
ABBREVIATIONS: All, angiotensin II; SIA, [Sar1,Ile8]angiotensin II; DPBS, Dulbecco’s phosphate-buffered saline; Al, angiotensin I; AIII, angiotensin
III; kb, kilobase(s); bp, base pair(s); UTR, untranslated region; SOS, sodium dodecyl sulfate; SSC, standard saline citrate; AT1, angiotensin type 1
receptor; AT2, angiotensin type 2 receptor.
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SUMMARY
A Xenopus laevis heart cDNA library was screened using the
human angiotensin type 1 (AT1) receptor cDNA coding sequence
as a hybridization probe. A cDNA was isolated that encodes a
protein of 363 amino acids that shares 63% sequence identity
with the human AT1 receptor. Radioligand binding studies with
the cloned receptor expressed in COS cells indicated that it is
an angiotensin II receptor that possesses pharmacological prop-
erties distinct from those of the two known mammalian receptor
subtypes, AT1 and AT2. Electrophysiological studies with the
recombinant receptor expressed in X. laevis oocytes revealed
that the amphibian receptor, like the mammalian AT1 receptor,

can functionally couple to a second messenger system, leading
to the mobilization of intracellular stores of calcium. However,
nonpeptide antagonists selective for the mammalian AT1 and
AT2 receptors do not block angiotensin Il-stimulated functional
responses in injected oocytes, which confirms that the amphibian
receptor is a pharmacologically unique angiotensin II receptor.
Nevertheless, based on conservation of structural features and
motifs and similarity in coupling mechanisms, we speculate that
the cloned Xenopus receptor is the amphibian counterpart of the
mammalian AT1 receptor, having acquired its unique pharmacol-
ogy as a consequence of evolutionary divergence.

As part of the renin-angiotensin system, the hormone All
plays a pivotal role in controlling blood pressure and electrolyte

balance (1). Two forms of cell surface receptors for All have

been identified pharmacologically and classified as distinct All
receptor subtypes, AT1 and AT2 (2, 3). The AT1 receptor is

responsible for the vascular effects of All and, accordingly, is

the target of novel therapeutic agents for the treatment of

hypertension and congestive heart failure (4). The AT1 receptor

possesses a seven-transmembrane region topology and is cou-
pled through G proteins to effectors including phospholipase C

and adenylate cyclase (5). The AT2 receptor subtype, for which

a function has not yet been definitively described (4), does not

appear to interact with G proteins (6).

The AT1 receptor was first isolated from rat and bovine

cDNA plasmid libraries by mammalian cell expression cloning
(7, 8). Subsequently, we and others isolated the human AT1
receptor cDNA and its genomic counterpart (9-12). Recently,
a second form of the AT1 receptor was found to exist in both

rat and mouse mRNA and genomic DNA (13-18). The two
receptor isoforms, named AT1A and AT1B or AT3 (18), are highly

homologous, sharing approximately 95% and 92% protein and

nucleotide sequence identity, respectively. Binding studies per-
formed on membranes derived from COS cells tranfected with

rodent AT1A and AT1B receptors revealed no major differences
in ligand-binding properties (14, 17, 18). Because Southern blot

analysis of human and mammalian genomic DNA indicated

that the AT1 receptor gene is represented as a single copy in

the genome of all mammals except rodents (11, 19),’ the signif-
icance of the existence of two AT1 receptor genes in rodents is

unknown. Presumably, the two AT1 receptor gene copies pres-

ent in rat and mouse genomes originated by gene duplication
and subsequent divergence from a common rodent ancestral

gene (19).
All receptor sites have been identified in Xenopus kievis

follicular oocytes and heart membranes (20, 21). Like the
mammalian AT1 receptors, the amphibian ovarian All recep-
tors bind peptide agonists and antagonists with nanamolar

affinity. Also, the Xenopus receptors are functionally coupled

to a second messenger system that leads to mobilization of

intracellular stores of Ca2� (22). However, pharmacological
studies indicated that the amphibian All receptors are distinct

from both the mammalian AT1 and AT2 receptors, in that they

do not recognize either DuP753 (23) or PD123177 (24), non-

peptide antagonists that specifically bind to AT1 or AT2 recep-

1 D. Bergema and C. Ellis, unpublished observations.
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tors, respectively. These results suggest that the ligand-binding

domain of the Xenopus receptor has a unique structure that
differentiates between nonpeptide and peptide antagonists (21).

The protein domains of the AT1 receptor that are essential
for ligand binding are unknown. Identification of the binding

epitopes for agonists and antagonists not only is critical for
understanding the structure and function of the receptor but

also may aid in the design of synthetic ligands for therapeutic

use. The unique pharmacology of the Xenopus receptor offers

the opportunity to relatively rapidly localize the binding epi-

topes for a nonpeptide antagonist by construction of amphib-

ian/mammalian chimeric receptors, with the exchange of non-

conserved amino acida contained within corresponding regions

of each receptor, and determination of the consequences of the

exchange by conventional pharmacological analysis of the re-

combinant receptors expressed in an appropriate cell system.

