. Data are given as
means( SE of three independent experiments, each carried out in
duplicate.

FIGURE 7: Reduction of cell surface expression of the wild-type
V2 receptor by coexpressed truncated V2 receptors studied by
ELISA. COS-7 cells were cotransfected with plasmid DNA coding
for the wild-type V2 receptor (0.25µg) and the indicated V2 mutant
receptor constructs or pcD-PS vector DNA (3.75µg each) (left
panel). In another set of experiments (right panel), cells were
transfected with truncated V2 receptor constructs alone (4µg).
ELISA measurements were carried out with intact COS-7 cells in
96-well plates as described under Experimental Procedures. All
readings were corrected for background, determined with cells
transfected with vector DNA alone (OD490nm ) 0.022( 0.003).
Data are presented as means( SE of three independent experi-
ments, each carried out in quadruplicate.

15778 Biochemistry, Vol. 37, No. 45, 1998 Zhu and Wess



Initially, we studied the expression of the wild-type V2
receptor protein when expressed alone. To detect the wild-
type V2 receptor via immunoblotting, two different antibod-
ies, the anti-C-V2 rabbit polyclonal antibody (raised against
a peptide corresponding to the C-terminal 29 amino acids
of the human V2 receptor) and the anti-HA 12C5A mono-
clonal antibody, were used (Figures 1, 8, and 9). Figure 8A
shows a typical Western blot obtained with membrane lysates
prepared from wild-type V2 receptor-expressing COS-7 cells,
probed with the anti-C-V2 polyclonal antibody. Under
nonreducing conditions, several different immunoreactive
bands were observed (Figure 8A, lane 1): a faint band
migrating at around 40 kDa, which corresponds in size to a
putative receptor monomer, as well as several higher
molecular mass forms that are likely to represent receptor
dimers (at about 80 kDa) and oligomers (>100 kDa).

To further explore the possibility that the 80-kDa species
in fact represents a V2 receptor dimer, immunoblotting
experiments were also carried out with an Asn22fGln V2
mutant receptor that is no longer a substrate for N-linked
glycosylation (27). The pattern obtained with this glycosyl-
ation-defective mutant receptor was very similar to that
obtained with the wild-type V2 receptor, except that the
monomeric and dimeric forms were reduced in size by
approximately 3-5 and 6-10 kDa, respectively (Figure 8A,
lane 2). This observation is consistent with the notion that
the 80-kDa band observed with the wild-type V2 receptor
(Figure 8A, lane 1) does in fact represent a V2 receptor
dimer.

When samples containing the wild-type V2 receptor
protein (or the Asn22fGln mutant receptor) were incubated
with 100 mM DTT (room temperature, 30 min) prior to
SDS-PAGE, the high-molecular mass products (>100 kDa)
were no longer observed, and the putative dimer band became

considerably weaker (Figure 8A, lanes 3 and 4). In contrast,
the band corresponding to the putative V2 receptor monomer
became very prominent. However, even after prolonged
incubation (60 min at room temperature) of samples in the
presence of very high concentrations of DTT (up to 200 mM)
or â-mercaptoethanol (up to 5%) or heating of samples at
95 °C for 3 min (in the presence of 100 mM DTT), the signal
corresponding to the V2 receptor dimer did not disappear
completely (data not shown).

A pattern similar to that obtained with cells expressing
the wild-type V2 receptor was also obtained with membrane
lysates prepared from cells transfected with the Ni2, No2,
and Ni3 mutant receptors (Figure 8B-D). On Western blots,
the three polypeptides were detected with the 12CA5
monoclonal antibody directed against the N-terminal HA tag
present in these as well as all other V2 receptor constructs.
In each case, multiple immunoreactive bands were observed,
including bands corresponding in size to fragment monomers
and dimers. Upon treatment of samples with 100 mM DTT
(room temperature, 30 min), most (Ni2, No2) or at least a
substantial amount (Ni3) of the dimeric species were
converted to the putative monomeric forms (Figure 8B-D).

In contrast to the findings obtained with the wild-type V2
and the Ni2, No2, and Ni3 mutant receptors, a different
pattern was observed with membrane lysates prepared from
cells expressing the V2-tail polypeptide. In immunoblotting
experiments, the V2-tail fragment could be easily detected
with the anti-C-V2 polyclonal antibody (Figure 8E). The
V2-tail polypeptide, in contrast to the wild-type V2 and the
Ni2, No2, and Ni3 mutant receptors, predominantly migrated
as a monomer (approximate size, 16-18 kDa) both under
nonreducing and reducing conditions (Figure 8E).

