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Abstract

Background: The molecular recognition theory predicts
that binding domains of peptide hormones and their corre-
sponding receptor binding domains evolved from comple-
mentary strands of genomic DNA, and that a process of
selective evolutionary mutational events within these pri-
mordial domains gave rise to the high affinity and high
specificity of peptide hormone-receptor interactions ob-
served today in different peptide hormone-receptor sys-
tems. Moreover, this theory has been broadened as a general
hypothesis that could explain the evolution of intermolecu-
lar protein—protein and intramolecular peptide interactions.
Materials and Methods: Applying a molecular cloning
strategy based on the molecular recognition theory, we
screened a rat kidney ¢DNA library with a vasopressin
(AVP) antisense oligonucleotide probe, expecting to iso-
late potential AVP receptors.

Results: We isolated a rat kidney cDNA encoding a func-
tional V1-type vasopressin receptor. Structural analysis
identified a 135 amino acid-long polypeptide with a sin-
gle transmembrane domain, quite distinct from the
rhodopsin-based G protein-coupled receptor superfamily.
Functional analysis of the expressed V1-type receptor in
Cos-1 cells revealed AVP-specific binding, AVP-specific
coupling to Ca®>" mobilizing transduction system, and char-
acteristic V1-type antagonist inhibition.

Conclusions: This is the second AVP receptor cDNA
isolated using AVP antipeptide-based oligonucleotide
screening, thus providing compelling evidence in support
of the molecular recognition theory as the basis of the evo-
lution of this peptide hormone-receptor system, as well as
adds molecular complexity and diversity to AVP receptor
systems.

Introduction

Arginine-vasopressin (AVP) is a nonapeptide hor-
mone with a diverse spectrum of biological effects in
almost every organ system. Briefly, it is involved in
salt and water balance in the kidney (1); increased
glycogenolysis and gluconeogenesis in the liver (1);
chronotrophy and inotropy of the heart (1); in-
creased fluid secretion in the ciliary body and
blood-brain barrier (1); modulation of specific neu-
ronal activation and animal behavior, particularly
memory retention, in the central nervous system (1);
paracrine regulation of gonadal functions (1); and
regulation of blood pressure (2-4).

With such markedly diverse biological responses,
it is not surprising that receptor isoform diversity
constitutes a mechanism for said functional diver-
sity. AVP receptors have been classified as V1-type
AVP receptors, which are functionally coupled to
Ca*" mobilization through enhanced inositol lipid
breakdown (5,6), and V2-type vasopressin recep-
tors, which are functionally coupled to adenylate
cyclase (1,5) and have a ligand specificity identical
to that of vasopressin receptors involved in the
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antidiuretic response to vasopressin. Several groups
have recently cloned V1-type (7,8) and V2-type
(9,10) vasopressin receptors using standard expres-
sion cloning-and hybridization/polymerase chain
reaction (PCR)-based strategies. We recently identi-
fied two novel receptors, the AngIl/AVP receptor
(11) and the ET-1/AngII receptor (12), utilizing the
molecular recognition theory (MRT) as our strategic
molecular framework.

The MRT postulates that complementary nu-
cleotide sequences can specify peptides that could
interact through complementary structures as a result
of their inverted pattern of amino acid hydropathy
(13). This prediction is based on the fundamental
observation that the hydropatic character of an
amino acid appears to be determined by the second
base of a particular codon (13). Thus, a second base
U will generally specify hydrophobic amino acids,
in contrast to a second base A, which will specify
hydrophilic amino acids (13). The MRT further im-
plies that peptide hormones and corresponding
receptors evolved from complementary strands of
genomic DNAs. We present herein the isolation,
characterization, and functional expression of a
cDNA encoding a novel V1-type AVP receptor. It is
the second AVP receptor isoform cloned using a
cDNA screening strategy based on MRT, and thus
provides insight into the evolutionary origin of the
AVP ligand-receptor system.
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Materials and Methods
cDNA Screening and Nucleotide Sequencing

