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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 tbediipled 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 oteeoGpled receptors such

as the D1 dopamine and thfi2-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 expressed alone, did not show any ligand binding activity.
receptors (GPCR5sare predicted to share a similar molecular However, upon coexpression of the two receptor constructs,
architecture characterized by the presence of seven transtigand binding activity was restored, probably due to protein
membrane helices (TMHVII) that are connected by three trans-complementatior).

intracellular (i1-i3) and three extracellular loops (ed3; The concept that GPCRs can exist as oligomers is also
Figure 1) (—3). Models describing the interaction of strongly supported by several recent studies examining
GPCRs with their G protein targets are generally based onreceptor expression via immunological techniques. Immu-
the assumption that the receptors exist as monomers anchoblotting experiments with different GPCRs have shown
couple to G proteins in an 1:1 stoichiometry. However, that GPCRs are able to form SDS-resistant dimers or
several recent studies suggest that such classical models ofnultimers (for recent studies, see réfs-15). Furthermore,
receptor/G protein coupling may be oversimplified. a recent immunoprecipitation study employing receptor
Pharmacological studies, for example, have shown that theconstructs carrying different epitope tags demonstrated that
complex agonist binding properties of muscarinic acetyl- g2-adrenergic receptors exist in dimeric form€)( These
choline receptors can be explained best by postulatinginvestigators also provided evidence that the formation of
cooperativity among receptor proteins arranged in oligomeric receptor dimers is not an artifact of membrane preparation
complexes 4—7). A similar conclusion has been reached or solubilization and is critical for efficient G protein
based on genetic complementation experiments involving theactivation (L0). In addition, dimer formation was found to
coexpression of two different, functionally active mutant pe receptor-specific f@-adrenergic and m2 muscarinic
GPCRs 8, 9. Monnot et al. ), for example, recently  receptors, for example, did not form heterodimers), excluding
described two angiotensin Il mutant receptors which, when the possibility that the receptor dimers or oligomers simply

represent nonspecific aggregatés)(
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1 Abbreviations: AVP, [Ar§lvasopressin; DMEM, Dulbecco’s modi- . -
fied Eagle’s medium; DTT, dithiothreitol; ELISA, enzyme-linked the i3 loop, COS-7 cells cotransfected with the two receptor

immunosorbent assay; FBS, fetal bovine serum; GPCRs, G protein- fragments (referred to as Ni3 and V2-tail; Figure 1) were
coupled receptors; HA tag, hemagglutinin epitope tag&l the three  able to respond to ligand stimulation with a pronounced

intracellular loops of GPCRs; NDI, nephrogenic diabetes insipidus; o1 ; ; ; i ;
03, the three extracellular loops of GPCRs; PBS, phosphate-buﬁeredmcrease in cAMP productior2). In addition, evidence

saline; PCR, polymerase chain reaction; PMSF, phenylmethanesulfonylWas provided that functionally inactive mutant V2 vaso-
fluoride; TM I—VII, the seven transmembrane domains of GPCRs. ~ pressin [occurring in patients with X-linked nephrogenic
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Ficure 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 te-i@sdfid 0103, respectively. To generate a series of truncated

V2 receptors, the indicated amino acid codons (His70, Phel05, Tyr148, Alal94, 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 GR¥’). To allow translation of the C-terminal V2-tail polypeptide (Glu242er371),

an ATG start codon was placed immediately upstream of the Glu242 c@dpnThe 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 s2g)uence (

diabetes insipidus (NDI)] can be functionally rescued (fully receptors. We found that expression of all mutant receptors
or partially) by coexpression with the V2-tail polypeptide displaying dominant negative activity (but not of those unable
spanning the region where various mutations oc2dy. ( to interfere with wild-type receptor function) led to greatly

On the basis of these findings, we hypothesized that it reduced cell surface expression of the wild-type receptor
should also be possible to identify mutant V2 receptors that protein and to the formation of heterodimeric complexes with
are able to interfere with the function of the wild-type V2 the full-length V2 receptor. These results provide novel
receptor via complex formation. We initially showed, using insight into the molecular basis of GPCR function.
cotransfected COS-7 cells, that the Ni3 V2 receptor trunca-
tion mutant but not the V2-tail polypeptide can interfere with EXPERIMENTAL PROCEDURES
the ability of the wild-type V2 receptor to bind ligands and DNA Constructs. All mutations were introduced into
to properly couple to G proteins. To further explore the V2pcD-PS 21), a mammalian expression vector coding for
structural basis underlying the dominant negative activity of the human V2 vasopressin recept@?)( using standard
the Ni3 mutant receptor, we next generated a series of polymerase chain reaction (PCR) mutagenesis techniques
additional V2 mutant receptors that had been truncatd in the(23)_ All wild-type and truncated mutant receptor constructs
i1, 01, i2, and 02 loops (Figure 1). Coexpression studies contained a nine-amino acid HA epitope tag (YPYDVPDYA,;
demonstrated that only those mutant receptors that containe@4) inserted after the initiating methionine codon. The ligand
the first three TM domains (TM-ll) were able to act as  binding and G protein-coupling properties of the epitope-
negative regulators of wild-type receptor function. tagged wild-type V2 receptor did not differ significantly from