Western Blot Analysis ReVeals the Formation of Het-
erodimers between Wild-Type and Truncated V2 Receptors.

FIGURE 8: Detection of the wild-type V2 receptor and V2 receptor fragments via Western blot analysis. COS-7 cells were transfected with
plasmid DNA (4µg/dish) coding for the wild-type V2 receptor (A) and the indicated V2 receptor fragments (B-E) (for mutant receptor
structures, see Figure 1). Membrane extracts were prepared about 70 h after transfections and subjected to SDS-PAGE (A, 10%; B-D,
12.5%; E, 15%) (10µg of total protein/lane) as described under Experimental Procedures. Receptors/receptor fragments were visualized
via immunoblotting using the anti-C-V2 polyclonal (A, E) or the 12CA5 (anti-HA) monoclonal antibody (B-D). Bands predicted to represent
protein monomers are marked by a single arrow (f), while bands corresponding in size to putative receptor/fragment dimers are highlighted
by a double arrow (ff). Immunoblotting experiments were also carried out with an Asn22fGln mutant V2 receptor (A, lanes 2 and 4)
that is no longer a substrate for N-linked glycosylation (Glyc-). To generate reducing conditions, samples were incubated with 100 mM
DTT (final concentration) for 30 min at room temperature prior to SDS-PAGE. Please note that two nonspecific bands migrating at>80
kDa (which are also observed with mock-transfected cells; see Figure 9A, lane 6) are commonly seen upon use of the 12CA5 antibody
(panels B-D). Protein molecular mass standards (in kDa) are indicated. Two additional experiments gave similar results.
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We next wanted to examine whether the wild-type V2
receptor was able to form complexes with the different V2
receptor truncation mutants. Toward this goal, COS-7 cells
were transfected with the Ni1, No1, Ni2, No2, and Ni3
mutant receptors, either alone or in combination with the
wild-type V2 receptor (Figure 9). The 12CA5 anti-HA
monoclonal antibody was used to detect these proteins via
immunoblotting (under nonreducing conditions).

As shown in Figure 9A (lanes 3 and 5), analysis of
membrane lysates prepared from Ni1- and No1-expressing
cells led to the appearance of immunoreactive bands corre-
sponding to monomeric fragment species (estimated molec-
ular mass, 10 and 16 kDa, respectively); no polypeptide
dimers were observed. In this set of experiments, the two
bands migrating at around 80-90 kDa were caused by other
cellular proteins cross-reacting with the 12CA5 antibody,
since they were also observed using mock-transfected cells
(Figure 9A, lane 6). Figure 9A also shows that the Ni1 signal
was very weak, probably due to low expression and/or
stability of this rather small receptor fragment (total size,
78 amino acids). No extra bands corresponding to het-
erodimeric complexes between wild-type V2 and the Ni1 or
No1 mutant receptors were observed in coexpression experi-
ments (Figure 9A, lanes 2 and 4).

Expression of the Ni2 receptor fragment alone resulted in
the appearance of multiple immunoreactive bands, including
bands corresponding in size to fragment monomers (at 17-
19 kDa) and dimers (at 34-38 kDa) (Figure 9B, lane 2; see
also Figure 8B). When Ni2 was coexpressed with the wild-
type V2 receptor, an additional band of about 60 kDa
appeared (Figure 9B, lane 1), consistent with the formation

of heterodimers between wild-type V2 receptor and Ni2
fragment monomers. A pattern very similar to that found
with the Ni2 mutant receptor was also observed with No2-
and Ni3-expressing cells. In the case of No2, Western blot
analysis again revealed several immunoreactive bands,
including bands corresponding in size to monomeric (about
22-24 kDa) and dimeric (about 44-48 kDa) forms of No2
(Figure 9C, lane 2). Upon coexpression of No2 with the
wild-type V2 receptor, an additional band, approximately
60-65 kDa in size, could be observed, probably representing
a wild-type receptor/No2 heterodimer (Figure 9C, lane 1).
Analogously, coexpression of the Ni3 truncation mutant with
the wild-type V2 receptor also led to the appearance of a
putative heterodimeric complex with a molecular mass of
about 65-70 kDa (Figure 9D, lane 2). As observed with
the Ni3 homodimer (Figure 8D), a considerable amount of
the Ni3/wild-type V2 receptor heterodimer was converted
to the monomeric species upon treatment of samples with
100 mM DTT (room temperature, 30 min) (data not shown).
Coexpression of the wild-type V2 receptor with the m3-Ni3
mutant muscarinic receptor or coexpression of the wild-type
rat V1a vasopressin receptor (30) with the Ni3 V2 receptor
truncation mutant did not yield heterodimeric complexes in
immunoblotting experiments (data not shown).