An oligonucleotide was synthesized (Research Ge-
netics, Huntsville, AL, USA) based on the cRNA se-
quence of the rat AVP mRNA (14) corresponding to
the AVP antipeptide as follows: TCC-TCT-TGG-
GCA-GTT-CTG-GAA-GTA-GC. A Agtll rat kidney
cDNA library (10° PFU) was hybridized with 10°
cpm ml ! >?P-end labeled oligonucleotide probe at
37°C overnight in the following buffer: 6X SSPE
(1 M NaCl, 60 mM NaH,PO, [pH 7.4], 6 mM EDTA
[pPH 7.4]), 100 ug ml~' of denatured calf thymus
DNA, 0.1% sodium pyrophosphate, 1% SDS
(sodium dodecyl sulfate), and 100 ug ml~' of
polyadenylic acid. Washes were done in 2X SSPE
(sodium chloride, sodium phosphate EDTA) or
(0.36 M NaCl, 20mM Na,HPO,, 2mM EDTA [pH
7.4]) 0.1% pyrophosphate, and 0.1% SDS at 40°C for
three 15-min intervals. Nine clones were isolated
and plaque purified. Among these clones, the V6
cDNA (~1.7 kb) was subcloned into pSP73 plasmid
vector and subsequently sequenced on both strands
as described (11,12). The cDNA nucleotide sequence
data for the novel V1 type AVP receptor presented
in this paper will appear in the GenBank database
under the accession number AF336872.

Northern Blot Analysis

Northern blot analysis was performed essentially as
described (15). Total RNA was isolated from differ-
ent tissues from Sprague-Dawley rats. Total RNA
(5 ng per lane) was size separated on a 1% agarose
formaldehyde gel, transferred to nitrocellulose, and
hybridized to the **P-labelled 1.7-kb V6 cDNA. The
blot was washed and exposed for 24 hr at —80°C
with intensifying screens.

Transfection and Isolation of Transfected Cosl Cells

Cos-1 cells (green monkey kidney cells, ATCC) were
grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal calf serum and antibiotics
(Gibco, Rockville, MD, USA). For expression stud-
ies, the 1.7-kb V6 cDNA previously subcloned in the
EcoRI site of pSP73 transcription vector (Promega,
Madison, WI, USA) was excised using Smal and
EcoRYV restriction enzymes. The Smal/EcoRV 1.7-kb
V6 cDNA insert was then subcloned in both orienta-
tions into the blunt-ended Nhel site of the pMAM-
neo expression vector (Clontech, Palo Alto, CA,
USA). The two V6-pMAMneo recombinants, (+)
and (—), were then transfected into Cos-1 cells via
the calcium phosphate precipitate method (16). A
mixed population of stable neomycin-resistant trans-
fectants, CoslpMAM-V6 (+) and (—) cells, were se-
lected with 500 ug ml~' G418 antibiotic (effective
concentration = 250 ug ml~! as per manufacturer’s
specifications [Gibco]) and maintained in G418 for
expression studies. pMAMneo transfected Cos-1
cells were developed in parallel as controls.

Binding Assays

Binding experiments were done as described (17)
with the following specifications. Each assay point
consisted of 10° cells cultured in P-35 dishes; bind-
ing assays were done in 1 ml of binding buffer (17)
containing 107'° to 5 X 10~® M concentration of lig-
ands; cells with bound *H-AVP were collected with
1 ml of 10 mM Tris HCI pH 7.4, 10 mM EDTA, 3%
Triton X-100, and subsequently counted in a scintil-
lation counter. All incubations were performed at
30°C for 30 min. Specific binding was determined as
the difference between the total radioactivity bound
to cells at the different ligand concentrations utilized
and the radioactivity bound to control cells contain-
ing 10 uM of AVP. The specific activity of the *H-AVP
(NEN) was 66 Ci mmol '. No specific binding of
*H-AVP was detected in control nontransfected and
PMAMneo-transfected Cos-1 cells. Competition
curves of >H-AVP binding using intact Cos1lpMAM-
V6 cells were performed with 5 nM *H-AVP in the
presence of increasing concentrations (10~ to 5 X
10~ ° M) of the different competitors tested.