In addition, the molecular mechanism by which truncated those found with the non-tagged versi&1(25. For the
V2 receptors interfere with wild-type receptor function was construction of truncated V2 vasopressin receptors (referred
further explored by studying receptor cell surface localization to as Nil, Nol, Ni2, No2, and Ni3; Figure 1), stop codons
via ELISA using wild-type and mutant receptor constructs (TGA) were inserted at the appropriate positions in V2pcD-
carrying an N-terminal hemagglutinin (HA) epitope tag. PS. The stop codons were placed approximately in the center
Moreover, immunoblotting experiments were carried out to of the i1, o1, i2, and 02 loops. The Ni3 (Glu242top)
study complex formation between wild-type and mutant fragment (truncation within the i3 loop) was generated since
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this mutant receptor has been identified in NDI patie28.( containing 1 mM ATP and 1 mM cAMP. Increases in
In addition, an expression plasmid was created in which intracellular PHJcAMP levels were determined by anion
amino acids Arg38Arg104 were deleted from Ni3, resulting exchange chromatography as descrikigt, 35.
in V2(lIl =V). No other N-terminal V2 receptor fragments ELISA. An indirect cellular ELISA was performed to
were generated. The construction of an expression vectorquantitate the amount of epitope-tagged wild-type and mutant
coding for the C-terminal V2-tail polypeptide (Glu242 V2 receptor proteins present on the cell surfatg, 27J).
Ser371; Figure 1) has been described previoudly.( To COS-7 cells were transferred into 96-well plates-$4x
generate a plasmid coding for a glycosylation-defective V2 10 cells/well) about 24 h after transfections. Approximately
receptor 27), a 143-base pair synthetitcoRI—Nhd frag- 48 h later, cells were fixed with 4% formaldehyde in
ment encoding an Asn22GIn point mutation was used to  phosphate-buffered saline (PBS) for 30 min at room tem-
replace the corresponding sequence in V2pcD-PS. perature. After being washed with PBS and blocked with
The construction of expression plasmids coding for the DMEM containing 10% FBS, cells were incubated for 2 h
m3-Ni3 and m3-tail mutant receptors has been describedat 37 °C with a monoclonal antibody directed against the
previously (7). m3-Ni3 and m3-tail are receptor fragments HA epitope tag (12CA5, Boehringer Mannheim; 2§/mL
derived from the rat m3 muscarinic receptor (Glu2#&3op in DMEM, 10% FBS). Plates were then washed and
and Leu388Leu589, respectively) and are structurally incubated with 1:2000 dilution (in DMEM containing 10%
homologous to the Ni3 and V2-tail V2 receptor polypeptides, FBS) of a horseradish peroxidase-conjugated goat anti-mouse
respectively (Figure 1). In addition, the following wild-type IgG antibody (Sigma) fol h at 37°C. Subsequently, }D.
receptor expression plasmids were used: human D1 dopamando-phenylenediamine (2.5 mM each in 0.1 M phosphate
ine receptor8) in pcDNAI, rat52-adrenergic recepto9) citrate buffer, pH 5.0) were added to serve as substrate and
in pSVL, and rat V1a vasopressin receptdd)(in pcD-SP6/ chromogen, respectively. Enzymatic reactions (carried out
T7. The identity of the various constructs and the correctnessat room temperature) were stopped after 10 min with 1 M
of all PCR-derived sequences were verified by restriction H,SO, solution containing 0.05 M N&O;, and color
endonuclease analysis and by dideoxy sequencing of thedevelopment was measured bichromatically in the Biokinet-
mutant plasmids. ics reader (EL 312, Bio Tek Instruments, Inc., Winooski,
Transient Expression of Wild-Type and Mutant V2 Recep- VT) at 490 and 630 nm.
tors. COS-7 cells were grown in Dulbecco’s modified Preparation of Membrane Lysate$or Western blotting
Eagle’s medium (DMEM) containing 10% fetal bovine experiments, membrane extracts were prepared from trans-
serum (FBS) at 37C in a humidified 5% C@ incubator. fected COS-7 cells as follows. About #@2 h after
For transfections, Z 10° cells were seeded into 100-mm transfections, cells were scraped into ice-cold PBS, trans-
dishes. About 24 h later, cells were transfected with the ferred into Eppendorf tubes, and centrifuged at 2000 rpm
various receptor constructs ¢4 of plasmid DNA per dish)  for 5 min in a microcentrifuge. Supernatants were discarded,
by a DEAE-dextran method31). In cotransfection experi- and cell pellets were resuspended in 200 of PBS
ments, the total amount of transfected DNA was kept containing 0.2% digitonin, 1 mM phenylmethanesulfonyl
constant at &g per dish. fluoride (PMSF, Sigma), and Zg/mL pepstatin A (Sigma)
Radioligand Binding AssaysFor radioligand binding  to remove soluble proteins as well as peripheral membrane
studies, COS-7 cells were harvested approximately 72 h afterproteins. After incubation on ice for 20 min, cell pellets
transfections, and membrane homogenates were prepared agere collected by centrifugation at 2500 rpm for 5 min,
described32). Binding buffer consisted of 50 mM Tris (pH  followed by incubation with 20QiL of lysis buffer (PBS
7.4), 3 mM MgC}h, 1 mM EDTA, 0.1% bovine serum  containing 1% digitonin, 0.5% deoxycholate, 1 mM PMSF,
albumin, and 0.1 mg/mL bacitracin. Incubations were carried and 1ug/mL pepstatin A) at £C for 1 h. Subsequently,
out for 1 h atroom temperature in a 0.5 mL volume with 2 cell lysates were centrifuged in a refrigerated Eppendorf
nM radioligand, fH]arginine vasopressin¥fiJAVP, 81 Ci/ 5417R microcentrifuge at maximal speed for 30 min.
mmol; Dupont NEN). For saturation binding studies, six Supernatants were used either immediately for Western
different concentrations ofif{]JAVP (0.125-4 nM) were blotting or stored at-80 °C prior to use.
used. Nonspecific binding was assessed in the presence of Western Blotting.Membrane lysates prepared from trans-
5 uM AVP. Protein concentrations were determined ac- fected COS-7 cells were mixed with & nonreducing
cording to Bradford33). Binding data were analyzed by a Laemmli sample buffer (Bio-Rad Laboratories). To allow
nonlinear least squares curve-fitting procedure using the for reducing conditions, samples were incubated with 100

computer program LIGAND34). mM DTT (final concentration) for 30 min at room temper-
CAMP AssaysApproximately 26-24 h after transfections,  ature or heated (in the presence of 100 mM DTT) at@5
COS-7 cells were transferred into 6-well plates, andZ¥ for 3 min prior to SDS-PAGE. Subsequently, samples were

mL of [3H]adenine (15 Ci/mmol; American Radiolabeled resolved on 16815% (w/v) acrylamide slab gels in the
Chemicals Inc.) was added to the growth medium. After a presence of 0.1% SDS. For immunoblotting experiments,
40—48 h labeling period, cells were preincubated in Hanks’ proteins were transferred to nitrocellulose membranes and
balanced salt solution containing 20 mM Hepes and 1 mM probed with either the anti-HA 12C5A mouse monoclonal
3-isobutyl-1-methylxanthine for 15 min (37C) and then antibody (1 ug/mL) or the anti-C-V2 rabbit polyclonal
stimulated with .uM AVP for 30 min at 37°C. To generate  antibody (lug/mL; kindly provided by Dr. Paul Goldsmith,
complete concentratiofresponse curves, six different con- NIH) raised against a peptide corresponding to the C-terminal
centrations of AVP (ranging from 1&° to 10°°> M) were 29 amino acids of the human V2 vasopressin receptor (Figure
used. Incubations were terminated by aspiration of medium 1). Bound antibody was then detected with a secondary
and addition of 1 mL ice-cold 5% trichloroacetic acid antibody (goat anti-mouse or monkey anti-rabbit, respec-