As shown in Figure 9, the V2 receptor monomer band
(migrating at around 40 kDa) was not observed in the
coexpression experiments, even when no heterodimers were
detected, as in the case of Ni1. A likely explanation for
this phenomenon is that expression of the wild-type V2
receptor protein is reduced in the coexpression experiments,
probably due to competition between wild-type and mutant

FIGURE 9: Formation of heterodimers between the wild-type V2 receptor and different V2 receptor truncation mutants, as detected by
immunoblotting. COS-7 cells were transfected in 100-mm dishes with the following amounts of Ni1, No1, Ni2, No2, and Ni3 mutant
receptor constructs, either alone or in combination with the wild-type V2 receptor plasmid (wt V2): (A) lane 1, wild-type V2 (4µg); lane
2, wild-type V2 (0.75µg) plus Ni1 (3.25µg); lane 3, Ni1 (4µg); lane 4, wild-type V2 (0.75µg) plus No1 (3.25µg); lane 5, No1 (4µg);
lane 6, mock-transfected cells. (B) lane 1, wild-type V2 (0.75µg) plus Ni2 (3.25µg); lane 2, Ni2 (4µg). (C) lane 1, wild-type V2 (0.75
µg) plus No2 (3.25µg); lane 2, No2 (4µg). (D) lane 1, wild-type V2 (4µg); lane 2, wild-type V2 (0.75µg) plus Ni3 (3.25µg); lane 3,
Ni3 (4 µg). Membrane extracts were prepared about 70 h after transfections and subjected to nonreducing SDS-PAGE (A, 15%; B-D,
12%) (15µg of total protein/lane), as described under Experimental Procedures. Receptors/receptor fragments were visualized by Western
blotting using the 12CA5 (anti-HA) monoclonal antibody. Bands predicted to represent protein monomers are marked by a single arrow
(f), bands corresponding in size to putative homodimers are highlighted by a double arrow (ff), and bands corresponding in size to
putative wild-type/mutant receptor heterodimers are marked by an asterisk plus arrow (*f). Please note that several nonspecific bands
migrating at>80 kDa (which are also observed with mock-transfected cells) are commonly seen upon use of the 12CA5 antibody. Protein
molecular mass standards (in kDa) are indicated. Molecular mass markers were identical for panels B-D. Two additional experiments gave
similar results.
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receptor DNAs for amplification in COS-7 cells (please note
that wild-type and mutant V2 receptor DNAs were not
supplemented with vector DNA when their expression
patterns were studied alone).

Analysis of the biochemical properties of a split rhodopsin
mutant has shown that disulfide bond exchange reactions
can occur when rhodopsin fragments are denatured in
preparation for SDS-PAGE (36). To exclude such a
mechanism as the molecular basis for the formation of
heterodimeric complexes observed in Figure 9, cells coex-
pressing the wild-type V2 receptor and the Ni3 fragment
were processed for SDS-PAGE (starting from the point of
cell lysis) in the presence of the sulfhydryl alkylating reagent,
N-ethylmaleimide (12.5 mM), as described by Konoet al.
(36). The resulting pattern of immunoreactive bands was
very similar to that shown in Figure 9D (lane 2) (data not
shown), indicating that the formation of heterodimers is not
an artifact due to disulfide bond exchange reactions during
preparation of samples for SDS-PAGE.

DISCUSSION

In this study, we have tested the hypothesis that truncated
GPCRs can act as negative regulators of wild-type receptor
function. Toward this goal, we used the V2 vasopressin
receptor, a prototypical GS-coupled receptor, as a model
system. Initially, the V2 receptor was split in the i3 loop,
and the ability of the resulting receptor fragments, Ni3 and
V2-tail (Figure 1), to modulate wild-type V2 receptor
function was examined in cotransfected COS-7 cells. Whereas
the C-terminal receptor polypeptide, V2-tail, failed to
interfere with wild-type receptor activity, cells coexpressing
the Ni3 fragment and the wild-type V2 receptor showed a
strong reduction in AVP-dependent maximum cAMP re-
sponses (Figure 3). Increasing the amount of cotransfected
Ni3 plasmid DNA led to a progressively more pronounced
inhibition of the wild-type receptor signaling (Figure 2). The
inability of the V2-tail polypeptide to affect wild-type
receptor function is unlikely to be due to improper folding
or membrane insertion, since we showed previously that
coexpression of the Ni3 and V2-tail polypeptides results in
the appearance of functional V2 receptor complexes (21).
When the wild-type V2 receptor was coexpressed with a
truncated rat m3 muscarinic receptor, m3-Ni3, which is
structurally homologous to the Ni3 mutant V2 receptor (17),
V2 receptor-mediated cAMP responses remained unaffected
(Figure 3). This observation indicated that the ability of the
Ni3 V2 mutant receptor to interfere with full-length V2
receptor function is specific for this receptor subtype.