Ca2™ Mobilization Assays

3Ca’" efflux assays were done essentially as de-
scribed (18). Cell cultures (P-35 dishes) were equi-
librated with **Ca*" under standard growth condi-
tions (DMEM + 10% FCS + 500 ug ml~' G418 +
5 wCi ml~ ! of *°CaCl,) for 18-20 hr. Assays were
then initiated by removal of the **Ca*" media and
rapid sequential washings and aspirations with
three 1 ml aliquots of physiologic buffer (PB; com-
position in millimolar concentrations: NaCl 140;
KCl 5.4; CaCl, 1.8; MgCl, 1.6; D-glucose 5.5; Hepes
5, pH 7.4). One milliliter of assay solution con-
taining appropriate ligands dissolved in PB was
promptly added and efflux was allowed to proceed
for the specific time intervals. Efflux was terminated
by rapid washing and aspiration with three 1-ml
aliquots of MgCl,-free PB containing 5 mM LaCls.
Residual **Ca*" content was expressed relative to
total isotope present in cultures that received the
wash protocol without any intervening efflux inter-
val (time zero averaged 9000 = 857 cpm per P-35
dish). All assays were done at 37°C.

Inositol Phosphate Accumulation

Inositol phosphate measurements were done as fol-
lows. Cells (confluent P-35 dishes) were incubated
in a buffer containing 130 mM NacCl, 5 mM KCl,
1 mM MgCl,, 1 mM CaCl,, 10 mM glucose, and
20 mM Hepes, pH 7.4, with or without hormone. Af-
ter exposure to hormone or buffer (1 ml per dish,
37°C for 10-30 sec), the reaction was terminated by
rapid aspiration of incubation buffer and subsequent
addition of 1 ml of ice-cold 10% trichloroacetic acid.
Cells were then scraped with a rubber policeman
and the entire content of the dish was transferred to
a test tube. After centrifugation (10,000 g X 10 min),
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the protein precipitate was discarded and the super-
natant was extracted three times with equal volumes
of diethyl ether. The upper ether phase was dis-
carded and samples were adjusted to pH 7 with
50 mM Tris base. Inositol-1,4,5-trisphosphate (IP3)
content was determined by a sensitive IP3 [H]
binding protein assay system as per manufacturer’s
specifications (D-myo-Inositol 1,4,5-trisphosphate
[IP3]1[*H] assay system, code TRK1000, Amersham,
Piscataway, NJ, USA).

Immunocytochemistry

A polyclonal rabbit antipeptide antibody (custom-
made by Multiple Peptide Systems, San Diego, CA,
USA) was raised against the synthetic peptide
L,;WLPEDGQVR,, spanning a portion of the pre-
dicted extracellular domain of the Vé6-encoded vaso-
pressin receptor (Fig. 2). Control CoslpMAMneo
and test Cos1pMAM-V6 cells were reacted with this
antibody (1:500) and immunostained as described
previously (11,12). Cells were blocked in phosphate-
buffered saline (PBS) plus 1% bovine serum albu-
min (BSA) for 30 min at 4°C. Cells were reacted
with primary antibody in PBS plus 1% BSA for
14 hr at 4°C. After two washes with PBS at 4°C, cells
were fixed with Bouin’s solution (Sigma, St. Louis,
MO, USA) for 15 sec at room temperature. After ex-
tensive washing with PBS, cells were sequentially
reacted with biotinylated goat anti-rabbit IgG (Bio-
Rad, Hercules, CA, USA), followed by streptavidin
10 nM colloidal gold labeled and finally subjected to
silver enhancement. No immunostaining was ob-
served on CoslpMAM-Vé6 cells when the antipep-
tide antibody was coincubated with the antigenic
peptide (1 mM) or replaced by preimmune serum at
a 1:500 dilution.