15776 Biochemistry, Vol. 37, No. 45, 1998 Zhu and Wess

. . 10.0

< 9
I 100 S
[ R=) -
92 B
D w =
.‘§ I 80 - % %
Rl D @
R £2
g2 o] eE
<5 £ 3
£8 404 25
o> O 8
ag o®
8 = 2 o
58 204 s
£® 4

o

o N RN RN
wtV2receptor (igDNA) 375 375 2 2 025 025 01 0.1 SR RN G g o N P
vector (g DNA) 0.25 2 - 375 - 39 - IAQ’ 3 &L L& |
Ni3 (g DNA) -~ 025 ~- 2 ~ 375 ~ 39
FiGure 2: Inhibition of wild-type V2 receptor-mediated cAMP + wt V2 receptor

accumulation by the Ni3 truncation mutant. COS-7 cells were FiGure 3: Inhibition of wild-type V2 receptor-mediated cAMP
cotransfected with the indicated amounts of plasmid DNA coding production by truncated V2 receptors. COS-7 cells were cotrans-
for the wild-type V2 receptor and the Ni3 V2 receptor truncation fected with plasmid DNA coding for the wild-type V2 receptor
mutant or pcD-PS vector DNA (control). The structure of the Ni3 (0.25x9) and the indicated mutant receptor constructs or pcD-PS
construct is given in Figure 1. Cells were incubated in 6-well plates vector DNA (3.75ug each). The structures of the different mutant
for 30 min (at 37°C) in the absence or presence ofill AVP. receptors/receptor fragments are given in Figure 1 and under
The resulting increases in intracellular cAMP levels (fold stimula- Experimental Procedures. The m3-Ni3 and m3-tail polypeptides
tion above basal) were determined as described under Experimentahre derived from the rat m3 muscarinic receptt)(and are
Procedures. In each individual experiment, cAMP responses structurally homologous to Ni3 and V2-tail, respectively. Cells were
observed with vector-cotransfected control cells were set equal toincubated in 6-well plates for 30 min (at 3T) in the absence or
100%. Numbers above bars indicate actual increases in cAMP levelspresence of .M AVP. The resulting increases in intracellular
(fold stimulation above basal level; means). Data are given as meanscAMP levels (fold stimulation above basal) were determined as
+ SE of at least three independent experiments, each carried outdescribed under Experimental Procedures. In each individual
in triplicate. experiment, CAMP responses observed with vector-cotransfected
control cells were set equal to 100%. Numbers above bars indicate
actual increases in cCAMP levles (fold stimulation above basal level;
means). Data are given as meanSE of at least three independent
experiments, each carried out in triplicate.

tively) conjugated to horseradish peroxidase, using an
enhanced chemiluminescence detection kit (Amersham).

RESULTS tion (L uM AVP) of the wild-type V2 receptor. This effect
Constructs. A series of truncated V2 vasopressin receptors js most probably due to competition between receptor and
were created by introducing translation stop codons into the yector DNA for amplification in COS-7 cells. However,
i1, 01, i2, 02, and i3 loops. These mutant receptors were compared to the responses seen with vector-cotransfected
designated Nil (His7@stop), Nol (PhelOG5stop), Ni2  cells (which were set equal to 100% in each individual
(Tyr148—stop), NoZ (Ala194-stop), and Ni3 (Glu242-stop), experiment), cCAMP responses observed with cells coex-
respectively (Figure 1). To allow for the detection of wild- pressing the Ni3 fragment and the wild-type V2 receptor
type and mutant receptor proteins via immunological tech- were significantly reduced. Figure 2 shows that expression
niques, a nine amino acid HA epitope was added to the of the Ni3 mutant receptor led to concentration-dependent
N-terminus of all constructs (Figure 1). Previous studies yeductions in maximum cAMP responses. For example,
showed that the presence of the epitope tag had no significanincreasing the amount of cotransfected Ni3 DNA from 2 to
effect on the ligand binding and G protein-coupling properties 3 75 ug led to an inibition of cAMP responses by ap-
of the wild-type V2 receptor2l, 23. Upon transient  proximately 20 and 40%, respectively.
expression in COS-7 cells, the different V2 receptor trunca- e next wanted to define the minimum structural require-

tion mutants were unable to bind the radioligarf]AVP, ments for the ability of the Ni3 mutant receptor to interfere
or to stimulate AVP-dependent increases in CAMP levels jith wild-type receptor signaling. Thus, additional cotrans-
(data not shown). fection experiments were carried out with progressively

Inhibition of V2 Vasopressin Receptor Signaling by shortened V2 receptor truncation mutants (Nil, Nol, Ni2,
Coexpressed Truncated V2 Receptov§e first wanted to and Ni2; Figure 1). Based on the initial findings obtained
study whether coexpressed V2 receptor truncation mutantswith the Ni3 fragment, we decided to use a fixed ratio of
were able to impair wild-type V2 receptor function in mutant V2 receptor or vector DNA (3.78) and wild-type
cotransfected COS-7 cells. Initially, we examined the ability V2 receptor plasmid (0.2zg) in all further experiments.
of the Ni3 mutant receptor (obtained by ‘splitting’ the V2 As shown in Figure 3, little or no inhibition of AVP-induced
receptor within the i3 loop21) to interfere with wild-type cAMP responses was seen in the presence of the coexpressed
V2 receptor-mediated increases in cAMP production. To- Nil and Nol fragments. Similar findings were obtained
ward this goal, different amounts (0.28.9 ug) of Ni3 when the C-terminal V2 receptor polypeptide, VV2-tail (Figure
construct or pcD-PS vector DNA (as control) were cotrans- 1), was coexpressed with the full-length V2 receptor (Figure
fected with wild-type V2 receptor DNA, keeping the total 3). In contrast, the Ni2 and No2 fragments were able to
amount of transfected DNA constant atg. As shown in interfere with wild-type V2 receptor signaling in a fashion
Figure 2, increasing the amount of cotransfected vector DNA similar to the Ni3 mutant receptor, leading to reductions in
led to progressive reductions in maximum cAMP responses AVP-stimulated cAMP levels by approximately 50% (Figure
(from 12- to 7-fold above basal) induced by ligand stimula- 3). However, complete AVP concentratioresponse curves
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Ficure 5: Inhibition of radioligand binding to the wild-type V2
receptor by coexpressed truncated V2 receptors. COS-7 cells were

receptor-mediated CAMP accumulation by the Ni3 V2 receptor cotransfected with plasmid DNA coding for the wild-type V2
truncation mutant. COS-7 cells were cotransfected with plasmid receptor (0.25:g) and the indicated mutant receptor constructs or