To elucidate the minimum structural requirements for the
ability of the Ni3 mutant receptor to serve as a negative
regulator of wild-type V2 receptor function, we generated
additional mutant V2 receptors that were truncated in the
i1, o1, i2, and o2 loops (yielding Ni1, No1, Ni2, and No2,
respectively). Coexpression studies showed that Ni2 and
No2, like the Ni3 mutant receptor, strongly suppressed wild-
type V2 receptor-mediated cAMP responses, whereas the Ni1
and No1 polypeptides were without effect (Figure 3). Thus,
only those truncated receptors that contained the first three
TM helices (TM I-III) displayed dominant negative activity.
However, an Ni3-derived polypeptide that lacked TM I and
II [referred to as V2(III-V)] was able to inhibit V2 receptor

function in a fashion similar to Ni3 (Figure 6). This
observation suggests that TM I and II are not required for
the dominant negative activity of the V2 receptor fragments
examined in this study and that TM III represents a major
structural determinant mediating this activity.

Interestingly, studies with split m3 muscarinic receptors
and rhodopsin have shown that fragments corresponding to
Ni2, No2, and Ni3 (but not those homologous to Ni1 and
No1) can form functional receptor complexes when coex-
pressed with the complimentary C-terminal receptor polypep-
tides (17-20). The Ni2, No2, and Ni3 receptor fragments
can therefore be considered autonomous folding domains
adopting a structure similar to that occurring in the full-length
receptor.

In all coexpression experiments, effects observed with cells
cotransfected with the wild-type V2 receptor construct and
vector DNA served as control responses. Since only one
protein (the wild-type receptor) is synthesized in this case,
one might argue that the demands of making a second protein
in the coexpression experiments may have led to reduced
cAMP responses. However, the inability of the Ni1, No1,
V2-tail, and m3 muscarinic receptor fragments to inhibit
wild-type receptor function provided a useful internal control,
indicating that cells cotransfected with the wild-type V2
receptor construct and vector DNA represented an adequate
control.

To explore the molecular mechanisms underlying the
ability of truncated V2 receptors to interfere with wild-type
receptor function, several additional experiments were carried
out. Previous studies with receptor fragments that included
intracellular receptor sequences had shown that certain
receptor-derived polypeptides can inhibit wild-type receptor
function by sequestration of G proteins (37, 38). To exclude
such a mechanism as a potential cause for the dominant
negative activity of truncated V2 mutant receptors, the Ni3
fragment was coexpressed with two other GS-coupled recep-
tors, the â2-adrenergic and the D1 dopamine receptors
(Figure 4). These studies showed that the Ni3 protein, which
strongly inhibited wild-type V2 receptor function, had no
significant effect on maximum cAMP responses mediated
by these two receptors. This observation suggested that the
ability of Ni3 and other V2 receptor truncation mutants to
act as negative regulators of wild-type V2 receptor function
was not due to competition at the G protein level.

[3H]AVP radioligand binding studies showed that the three
V2 mutant receptors (Ni2, No2, and Ni3) that were capable
of inhibiting V2 receptor-mediated cAMP formation also led
to pronounced reductions in maximum [3H]AVP binding sites
(Bmax) when coexpressed with the full-length receptor (Figure
5). Analogously, those receptor fragments that had little or
no effect on V2 receptor signaling (Ni1, No1, and V2-tail)
also had no major effect on the number of detected [3H]-
AVP binding sites. We therefore speculated that the Ni2,
No2, and Ni3 mutant receptors interfere with mechanisms
governing the proper delivery of the wild-type V2 receptor
to the cell surface. To study cell surface receptor expression,
we used an indirect cellular ELISA (18, 21) employing a
monoclonal antibody directed against an N-terminal (extra-
cellular) HA epitope tag present in all wild-type and mutant
V2 receptor constructs. These experiments showed that all
truncated V2 receptors, in contrast to the wild-type V2
receptor, were poorly expressed on the cell surface (Figure
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7). This observation is in agreement with previous studies
indicating that truncation mutants (including Ni3) as well
as many other mutant V2 receptors are largely retained
intracellularly when expressed in cultured cells (21, 39, 40).
However, we found, consistent with the results of the cAMP
and radioligand binding assays, that cell surface expression
of the wild-type receptor protein was considerably reduced
upon coexpression with the No2, Ni2, and Ni3 mutant
receptors (Figure 7).