Results
Isolation and Tissue Distribution of V6 cDNA

The molecular recognition theory states that peptide
ligands and their receptor binding sites could have
evolved from complementary nucleotide sequences
(19). We took this notion one step further and ap-
plied it to the screening of putative AVP receptor
cDNA clones. Using the rat AVP antipeptide-based
oligonucleotide as the hybridization probe, we iso-
lated nine cDNA clones from a rat kidney cDNA li-
brary. Three of the clones were identified and en-
coded the dual AngII/AVP receptor that we recently
characterized (11). The next largest cDNA clone, V6
(1.7 kb), was then analyzed. This cDNA did not
crosshybridize with the previously characterized
cDNA encoding the AnglIl/AVP receptor (data not
shown). Northern blot analysis at stringent hy-
bridization conditions revealed two mRNAs: 3.0 kb
and 3.5 kb (Fig. 1). The mRNAs were detected in all
tissues tested with the following relative abun-
dance: rat aortic smooth muscle cells (A-10 cells,
ATCC) > adrenal gland (Adr.Gl.) > pulmonary vas-
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Fig. 1. V6 mRNA size and tissue distribution. RNA blot
analysis of different adult rat tissue total cellular RNAs detect
two sizes of V6 mRNAs: 3.5 kb and 3.0 kb (most abundant).
Using equal amounts (5 ng) of RNAs per tissue and the 1.7-kb
V6 cDNA as hybridization probe as described (15), the relative
abundance of the V6 mRNA are noted: rat aortic smooth muscle
cells (A-10 cells, ATCC, lane 11) > adrenal gland (lane 2) >
pulmonary vascular tissue (lane 8) = rat aortic tissue (lane 9
with endothelium, lane 10 without endothelium) > brain

(lane 3) = heart (lane 4) > kidney (lane 1) > skeletal muscle
(lane 5) = lung (lane 7) = liver (lane 6). The relative location of
the 28S and 18S ribosomal RNAs are indicated.

cular tissue (Lung Vasc.) = rat aortic tissue (A,) >
brain = heart > kidney > skeletal muscle (Sk.m.) =
lung = liver. Because of the relative abundance in
blood vessels and in A-10 aortic smooth muscle cells
(cell line in which V1-type vasopressin receptors
have been detected) (20), we hypothesized that the
V6 cDNA might encode a V1-type AVP receptor.

Structural Analysis of the V6 cDNA

The nucleotide sequence (Fig. 2) of the 1.7-kb V6
¢DNA revealed an open reading frame (ORF) con-
taining a typical initiating methionine with 9 of
13 identical nucleotides with the Kozak consensus
sequence (21). The deduced resultant polypeptide is
135 amino acids long.

Comparison with the nucleotide sequence of
the AVP antipeptide-based oligonucleotide probe
revealed only one region with the highest degree of
nucleotide identity, 19 nucleotides over a stretch of
22 nucleotides (86%) (Fig. 2A). This marks the pu-
tative AVP binding site based on the MRT. We note
the antisense peptide from frame 2 (Fig. 2C) as the
putative evolutionary AVP precursor binding domain.
Analysis of the hydropathy profile of the V6 cDNA
encoded polypeptide based on the Kyte-Doolittle
scale using an amino acid window of 17 for analysis
(22,23) reveals a single putative transmembrane do-
main (Fig. 2A). The identification of a putative AVP
binding domain and a single putative transmem-
brane region places the N-terminus extracellularly,
and the C-terminus intracellularly. The C-terminal
intracellular domain has one potential protein ki-
nase C (PKC)-phosphorylation site whose function
remains to be determined.

Functional and Pharmacologic Characterization
of the V6 cDNA Encoded AVP Receptor

The V6 cDNA clone was subcloned into the pMAM-
neo expression vector in two orientations and trans-
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A