DNA coding for the wild-type human D1 dopamine or y32-
adrenergic receptors (0.28g each) and the Ni3 V2 receptor

pcD-PS vector DNA (3.7&g each). The structures of the different
mutant receptors/receptor fragments are given in Figure 1 and under

truncation mutant, the m3-Ni3 mutant muscarinic receptor construct, Experimental Procedures. The m3-Ni3 and m3-tail polypeptides

or pcD-PS vector DNA (3.7ag each). Cells were incubated in
6-well plates for 30 min (at 37C) in the absence or presence of
1 mM dopamine (D1 dopamine receptor) or 0.2 mM){iso-

proterenol §2-adrenergic receptor). The resulting increases in intra-

are derived from the rat m3 muscarinic receptt?)(and are
structurally homologous to Ni3 and V2-tail, respectiveRHJAVP
binding studies were carried out with membrane homogenates
prepared from cotransfected COS-7 cells as described under

cellular CAMP levels (f0|d Stimulation above basal) were determined Experimenta| Procedures. Data are given as measE of at least
as described under Experimental Procedures. Data are given ashree independent experiments, each carried out in duplicate.

meanst SE of three independent experiments, each carried out in

triplicate.

results were obtained with cells coexpressing the D1 dopam-
ine or the2-adrenergic receptor and the m3-Ni3 mutant

showed that the coexpressed Ni2, No2, and Ni3 mutant receptor, which is structurally homologous to the Ni3 mutant

receptors had no significant effect on AVP &&alues (data
not shown; AVP EG, in vector-cotransfected control cells:
0.30+ 0.04 nM).

To examine whether the observed inhibition of V2

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

receptor-mediated functional responses was specific for V2 level.

receptor fragments, the wild-type V2 receptor was also

Truncated V2 Receptors Reduce Ligand Binding to the

coexpressed with a truncated rat m3 muscarinic receptor, m3-Wild-Type V2 Receptor.We next wanted to examine

Ni3 (Glu273—stop; 17), which is structurally homologous

whether coexpressed V2 receptor fragments also interfered

to the Ni3 V2 mutant receptor. However, as shown in Figure with the ability of the wild-type V2 receptor to bind ligands.

3, the coexpressed m3-Ni3 receptor had no significant effect Toward this goal, membranes prepared from COS-7 cells
on V2 receptor-mediated increases in adenylyl cyclase coexpressing the wild-type V2 receptor and different V2
activity. Similar results were obtained when the wild-type receptor truncation mutants were tested for their ability to
V2 receptor was coexpressed with a C-terminal m3 musca-bind the radioligand,*HJAVP. These studies showed that

rinic receptor fragment (m3-tail; Leu38&.eu589;17) that
is structurally homologous to the V2-tail polypeptide.
Truncated V2 Receptors Do Not Interfere with the Func-
tion of Other G-Coupled ReceptorsWe 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, G. We therefore studied the ability of the Ni3
fragment to affect signaling induced by two othercdupled
receptors, the human D1 dopamir28) and the rat32-
adrenergic receptor29). Control experiments with vector-
cotransfected cells showed that the D1 dopamine /2

cotransfection of the Ni2, No2, and Ni3 constructs led to
approximately 5565% reductions iBmax values, as com-
pared with vector-cotransfected control cells (#7381 fmol/
mg; set equal to 100% in each individual experiment) (Figure
5). However, HJAVP Kp values determined in the presence
of these three mutant constructs were similar to the value
obtained with vector-cotransfected control cells (0466.12
nM; n = 3), and Scatchard analysis revealed the presence
of single high-affinity PHJAVP binding sites (data not
shown).

In contrast to the results obtained with the Ni2, No2, and
Ni3 mutant receptors, coexpression of the Nil or No2 V2

adrenergic receptors were able to mediate pronouncedreceptor fragments had little or no effect on tRelJAVP

increases in intracellular cAMP levels (2Q7-fold above

binding properties of the wild-type receptor (Figure 5).

basal) when stimulated by the appropriate agonist ligands Similarly, no reduction in maximum V2 receptor density

[1 mM dopamine and 0.2 mM—()-isoproterenol, respec-
tively] (Figure 4). As shown in Figure 4, maximum cAMP

(Bmaxy Was observed with cells cotransfected with the wild-
type V2 receptor and the V2-tail, m3-Ni3, or m3-tail receptor

responses obtained in the presence of the coexpressed Ni&agments (Figure 5).

V2 mutant receptor were not significantly different from

TM I and Il Are Not Required for the Dominant Negai

those found with vector-cotransfected control cells. Similar Activity of Ni3. As outlined in the previous paragraphs, only
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Ficure 6: TM | and Il 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
(0.25ug) and the indicated mutant V2 receptor constructs or pcD-
PS vector DNA (3.7%tg each). The structure of the Ni3 fragment
is given in Figure 1. The V2(IH-V) polypeptide was generated by
deleting amino acids Arg38Arg104 from Ni3, thus fusing the
N-terminal extracellular segment of the V2 receptor to the middle
of the ol loop (Figure 1). (A) For cAMP assays, cells were
incubated in 6-well plates for 30 min (at 3T) in the absence or
presence of uM AVP. The resulting increases in intracellular
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FiGUurRe 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 (0.25g) and the indicated V2 mutant
receptor constructs or pcD-PS vector DNA (34& each) (left
panel). In another set of experiments (right panel), cells were
transfected with truncated V2 receptor constructs alonggy
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 (QBnm = 0.022+ 0.003).
Data are presented as meahsSE of three independent experi-
ments, each carried out in quadruplicate.