On the basis of the ELISA results, we hypothesized that
the Ni2, No2, and Ni3 fragments are able to form complexes
with the full-length V2 receptor that are retained intracel-
lularly in a nonfunctional state. To demonstrate that such
interactions do in fact occur, we studied the expression of
wild-type and mutant V2 receptors more directly via immu-
noblotting (Figures 8 and 9). When the wild-type V2
receptor was expressed alone, several immunoreactive bands
were observed: a very faint band at around 40 kDa
approximately corresponding to the size of the receptor
monomer, and several higher molecular mass forms that are
likely to represent receptor dimers and multimers. The
pattern of bands observed with a glycosylation-defective V2
mutant receptor (carrying an Asn22fGln point mutation;
27) supported the concept that the 80-kDa wild-type receptor
band in fact represents a V2 receptor dimer (Figure 8). When
immunoblotting experiments were carried out under reducing
conditions, the high molecular mass bands (>100 kDa)
completely disappeared, the 80-kDa dimer band became
considerably weaker, and the 40-kDa monomer became the
predominant immunoreactive species, indicating that V2
receptor dimer/multimer formation involves intermolecular
disulfide bonds.

Consistent with these findings, the ability of GPCRs to
form SDS-resistant dimers/oligomers has been demonstrated
recently for various GPCRs (10-15). Studies withâ2-
adrenergic (10) and D3 dopamine (14) receptors have shown
that these oligomeric complexes are resistant to reducing
agents. However, as observed here with the V2 vasopressin
receptor, studies with mGluR5 glutamate (12) and CCR5
chemokine receptors (15) have also provided evidence for
the existence of disulfide-linked GPCR dimers. In the case
of the mGluR5 glutamate receptor, intermolecular disulfide
bonds are formed between cysteine residues located in the
extracellular N-terminal domain (12). The cysteine residues
that play a role in the dimerization (oligomerization) of the
V2 vasopressin receptor remain to be identified.

Immunoblotting experiments using membrane lysates
prepared from cells expressing the Ni2, No2, and Ni3 mutant
V2 receptors gave a pattern of immunoreactive bands
resembling that found with wild-type receptor-expressing
cells (nonreducing conditions): a weak band corresponding
to the fragment monomer and several higher molecular mass
bands corresponding in size to putative fragment dimers and
multimers (Figure 9). On the other hand, fragments that
failed to act as negative regulators of wild-type V2 receptor
activity in the functional experiments (Ni1, No1, and V2-
tail) were also unable to form polypeptide aggregates. The
ability of mutant V2 receptors to interfere with wild-type
V2 receptor function therefore strictly correlated with their
ability to form dimeric/oligomeric complexes.

When the Ni2, No2, or Ni3 mutant receptors were
coexpressed with the full-length V2 receptor, immunoblot

analysis revealed the appearance of a novel immunoreactive
species that was not observed with cells expressing the wild-
type receptor or the truncation mutants alone (Figure 9). In
all cases, the size of the novel band corresponded to the sum
of wild-type and mutant receptor monomers, indicative of
the formation of wild-type/mutant receptor heterodimers. No
such heterodimeric species were observed when the Ni1,
No1, and V2-tail fragments were coexpressed with the wild-
type V2 receptor.