GGAGCAGCAGCTGATGCAGAGGCCGTGGAGGEETECT 37
GCTTACTGECTTGCTCAGCCTGCCTTCTTATAGAACCCAGGACCACCATCCCAGGCATGCACCACACACAATGGA 112
CTGGGCCCTCTCCACTTGATCACTAATTGAGARAATGCCTTCCAGCTGEATCTCATGACGGCATTTCCTCAAGGS 187
AGGCTCCTTTCTCTGTGATAACTCCAGCTTGTGTCARGTCGACACACAARAACCTCCACCCACTAGCATCTGCACC 262
ATCTGTTTCTAGCTTTAGTAACGCAGAACATAGGTGCGGAAACACATAGCTGGACACAGTTTCTATCTAGAACTCC 337
ARGCAARGCCCAACGGTACTTGCTCAGCACTCTTGAAGCACCGTAATTACCCCAGCACTTCAGAGAGCCAGGCTC 412
AGGAGTATTGCTCTAGTTCAATTCCTETCCCTGACAACGTGTAGAGACACACCAGTCTCTACTGGGGCTACTGAA 487
GACCTCTCAG: GCGACGCACATGCCAGAARTGTAC. GCCAACAC, GTTGCTTCGTTTCCATTTTTACTTT 562
CAATCCCAGTCTTTGCCTTTCCATT: AAGCAACTAAACAAACATGGACC CCTAACATTTGC 637
BAGGCARAGCAACTCCCAGATTCCACCACCAACACCCACAGATGCCAGGCAGACACCCCTCAGGGGACCAGTAAT 712
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AGCCTTCAGCAGTTCAAGGAGACAGCAAGCTGTCCGCCATGGGGAAGCTGGGAACGCCAGTCTCCTTGCTCTCCC 937
TEECTTECAGGEAAGTGGCCCCACGTCCTGTGGCCTGCTGTGCGEGCGAGCGGATCCCTTACAGCTCATTGGAGGC 1012
ATCTTGETGCCTGCCTAGCTACGCGTGAGCARATGGTCCAAGGAGTCCGAGACACACCAGTCTTTGTCCTCAGTCC 1087
CCCTCCAGCCATCCAGGAGCTCAGTCCACTGAGCCATTGTAGCATT TG TTGAACTTGTTGAAGGCARRATCTACA 1162
GTATGTGTGGAGATGGGCTTTCTGTACAGGGGGTTTGAGECCATTTCATAACGGGCCCTGGAGCGCTCGCTTTGG 1237
AACTTGGCAAACTCTCGACGGTCGTGGATGCTGACCGAGTACT TTCCAGATGGCCAGGAGTACCATTCCAACCAGG 1312
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Sequences and structural features of the V6 cDNA encoded AVP V1-type receptor. (A) The nucleotide sequence of the

1.7-Kb V6 cDNA is presented with the deduced amino acid sequence (in single letter amino acid code). The ORF contains the initiat-
ing methionine that is identified by 9/13 identity with the Kozak consensus sequence (21). A single putative transmembrane domain
(H-1) is predicted based on the Kyte-Doolittle scale with a window of 17 amino acids (22,23). The single region of highest identity
with the AVP cRNA-based oligonucleotide probe is marked [ ], showing 86% identity over a stretch of 22 nucleotides; identical
nucleotides are dotted. The serine residue within the consensus sequence for a potential PKC phosphorylation site is highlighted.

(B) Proposed structure of the V6 cDNA encoded AVP V1-type receptor. Based on the localization of a single 17 amino acid-long hy-
drophobic region (H-1) as putative transmembrane domain and the putative AVP binding domain (AVP) proximal to H-1, the putative
structure is oriented with the N-terminus extracellularly and the C-terminus intracellularly. Black circles highlight the putative AVP
binding domain and the potential PKC-phosphorylation site. (C) Comparison of the AVP cRNA sequence with the nucleotide and
amino acid sequence of the V6 encoded AVP receptor identifies aa,,.,9 as potential AVP binding domain. The stippled areas indicate
regions of homology. Nucleotides encompassing the AVP binding domain that are present in identical codon position within the AVP

antisense peptide frame 2 are indicated by asterisks.

fected into Cos-1 cells followed by G418 antibiotic
selection. pMAMneo G418-resistant cells were
developed in parallel and served as controls. Based
on the hypothesis that the V6 cDNA might encode a
V1-type AVP receptor, we investigated AVP-induced
V6 cDNA-receptor coupling to Ca®>" mobilization.
As predicted, only one orientation, pMAM-V6 (+),
expressed a functional AVP-responsive cell mem-
brane receptor (as measured by *>Ca*" efflux assays)
when transfected into Cos-1 cells, CoslpMAM-Vé6
cells. pMAMneo cells did not exhibit AVP-specific
binding or AVP-induced Ca’" mobilization. All

subsequent analyses were done with CoslpMAM-
V6 cells.