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-

CAMP levels (fold stimulation above basal) were determined as metric determination of peroxidase activity. Previous studies
described under Experimental Procedures. In each individual showed that this ELISA procedure does not interfere with

experiment, CAMP responses observed with vector-cotransfected : : . .
control cells were set equal to 100%. Numbers above bars indica’te.the integrity of the plasma membrane barrier, as determined

actual increases in CAMP levels (fold stimulation above basal level; in control experiments with receptor constructs carrying
means). (B) JHJAVP binding studies were carried out with ~ C-terminal (intracellular) epitope tag$®).
membrane homogenates prepared from cotransfected COS-7 cells Expression of the different V2 receptor truncation mutants
as described under Experimental Procedures. Data are given ajjone resulted in rather weak OD signals (0-0206),
gnuepallir::s:t:e.SE of three independent experiments, each carried out in indicating that these mutant proteins were not well expressed
on the cell surface (Figure 7). In contrast, expression of the
those mutant receptors that contained TMII (Ni2, No2, wild-type V2 receptor construct resulted in a considerably
and Ni3) were able to act as negative regulators of wild- more pronounced increase in OD readings (6.2@5).
type V2 receptor function. To examine whether the presence Strikingly, coexpression of the wild-type V2 receptor with
of TM | and Il was essential for the ability of V2 receptor the Ni2, No2, or Ni3 mutant constructs led to strong
fragments to inhibit V2 receptor activity, we created an reductions in OD signals (by approximately-500%), as
additional expression construct coding for a V2 receptor compared with vector-cotransfected control cells (Figure 7).
polypeptide that included only TM HV [V2(lIl —V)]. This Little or no reductions in OD readings were observed when
construct was generated by deleting amino acids Arg38 the wild-type V2 receptor was cotransfected with the Nil
Arg104 from Ni3, thus fusing the N-terminal extracellular and Nol receptor fragments.
segment of the V2 receptor to the middle of the 01 loop  Western Blot Analysis Reals Dimeric Forms of Wild-
(Figure 1). Coexpression studies showed that the V2(lIl  Type and Mutant V2 Receptorés outlined in the previous
V) polypeptide was able to inhibit V2 receptor-mediated paragraphs, all V2 receptor truncation mutants capable of
CcAMP production and®H]AVP binding in a fashion similar inhibiting wild-type V2 receptor function (Ni2, No2, and
to the Ni3 fragment from which this polypeptide was derived Ni3) also strongly interfered with cell surface expression of
(Figure 6). the coexpressed full-length V2 receptor. We therefore
Truncated V2 Receptors Reduce Cell Surface Expressionhypothesized that these mutant receptors are able to form
of the Coexpressed Wild-Type V2 Receptour next goal complexes with the wild-type V2 receptor that are retained
was to study whether truncated V2 receptors were able tointracellularly in a nonfunctional state. To demonstrate that
interfere with proper cell surface localization of the coex- such interactions do in fact occur, we monitored protein
pressed wild-type V2 receptor protein. To quantitate the expression more directly via Western blot analysis.
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Ficure 8: Detection of the wild-type V2 receptor and V2 receptor fragments via Western blot analysis. COS-7 cells were transfected with
plasmid DNA (4ug/dish) coding for the wild-type V2 receptor (A) and the indicated V2 receptor fragmenrtE)Bor mutant receptor
structures, see Figure 1). Membrane extracts were prepared about 70 h after transfections and subjecteBAGERS, 10%; B-D,

12.5%; E, 15%) (1Qug 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 antiboehp(BBands predicted to represent

protein monomers are marked by a single arrow,(while bands corresponding in size to putative receptor/fragment dimers are highlighted

by a double arrow-~—"). Immunoblotting experiments were also carried out with an Asr@h 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 SIPAGE. Please note that two nonspecific bands migratirrggit

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.

Initially, we studied the expression of the wild-type V2 considerably weaker (Figure 8A, lanes 3 and 4). In contrast,
receptor protein when expressed alone. To detect the wild-the band corresponding to the putative V2 receptor monomer
type V2 receptor via immunoblotting, two different antibod- became very prominent. However, even after prolonged
ies, the anti-C-V2 rabbit polyclonal antibody (raised against incubation (60 min at room temperature) of samples in the
a peptide corresponding to the C-terminal 29 amino acids presence of very high concentrations of DTT (up to 200 mM)
of the human V2 receptor) and the anti-HA 12C5A mono- or -mercaptoethanol (up to 5%) or heating of samples at
clonal antibody, were used (Figures 1, 8, and 9). Figure 8A 95°C for 3 min (in the presence of 100 mM DTT), the signal
shows a typical Western blot obtained with membrane lysatescorresponding to the V2 receptor dimer did not disappear
prepared from wild-type V2 receptor-expressing COS-7 cells, completely (data not shown).
probed with the anti-C-V2 polyclonal antibody. Under A pattern similar to that obtained with cells expressing
nonreducing conditions, several different immunoreactive the wild-type V2 receptor was also obtained with membrane
bands were observed (Figure 8A, lane 1): a faint band lysates prepared from cells transfected with the Ni2, No2,
migrating at around 40 kDa, which corresponds in size to a and Ni3 mutant receptors (Figure 8B). On Western blots,
putative receptor monomer, as well as several higherthe three polypeptides were detected with the 12CA5
molecular mass forms that are likely to represent receptor monoclonal antibody directed against the N-terminal HA tag
dimers (at about 80 kDa) and oligomers100 kDa). present in these as well as all other V2 receptor constructs.

To further explore the possibility that the 80-kDa species In each case, multiple immunoreactive bands were observed,
in fact represents a V2 receptor dimer, immunoblotting including bands corresponding in size to fragment monomers
experiments were also carried out with an AsrZzin V2 and dimers. Upon treatment of samples with 100 mM DTT
mutant receptor that is no longer a substrate for N-linked (room temperature, 30 min), most (Ni2, No2) or at least a
glycosylation 7). The pattern obtained with this glycosyl- substantial amount (Ni3) of the dimeric species were
ation-defective mutant receptor was very similar to that converted to the putative monomeric forms (Figure-&B.
obtained with the wild-type V2 receptor, except that the In contrast to the findings obtained with the wild-type V2
monomeric and dimeric forms were reduced in size by and the Ni2, No2, and Ni3 mutant receptors, a different
approximately 3-5 and 6-10 kDa, respectively (Figure 8A, pattern was observed with membrane lysates prepared from
lane 2). This observation is consistent with the notion that cells expressing the V2-tail polypeptide. In immunoblotting
the 80-kDa band observed with the wild-type V2 receptor experiments, the V2-tail fragment could be easily detected
(Figure 8A, lane 1) does in fact represent a V2 receptor with the anti-C-V2 polyclonal antibody (Figure 8E). The
dimer. V2-tail polypeptide, in contrast to the wild-type V2 and the

When samples containing the wild-type V2 receptor Ni2, No2, and Ni3 mutant receptors, predominantly migrated
protein (or the Asn22-GIn mutant receptor) were incubated as a monomer (approximate size,~188 kDa) both under
with 100 mM DTT (room temperature, 30 min) prior to nonreducing and reducing conditions (Figure 8E).
SDS-PAGE, the high-molecular mass productslQ0 kDa) Western Blot Analysis Reals the Formation of Het-
were no longer observed, and the putative dimer band becamerodimers between Wild-Type and Truncated V2 Receptors.
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Ficure 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 Nil, Nol, 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-typedyR (@ne