Taken together, these data are consistent with the notion
that the ability of the Ni2, No2, and Ni3 mutant receptors to
act as negative regulators of wild-type receptor function is
due to the formation of wild-type/mutant receptor het-
erodimers that are retained intracellularly in a nonfunctional
state. This notion is also supported by several recent studies
that have examined the effect of other classes of mutant
GPCRs on wild-type receptor function (15, 41-43). Co-
expression studies showed, for example, that a gonadotropin-
releasing hormone receptor splice variant lacking TM VI and
VII can interfere with wild-type receptor-mediated inositol
phosphate accumulation, probably by preventing proper cell
surface localization of the full-length receptor protein (41).
Interestingly, a naturally occurring mutation in the CCR5
chemokine receptor (which functions as a co-receptor for
HIV-1 entry) coding for a mutant receptor truncated in the
o2 loop (ccr5∆32) has been shown to provide relative
protection from AIDS (42). When CCR5 wild-type and
ccr5∆32 mutant receptors were coexpressed in the same cell,
immunocytochemical studies revealed that cell surface
expression of the wild-type receptor was significantly reduced
(15). Finally, Zucker and coworkers recently isolated a series
of rhodopsin mutants that act dominantly to cause retinal
degeneration inDrosophila (43). Biochemical studies
showed that the mutant rhodopsin proteins cause retinal
degeneration by interfering with the maturation of wild-type
rhodopsin (43). Taken together, these findings support the
concept that GPCRs can form oligomeric arrays and that
improperly folded mutant receptors can interfere with the
proper function/intracellular trafficking of such complexes.

The molecular mechanisms involved in the formation of
heterodimers between wild-type and mutant V2 vasopressin
receptors (or other GPCRs) remain unclear at present. Since
heterodimer formation strictly correlates with the ability of
the mutant receptors to form homodimers, similar molecular
interactions appear to be involved in both processes. Hebert
et al. (10) recently showed that a peptide corresponding to
TM VI of the â2-adrenergic receptor inhibitsâ2-receptor
dimerization, suggesting that TM VI represents part of the
receptor surface critical for dimerization. Another study
found that dimerization of theδ opioid receptor critically
depends on the presence of the C-terminal 15 amino acids
of the receptor protein (13). However, the dominant negative
V2 receptor truncation mutants identified in this study (Ni2,
No2, and Ni3) all lack TM VI as well as other C-terminal
sequences, suggesting that V2 receptor dimerization/het-
erodimer formation involves a different structural mecha-
nism. Heterodimer formation between wild-type and mutant
V2 receptors appears to be a rather specific process, since
no such complexes were observed upon coexpression of the
full-length V2 receptor and a truncated rat m3 muscarinic
receptor (m3-Ni3) that is structurally homologous to the Ni3
mutant V2 receptor (data not shown). On the basis of current

15782 Biochemistry, Vol. 37, No. 45, 1998 Zhu and Wess



ideas about the folding of polytopic transmembrane proteins
(44), it seems reasonable to assume that helix-helix interac-
tions are likely to be involved in receptor dimer/heterodimer
formation. The molecular identity of such interactions
remains to be elucidated.

Besides their usefulness as research tools to dissect GPCR-
mediated signal transduction pathways, mutant receptors or
receptor fragments displaying dominant negative activity are
also of potential therapeutic interest. It has been shown
during the past few years that a variety of human diseases
are caused by activating mutations in distinct GPCRs
(constitutively active GPCRs;45). It is conceivable that
expression of polypeptides displaying dominant negative
activity will be of therapeutic benefit by reducing basal
signaling of such mutant GPCRs.

Mutant V2 receptors are also known to be of considerably
pathophysiologic relevance. Several laboratories have shown
(for a recent review, see ref46) that mutations in the V2
vasopressin receptor gene (including single codon changes
as well as nonsense and frame-shift mutations leading to
truncated receptor proteins) are responsible for X-linked NDI,
a disease characterized by the inability of the kidney to
concentrate urine. Although this disease is primarily ob-
served in males, several female carriers of mutant V2
receptor alleles (including alleles coding for truncated
receptor proteins) have been described who display an NDI
phenotype (47-49). Since one of the two X-chromosomes
in females is silenced in mammals (‘X-inactivation’; ref50),
it is unlikely that wild-type and mutant V2 receptor proteins
are expressed in the same cell. It has therefore been proposed
(47-49) that ‘skewed’ X-inactivation (resulting in the
predominant inactivation of the wild-type V2 receptor allele)
rather than dominant negative inhibition of wild-type receptor
function by mutant V2 receptors is responsible for the NDI
phenotype observed in females carrying mutant V2 receptor
alleles.

In summary, we have shown that truncated V2 receptors
containing at least three TM domains can act as negative
regulators of wild-type receptor function. The dominant
negative activity of these mutant receptors strictly correlated
with their ability to reduce cell surface expression of the
wild-type receptor protein and to form heterodimeric com-
plexes with the full-length V2 receptor, strongly suggesting
that the ability of these mutant receptors to interfere with
wild-type receptor function is due to direct protein-protein
interactions. Since all GPCRs share a similar molecular
architecture and mechanism of action, our results should be
of broad general relevance.
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