As shown in Figure 3A, 0.1 uM AVP induced
3Ca’”" efflux in CoslpMAM-V6 cells as measured
by percent **Ca*” retained. The response was also
quite rapid, reaching plateau levels (40-45% **Ca**
retained) at 10 sec. Control incubation buffer, with-
out AVP, did not elicit **Ca*" efflux. Because of the
precedent dual peptide hormone/single receptor
systems, AnglII/AVP receptor (11) and ET-1/AngII
receptor (12), we analyzed the hormone response
profile of Ca®** mobilization in CoslpMAM-V6
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Fig. 3. Functional characterization of the V6 cDNA encoded
AVP receptor expressed in CoslpMAM-Vé6 cells. (A) AVP-
induced **Ca** mobilization in intact CoslpMAM-V6 cells. Cells
were exposed to 0.1 uM AVP (e) in comparison to basal control
conditions (i.e., no hormone added [0]) and **Ca**-efflux mea-
sured as the % **Ca**-retained at 10, 20 and 30 sec. (B) Peptide
hormone response profile of *Ca** mobilization in CoslpMAM-
V6 cells. The % *>Ca" efflux activity was determined in
response to various peptide ligands (1 nM): AVP, angiotensin II
(Angll), bradykinin (bradyk), and endothelin-1 (Et-1). Specificity
for AVP stimulation was tested with the concurrent incubation of
AVP (1 nM) with a V1 antagonist, [dCH,)s, Tyr(Me)]-AVP (24)
(V1 antag) at 100 nM. **Ca** efflux activity was defined as the
difference between cells exposed to PB containing the different
ligands and cells exposed to PB alone; incubation time was

10 sec. Results are expressed as percent of *>Ca** efflux activity
relative to the activity obtained in CoslpMAM-V6 cultures ex-
posed to 1 nM AVP. (C) Concentration dependence of AVP-
induced Ca** mobilization in CosIpMAM-V6 cells. *Ca*" efflux
was measured in response to varying concentrations of AVP (from
10~ 2-10"7 M) at the 10-sec time point. Results are expressed as
percent *>Ca”" efflux activity relative to CoslpMAM-V6 cells
exposed to 100 nM AVP for 10 sec. (D) Characterization of AVP-
induced IP3 formation in CoslpMAM-V6 cells. IP3 formation
(pmols 10~¢ cells) was measured in CoslpMAM-V6 cells
exposed to 0.1 uM AVP (e) or to control buffer (o) at 10, 20, and
30 sec. (E) Concentration dependence of the AVP-induced IP3
formation in CoslpMAM-V6 cells measured at 10 sec. (F) Phar-
macologic properties of the V6 cDNA encoded AVP receptor.
Competition for *H-AVP specific binding on intact CoslpMAM-
V6 cells by various AVP analogs is presented in comparison to
dissociation by unlabeled AVP per se (o). (¢#), V1 antagonist,
[dCH,)s, Tyr(Me)]-AVP (24); (¢)V1/V2 antagonist, [d(CH,)s,
D-Ile?, 1le*]-AVP (25); and (o), V2 agonist, DVDAVP (26). Values
for respective affinities (K; and K;) are presented in Table 1.
Results shown in (A), (B), (C), (D), and (E) are from experiments
performed in triplicate with corresponding standard deviations
(bars). Results shown in (F) are from experiments performed in
triplicate with an average standard deviation of 8.7%.

cells. Comparing the percent activity of respective
hormone-induced **Ca*" efflux, the specificity of
the response to AVP by CoslpMAM-Vé6 cells was
evident. As shown in Figure 3B, 1 nM of angiotensin
II (Angll), bradykinin, and endothelin-1 did not
elicit any **Ca*" efflux. Furthermore, a highly spe-
cific V1 antagonist, [d(CH,)s, Tyr(Me)]-AVP (24),
completely blocked AVP-induced **Ca** efflux. To
confirm the specificity of AVP-induced Ca** mobi-
lization, we analyzed the dose-response curve of
Cos1pMAM-V6 cells to AVP (Fig. 3C). Analyzing
the percent activity of *>Ca>" efflux induced at vary-
ing concentrations of AVP (10" "> to 1077 M), a
dose-response curve with an ECso of 50 pM was ex-
hibited by CoslpMAM-V6 cells.