2, wild-type V2 (0.75ug) plus Nil (3.25¢9); lane 3, Nil (4uQ); lane 4, wild-type V2 (0.7mg) plus Nol (3.25Q); lane 5, Nol (4q9);

lane 6, mock-transfected cells. (B) lane 1, wild-type V2 (Qug) plus Ni2 (3.25ug); lane 2, Ni2 (4ug). (C) lane 1, wild-type V2 (0.75

1g) plus No2 (3.259); lane 2, No2 (4g). (D) lane 1, wild-type V2 (4g); lane 2, wild-type V2 (0.7%q) plus Ni3 (3.25ug); lane 3,

Ni3 (4 ug). Membrane extracts were prepared about 70 h after transfections and subjected to nonredueiRdGB$A, 15%; B-D,

12%) (15ug 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
(—), bands corresponding in size to putative homodimers are highlighted by a double afre)y énd bands corresponding in size to
putative wild-type/mutant receptor heterodimers are marked by an asterisk plus arrfQwRfease 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 pdnelsw® additional experiments gave

similar results.

We next wanted to examine whether the wild-type V2 of heterodimers between wild-type V2 receptor and Ni2
receptor was able to form complexes with the different V2 fragment monomers. A pattern very similar to that found
receptor truncation mutants. Toward this goal, COS-7 cells with the Ni2 mutant receptor was also observed with No2-
were transfected with the Nil, Nol, Ni2, No2, and Ni3 and Ni3-expressing cells. In the case of No2, Western blot
mutant receptors, either alone or in combination with the analysis again revealed several immunoreactive bands,
wild-type V2 receptor (Figure 9). The 12CA5 anti-HA including bands corresponding in size to monomeric (about
monoclonal antibody was used to detect these proteins via22—24 kDa) and dimeric (about 448 kDa) forms of No2
immunoblotting (under nonreducing conditions). (Figure 9C, lane 2). Upon coexpression of No2 with the

As shown in Figure 9A (lanes 3 and 5), analysis of Wild-type V2 receptor, an additional band, approximately
membrane lysates prepared from Nil- and Nol-expressing60—65 kDa in size, could be observed, probably representing
cells led to the appearance of immunoreactive bands corre-2 Wild-type receptor/No2 heterodimer (Figure 9C, lane 1).
sponding to monomeric fragment species (estimated molec-Analogously, coexpression of the Ni3 truncation mutant with
ular mass, 10 and 16 kDa, respectively); no polypeptide the wild-type V2 receptor also led to the appearance of a
dimers were observed. In this set of experiments, the two putative heterodimeric complex with a molecular mass of
bands migrating at around 8@0 kDa were caused by other ~about 65-70 kDa (Figure 9D, lane 2). As observed with
cellular proteins cross-reacting with the 12CA5 antibody, the Ni3 homodimer (Figure 8D), a considerable amount of
since they were also observed using mock-transfected cellsthe Ni3/wild-type V2 receptor heterodimer was converted
(Figure 9A, lane 6). Figure 9A also shows that the Nil signal to the monomeric species upon treatment of samples with
was very weak, probably due to low expression and/or 100 mM DTT (room temperature, 30 min) (data not shown).
stability of this rather small receptor fragment (total size, Coexpression of the wild-type V2 receptor with the m3-Ni3
78 amino acids). No extra bands corresponding to het- mutant muscarinic receptor or coexpression of the wild-type
erodimeric complexes between wild-type V2 and the Nil or rat V1a vasopressin recept@0j with the Ni3 V2 receptor
Nol mutant receptors were observed in coexpression experitruncation mutant did not yield heterodimeric complexes in
ments (Figure 9A, lanes 2 and 4). immunoblotting experiments (data not shown).

Expression of the Ni2 receptor fragment alone resulted in ~ As shown in Figure 9, the V2 receptor monomer band
the appearance of multiple immunoreactive bands, including (migrating at around 40 kDa) was not observed in the
bands corresponding in size to fragment monomers (at 17 coexpression experiments, even when no heterodimers were
19 kDa) and dimers (at 3438 kDa) (Figure 9B, lane 2; see detected, as in the case of Nil. A likely explanation for
also Figure 8B). When Ni2 was coexpressed with the wild- this phenomenon is that expression of the wild-type V2
type V2 receptor, an additional band of about 60 kDa receptor protein is reduced in the coexpression experiments,
appeared (Figure 9B, lane 1), consistent with the formation probably due to competition between wild-type and mutant
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receptor DNAs for amplification in COS-7 cells (please note function in a fashion similar to Ni3 (Figure 6). This

that wild-type and mutant V2 receptor DNAs were not observation suggests that TM | and Il are not required for
supplemented with vector DNA when their expression the dominant negative activity of the V2 receptor fragments
patterns were studied alone). examined in this study and that TM Il represents a major

Analysis of the biochemical properties of a split rhodopsin Structural determinant mediating this activity.
mutant has shown that disulfide bond exchange reactions Interestingly, studies with split m3 muscarinic receptors
can occur when rhodopsin fragments are denatured inand rhodopsin have shown that fragments corresponding to
preparation for SDSPAGE (36). To exclude such a  Ni2, No2, and Ni3 (but not those homologous to Nil and
mechanism as the molecular basis for the formation of Nol) can form functional receptor complexes when coex-
heterodimeric complexes observed in Figure 9, cells coex- Pressed with the complimentary C-terminal receptor polypep-
pressing the wild-type V2 receptor and the Ni3 fragment tides ((7—20). The Ni2, No2, and Ni3 receptor fragments
were processed for SBSAGE (starting from the point of ~ can therefore be considered autonomous folding domains
cell lysis) in the presence of the sulfhydryl alkylating reagent, @dopting a structure similar to that occurring in the full-length
N-ethylmaleimide (12.5 mM), as described by Koeibal. receptor.
(36). The resulting pattern of immunoreactive bands was  In all coexpression experiments, effects observed with cells
very similar to that shown in Figure 9D (lane 2) (data not cotransfected with the wild-type V2 receptor construct and
shown), indicating that the formation of heterodimers is not vector DNA served as control responses. Since only one
an artifact due to disulfide bond exchange reactions during Protein (the wild-type receptor) is synthesized in this case,

preparation of samples for SOPAGE. one might argue that the demands of making a second protein
in the coexpression experiments may have led to reduced
DISCUSSION cAMP responses. However, the inability of the Nil1, No1,