To study the coupling of the V6 encoded recep-
tor to early cellular biochemical events responsible
for the calcium flux, we investigated the AVP-
induced phospholipase C-mediated phosphoinosi-
tide hydrolysis in CoslpMAM-Vé6 cells. As shown
in Figure 3D, 0.1 uM of AVP induced IP3 formation
in CoslpMAM-V6 cells peaking at 10 sec. The time
course is consistent with the AVP-induced phospho-
inositide hydrolysis being an early event responsi-
ble for the AVP-induced Ca** mobilization. More-
over, when we analyzed the IP3 formation induced
at varying concentrations of AVP (10~ '2-10"7 M), a
dose response curve with an ECs, of 50 pM was ex-
hibited by CoslpMAM-Vé6 cells (Fig. 3E). This
value is consistent with the Ca?" efflux measure-
ments (Fig. 3C) and further confirms the specificity
of the AVP response.

The functional coupling of an AVP responsive
receptor to a Ca*>* mobilizing transduction system
via phospholipase C-mediated phosphoinositide
hydrolysis suggests a V1-type AVP receptor (5,6). To
further investigate this, we analyzed the agonist/
antagonist pharmacologic response profile of V6-
encoded receptors on intact CoslpMAM-V6 cells.
As seen in Figure 3F and Table 1, the pharmacologic
profile of the Vé6-encoded receptor analyzed by dis-
placement of *H-AVP reveals specificity for AVP
with a calculated affinity constant of 6 nM. A highly
specific Vl1-antagonist, [d(CH,)s, Tyr(Me)]-AVP
(24), displaced AVP exhibiting an inhibition con-
stant (K;) of 250 nM. A dual V1/V2 type AVP antag-
onist, [d(CH,)s, D-Ile?, Ile*]-AVP (25) and a highly
potent V2-type agonist, DVDAVP [1-deamino, Val*,
D-Arg®]-AVP (26) elicited less displacement effi-
ciency with equal K; values of 600 nM.

Topography of the V6 cDNA Encoded Vasopressin Receptor

To ascertain the predicted topography of the Vé
¢cDNA encoded AVP receptor, we performed im-
munocytochemical studies on intact (nonperme-
abilized) CoslpMAM-V6 transfectants utilizing a
polyclonal antipeptide antibody raised against
amino acids 11-20 of the predicted extracellular
domain (Fig. 2). As shown in Figure 4, prominent
staining was observed in pMAM-Vé6 transfectants
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Table 1. Kinetic parameters of V6 cDNA encoded vasopressin V1-type receptor.

ECso (nM) K; (nM) Buax (fmols 10~¢ cells)
Ca*" efflux 0.050 = 0.007
1P3 formation 0.050 * 0.006
AVP 6.0 = 0.9 8.4 * 0.7
V1 antagonist” 250.0 = 18.0
V1/V2 antagonist” 600.0 + 34.0
V2 agonist (DVDAVP)* 600.0 = 43.0

“[d(CH,)s, Tyr(Me)]-AVP.
"[d(CH,)s,D-Ile? Ile*]-AVP.
‘DVDAVP[1-deamino,Val*,D-Arg®]-AVP.

Affinity constants (£ error) were determined by Scatchard analysis (KELL for Windows, BIOSOFT) of data presented in Figure 3.

(Fig. 4B) in contrast to no staining in control
CoslpMAMneo transfectants (Fig. 4A), thus cor-
roborating the predicted topography and cell
membrane localization of the V6 vasopressin type-1
receptor.