V2-tail, and m3 muscarinic receptor fragments to inhibit

In this study, we have tested the hypothesis that truncatedywild-type receptor function provided a useful internal control,
GPCRs can act as negative regulators of wild-type receptorindicating that cells cotransfected with the wild-type V2
function. Toward this goal, we used the V2 vasopressin receptor construct and vector DNA represented an adequate
receptor, a prototypical &coupled receptor, as a model control.
system. Initially, the V2 receptor was split in the i3 loop,  To explore the molecular mechanisms underlying the
and the ability of the resulting receptor fragments, Ni3 and apjlity of truncated V2 receptors to interfere with wild-type
V2-tail (Figure 1), to modulate wild-type V2 receptor receptor function, several additional experiments were carried
function was examined in cotransfected COS-7 cells. WhereaSOut_ Previous studies with receptor fragments that included
the C-terminal receptor polypeptide, V2-tail, failed to intracellular receptor sequences had shown that certain
interfere with wild-type receptor activity, cells coexpressing receptor-derived polypeptides can inhibit wild-type receptor
the Ni3 fragment and the wild-type V2 receptor showed a function by sequestration of G proteir87( 3§. To exclude
strong reduction in AVP-dependent maximum cAMP re- sych a mechanism as a potential cause for the dominant
sponses (Figure 3). Increasing the amount of cotransfectechegative activity of truncated V2 mutant receptors, the Ni3
Ni3 plasmid DNA led to a progressively more pronounced fragment was coexpressed with two other@@upled recep-
inhibition of the wild-type receptor signaling (Figure 2). The tors, the $2-adrenergic and the D1 dopamine receptors
inability of the V2-tail polypeptide to affect wild-type (Figure 4). These studies showed that the Ni3 protein, which
receptor function is unlikely to be due to improper folding strongly inhibited wild-type V2 receptor function, had no
or membrane insertion, since we showed previously that significant effect on maximum cAMP responses mediated
coexpression of the Ni3 and V2-tail polypeptides results in py these two receptors. This observation suggested that the
the appearance of functional V2 receptor complexX®3.(  ability of Ni3 and other V2 receptor truncation mutants to
When the wild-type V2 receptor was coexpressed with a act as negative regulators of wild-type V2 receptor function
truncated rat m3 muscarinic receptor, m3-N|3, which is was not due to Competition at the G protein level.
structurally homologous to the Ni3 mutant V2 receptor)( [3H]AVP radioligand binding studies showed that the three
V2 receptor-mediated cCAMP responses remained unaffectedy2 mutant receptors (Ni2, No2, and Ni3) that were capable
(Figure 3). This observation indicated that the ability of the of inhibiting V2 receptor-mediated cCAMP formation also led
Ni3 V2 mutant receptor to interfere with full-length V2t pronounced reductions in maximufJAVP binding sites
receptor function is specific for this receptor subtype. (Bmay) When coexpressed with the full-length receptor (Figure

To elucidate the minimum structural requirements for the 5). Analogously, those receptor fragments that had little or
ability of the Ni3 mutant receptor to serve as a negative no effect on V2 receptor signaling (Nil, Nol, and V2-tail)
regulator of wild-type V2 receptor function, we generated also had no major effect on the number of detectet]-[
additional mutant V2 receptors that were truncated in the AVP binding sites. We therefore speculated that the Ni2,
i1, 01, i2, and 02 loops (yielding Ni1, Nol, Ni2, and No2, No2, and Ni3 mutant receptors interfere with mechanisms
respectively). Coexpression studies showed that Ni2 andgoverning the proper delivery of the wild-type V2 receptor
No2, like the Ni3 mutant receptor, strongly suppressed wild- to the cell surface. To study cell surface receptor expression,
type V2 receptor-mediated cAMP responses, whereas the Nilwe used an indirect cellular ELISAL8, 21 employing a
and Nol polypeptides were without effect (Figure 3). Thus, monoclonal antibody directed against an N-terminal (extra-
only those truncated receptors that contained the first threecellular) HA epitope tag present in all wild-type and mutant
TM helices (TM HIII) displayed dominant negative activity. V2 receptor constructs. These experiments showed that all
However, an Ni3-derived polypeptide that lacked TM | and truncated V2 receptors, in contrast to the wild-type V2
Il [referred to as V2(II+V)] was able to inhibit V2 receptor  receptor, were poorly expressed on the cell surface (Figure
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7). This observation is in agreement with previous studies analysis revealed the appearance of a novel immunoreactive
indicating that truncation mutants (including Ni3) as well species that was not observed with cells expressing the wild-
as many other mutant V2 receptors are largely retainedtype receptor or the truncation mutants alone (Figure 9). In
intracellularly when expressed in cultured ceft4 (39, 40. all cases, the size of the novel band corresponded to the sum
However, we found, consistent with the results of the cAMP of wild-type and mutant receptor monomers, indicative of
and radioligand binding assays, that cell surface expressionthe formation of wild-type/mutant receptor heterodimers. No
of the wild-type receptor protein was considerably reduced such heterodimeric species were observed when the Nil,
upon coexpression with the No2, Ni2, and Ni3 mutant Nol, and V2-tail fragments were coexpressed with the wild-
receptors (Figure 7). type V2 receptor.

On the basis of the ELISA results, we hypothesized that Taken together, these data are consistent with the notion
the Ni2, No2, and Ni3 fragments are able to form complexes that the ability of the Ni2, No2, and Ni3 mutant receptors to
with the full-length V2 receptor that are retained intracel- act as negative regulators of wild-type receptor function is
lularly in a nonfunctional state. To demonstrate that such due to the formation of wild-type/mutant receptor het-
interactions do in fact occur, we studied the expression of erodimers that are retained intracellularly in a nonfunctional
wild-type and mutant V2 receptors more directly via immu- state. This notion is also supported by several recent studies
noblotting (Figures 8 and 9). When the wild-type V2 that have examined the effect of other classes of mutant
receptor was expressed alone, several immunoreactive band&PCRs on wild-type receptor functiolq, 41—43). Co-
were observed: a very faint band at around 40 kDa expression studies showed, for example, that a gonadotropin-
approximately corresponding to the size of the receptor releasing hormone receptor splice variant lacking TM VI and
monomer, and several higher molecular mass forms that areVIl can interfere with wild-type receptor-mediated inositol
likely to represent receptor dimers and multimers. The phosphate accumulation, probably by preventing proper cell
pattern of bands observed with a glycosylation-defective V2 surface localization of the full-length receptor protedi)(
mutant receptor (carrying an Asn2ZIn point mutation; Interestingly, a naturally occurring mutation in the CCR5
27) supported the concept that the 80-kDa wild-type receptor chemokine receptor (which functions as a co-receptor for
band in fact represents a V2 receptor dimer (Figure 8). WhenHIV-1 entry) coding for a mutant receptor truncated in the
immunoblotting experiments were carried out under reducing 02 loop (ccri32) has been shown to provide relative
conditions, the high molecular mass bandslQ0 kDa) protection from AIDS 42). When CCR5 wild-type and
completely disappeared, the 80-kDa dimer band becameccrbA32 mutant receptors were coexpressed in the same cell,
considerably weaker, and the 40-kDa monomer became theimmunocytochemical studies revealed that cell surface
predominant immunoreactive species, indicating that V2 expression of the wild-type receptor was significantly reduced
receptor dimer/multimer formation involves intermolecular (15). Finally, Zucker and coworkers recently isolated a series
disulfide bonds. of rhodopsin mutants that act dominantly to cause retinal