Discussion

Several characteristics of the V6 cDNA encoded AVP
receptor strongly suggest that it is of the V1-type. The
V6 mRNA tissue distribution is consistent with the
tissue distribution of V1 receptors detected pharmaco-
logically (1,5,6). Its predominance in vascular tissue
and smooth muscle cells is also consistent with the
tissue distribution of vasopressor V1-type AVP recep-
tors (1,5,6). Moreover, the specificity for AVP as ligand
(K; = 6 nM), the functional coupling to a transduction

A

system that mobilizes Ca** (ECs, = 50 pM), and the
greater affinity for a V1 antagonist (K; = 250 nM) over
a dual V1/V2 antagonist and a potent V2 agonist,
DVDAVP, (K; = 600 nM for both) are strong evidence
supporting the notion that the V6 cDNA encodes an
AVP receptor of the V1 type. In contrast, the previously
characterized AngIl/AVP V2-type receptor exhibits a
K; of 109 nM for DVDAVP, and a K; above 13,000 nM
for the same V1 antagonist (27). The large disparity
between [*H]-AVP dissociation constant (6 nM) and
the ECsos for stimulated IP3 formation and *°Ca-eflux
(0.05 nM) suggest that only a small proportion (~1%)
of the expressed receptor is functionally coupled to the
signal transduction system (presumable a G protein).
Due to the low specific activity of [’H]-AVP and the
low number of receptors expressed in CoslpMAM-V6
cells (8.4 fmols 10~ ¢ cells; Table 1), we were unable

Fig. 4. Immunocytochemical localization of the V6 cDNA encoded V1-type AVP receptor in CoslpMAM-V6 stable trans-
fectants demonstrating predicted topography. (A) Control CoslpMAMneo transfectants show minimal background staining.

(B) CoslpMAM-V6 transfectants show intense immunoreactivity with the polyclonal antipeptide antibody raised against the predicted
extracellular peptide L,; WLPEDGQVR,, (see Fig. 2). Primary antibody was reacted with intact cells followed by immunostaining as

described in Materials and Methods.
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to detect the receptor high-affinity AVP binding site
that most likely accounts for activation of signal
transduction.

The predicted AVP binding domain of the
V6 encoded receptor differs considerably in primary
amino acid sequence from the predicted AVP
binding domain of the recently described Angll/ AVP
receptor (11). This would indicate that different
amino acid sequences could fulfill the structural re-
quirements for AVP binding as was previously ob-
served for Angll binding by the Angll/AVP receptor
(11) and ET-1/AngllI receptor (12) AngII binding do-
mains. We note that the precise amino acid(s) that
contact AVP within this predicted AVP binding
domain remain to be determined through specific site-
directed mutagenesis and/or crystallographic studies.

Analysis of nucleotide and deduced amino
acid sequence homology with other cloned vaso-
pressin receptors (7-10) and with other representa-
tive members of the seven transmembrane domains
G protein-coupled receptor superfamily (28,29) re-
vealed no sequence identity. A similar topography
(a single transmembrane domain) was also observed
in the recently reported ET-1/AngIl receptor (12)
that was identified on the basis of the MRT as well.
These observations are consistent with the MRT as
the basis of the evolutionary origin of AVP, AnglIl,
and ET-1 receptors. It is conceivable that in the
evolution of these receptors, exon shuffling of the
antipeptide oligonucleotides occurred into different
membrane-spanning proteins, thus accounting for
the quite different polypeptide sequences but con-
served antipeptide-derived putative binding domain
regions observed in today’s receptors. Nevertheless,
the isolation of two types of AVP receptors in the sin-
gle cDNA screening done with the AVP antipeptide-
based oligonucleotide probe, the AngIl/AVP recep-
tor (11) and the V6 cDNA-encoded vasopressin
V1-type receptor reported here, supports the molec-
ular recognition theory as the basis of the evolution
of the AVP ligand-receptor system. Numerous stud-
ies have reported experimental evidence in support
of this theory (see references 11,30 and citations
therein). However, the MRT remains controversial;
some biochemical and theoretical analyses testing
the potential validity of the MRT have reported
negative results (31-37). Nevertheless, our studies
underscore the importance of investigating other
peptide-hormone receptor systems for a full under-
standing of their evolution and function, as well as
to gain further insights into the general applicability
of the molecular recognition theory to the evolution
of the presently known biological systems.
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