Consistent with these findings, the ability of GPCRs to degeneration inDrosophila (43). Biochemical studies
form SDS-resistant dimers/oligomers has been demonstratedshowed that the mutant rhodopsin proteins cause retinal
recently for various GPCRs1(Q—15). Studies with/32- degeneration by interfering with the maturation of wild-type
adrenergic10) and D3 dopamineld) receptors have shown rhodopsin 43). Taken together, these findings support the
that these oligomeric complexes are resistant to reducingconcept that GPCRs can form oligomeric arrays and that
agents. However, as observed here with the V2 vasopressirimproperly folded mutant receptors can interfere with the
receptor, studies with mGIuR5 glutamate?) and CCR5 proper function/intracellular trafficking of such complexes.
chemokine receptorsl$) have also provided evidence for The molecular mechanisms involved in the formation of
the existence of disulfide-linked GPCR dimers. In the case heterodimers between wild-type and mutant V2 vasopressin
of the mGIuR5 glutamate receptor, intermolecular disulfide receptors (or other GPCRs) remain unclear at present. Since
bonds are formed between cysteine residues located in theneterodimer formation strictly correlates with the ability of
extracellular N-terminal domairi®). The cysteine residues the mutant receptors to form homodimers, similar molecular
that play a role in the dimerization (oligomerization) of the interactions appear to be involved in both processes. Hebert
V2 vasopressin receptor remain to be identified. et al. (10) recently showed that a peptide corresponding to

Immunoblotting experiments using membrane lysates TM VI of the 2-adrenergic receptor inhibi{g2-receptor
prepared from cells expressing the Ni2, No2, and Ni3 mutant dimerization, suggesting that TM VI represents part of the
V2 receptors gave a pattern of immunoreactive bands receptor surface critical for dimerization. Another study
resembling that found with wild-type receptor-expressing found that dimerization of thé opioid receptor critically
cells (nonreducing conditions): a weak band corresponding depends on the presence of the C-terminal 15 amino acids
to the fragment monomer and several higher molecular massof the receptor proteirl@). However, the dominant negative
bands corresponding in size to putative fragment dimers andV2 receptor truncation mutants identified in this study (Ni2,
multimers (Figure 9). On the other hand, fragments that No2, and Ni3) all lack TM VI as well as other C-terminal
failed to act as negative regulators of wild-type V2 receptor sequences, suggesting that V2 receptor dimerization/het-
activity in the functional experiments (Nil1, Nol, and V2- erodimer formation involves a different structural mecha-
tail) were also unable to form polypeptide aggregates. The nism. Heterodimer formation between wild-type and mutant
ability of mutant V2 receptors to interfere with wild-type V2 receptors appears to be a rather specific process, since
V2 receptor function therefore strictly correlated with their no such complexes were observed upon coexpression of the
ability to form dimeric/oligomeric complexes. full-length V2 receptor and a truncated rat m3 muscarinic

When the Ni2, No2, or Ni3 mutant receptors were receptor (m3-Ni3) that is structurally homologous to the Ni3
coexpressed with the full-length V2 receptor, immunoblot mutant V2 receptor (data not shown). On the basis of current
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(47—49) that ‘skewed’ X-inactivation (resulting in the 20. Yu, H., Kono, M., McKee, T. D., and Oprian, D. D. (1995)
predominant inactivation of the wild-type V2 receptor allele) Biochemistry 3414963-14969.

rather than dominant negative inhibition of wild-type receptor 21'5&%“"0838% 1'2’8\3@{"2&’ Wenkert, D., and Wess, J. (1996)
function by mutant V2 receptors is responsible for the NDI - 55 ginhaumer, M., Seibold, A., Gilbert, S., Ishido, M., Barberis,
phenotype observed in females carrying mutant V2 receptor C., Antaramian, A., Brabet, P., and Rosenthal, W. (1992)

alleles. Nature 357 333-335. _
In summary, we have shown that truncated V2 receptors 23- Higuchi, R. (1989) irPCR TechnologyErlich, H. A., Ed.)

. - . pp 6170, Stockton Press, New York.
containing at least three TM domains can act as negative 24. Kolodziej. P. A., and Young, R. A. (199Methods Enzymol.

regulators of wild-type receptor function. The dominant 194 508-5109.

negative activity of these mutant receptors strictly correlated 25. Liu, J., and Wess, J. (1996) Biol. Chem. 2708772-8778.
with their ability to reduce cell surface expression of the 26.Wildin, R. S., Antush, M. J., Bennett, R. L., Schoof, J. M.,
wild-type receptor protein and to form heterodimeric com- and Scott, C. R. (1994pm. J. Hum. Genet. 5266-277.

plexes with the full-length V2 receptor, strongly suggesting 2’ ;,“hr;?mggli' SO 4%?53%'2’ H., and Birmbaumer, M. (19@6).
that the ability of these mutant receptors to interfere with 55 75, Q. Y. Grandy D. K.. Thambi. L.. Kushner. J. A.. Van
wild-type receptor function is due to direct proteiprotein Tol, H. H., Cone, R., Pribnow, D., Salon, J., Bunzow, J. R.,
interactions. Since all GPCRs share a similar molecular and Civelli, O. (1990Nature 347 76-80.
architecture and mechanism of action, our results should be 29-ZGOCK61yrlle, J., szlrll?sorl]_' Dt. A, IE“LZJgeTld' 3VI \CIEV Chugg,DF--
., Kerlavage, A. R., Lentes, K.-U., Lai, J., Wang, C.-D.,

of broad general relevance. Fraser, C. M., and Venter, J. C. (198oc. Natl. Acad. Sci.
U.S.A. 84 8296-8300.
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