This hybrid receptor approach was pioneered by Leflcowitz and

co-workers (25) in their delineation of domains involved in

ligand-binding specificity and effector coupling of a2- and �

adrenoceptors. In this study, as a first step to investigate the

structural basis for the molecular interaction of the peptide and

nonpeptidic antagonists with the mammalian AT1 receptor, the

Xenopus heart All receptor cDNA was cloned and characterized

by binding and functional studies after transient expresalon in

COS cells or Xenopus oocytes. Comparison of the amphibian
receptor with the mammalian AT1 receptor protein reveals a

number of regions that likely contain nonpeptidic antagonist

binding sites.

Materials and Methods
eDNA cloning. Total RNA was prepared from X. loevis heart tissue

by the guanidinium isothiocyanate method (26), and poly(A)� RNA

was purified by oligo(dT)-cellulose chromatography (27). cDNA was

commercially prepared from this mRNA and cloned into X ZAP II arms
(Stratagene, La Jolla, CA). Based on the human AT1 cDNA sequence

(11), oligonucleotide primers corresponding to the amino and carboxyl
termini were made and, together with clone phAT1-3 as template DNA,

were used in a polymerase chain reaction (28, 29) to obtain an approx-

imately 1100-bp cDNA probe encoding the human AT1 receptor that

was devoid of5’ and 3’ UTR sequences. This probe was �P-ra&olaboled
using the TAG-IT kit ((BIOS Corp, New Haven, CT) and was used to
screen the Xereopua heart cDNA library by in situ plaque hybridization,
as described previously (30). Positive clones were plaque purified, and
cDNAa were excised to yield recombinant Bluescript plasmids in Esch-
erichia coli XL1-Blue cells, according to the methods recommended by

Strategene. Recombinants were analyzed by restriction mapping and

DNA sequencing using a Sequenase kit (United States Biochemical
Corporation, Cleveland, OH). Sequences were aligned and compared
using computer software designed by the Genetics Computer Group at
the University of Wisconsin (Madison, WI). A single clone, designated
pBXAT-1, which harbored a 4066-bp insert (including EcoRI linkers),

was chosen for further analysis.

Expression of the amphibian All receptor in COS cells. The

2152-hp EcoRI-HindIII insert of pBXAT1-1, which harbored 138 bp of
5’ UTR, the entire coding region, and 924 bp of 3’ UTR, was subcloned
into the COS cell (31) expression vector pCDN, generating the clone

pCDNXAT-1. COS cells were plated onto i#{174}-mm plates so that they

would reach between 60 and 80% confluency within 24 hr. Cells were
then transfected with 25 �sg of DNA as described previously (11). After
overnight incubation at 37, the cells were detached from the plates
with trypein-EDTA and transferred to six-well, 33-mm, tissue culture
plates with fresh complete medium. Cells were incubated at 37 for 2

days before receptor binding assays.
Membrane receptor binding assays. Membranes from X. laevis

heart tissue were prepared by homogenization of the tissue in buffer A
(10 mM Trig . HC1, pH 7.4, 5 mM EDTA) and were pelleted by centrif-
ugation at 43,500 x g for 20 mm. The pellet was washed twice with
buffer B (50 mM Tris . HC1, pH 7.4, 5 nmt MgC12) and resuspended in
the same buffer containing 250 mM sucrose, to give a final protein
concentration of 5 mg/mI. Aliquota of membranes were stored at -70’
until use. For binding assays, 40-80 �g of membranes were incubated
at 25 for 60 mm with ‘�I-SIA (specific activity, 2200 Ci/mmol; New
England Nuclear, Boston, MA) (10-240 pM for saturation binding
experiments and 120 pM for competition binding experiments) in a
total volume of 100 �sl of buffer B, in the presence or absence of
unlabeled uganda. The binding reaction was terminated by the addition
of 3 ml of ice-cold wash buffer (5 mM Tris. HC1, pH 7.4, 150 mM NaCl)
and rapid filtration, using a Skatron harvester (Skatron Instruments,
Norway), through Skatron filtermats that had been presoaked in 0.2%

bovine serum albumin. Nonspecific binding was determined in the
presence of 1 MM unlabeled AU. Each experiment was performed with
duplicate determinations and was repeated at least two or three times.

Data were analyzed by computer-assisted, nonlinear curve fitting, using
the Lundon-2 software program (Lundon Software mc, OH).

Recombinant receptor binding assays. Three days after trans-
faction, cells were washed with DPBS containing 10 mM MgCl2, 0.1%

glucose, and 0.2% bovine serum albumin. Binding assays were done for
60 min at 25#{176}in 1.0 ml of DPBS with 40-50 �M ‘�I-SIA, in the absence
or presence of appropriate concentrations of unlabeled competitors.
After incubation, the medium was removed, cells were rapidly washed
three times with ice-cold DPBS, and cell-associated radioactivity was
solubilized with 1.0 N NaOH and counted using a y counter (80%

efficiency). Nonspecific binding was determined in the presence of 1
�iM unlabeled All. Each experiment was performed with duplicate

determinations and was repeated at least two or three times. Data were
analyzed as described above.

Xenopua oocyte electrophysiology. Mature X. Icevis females
were anesthetized by hypothermia and ovaries were surgically removed

Follicle cells were dispersed, and individual oocytes were released by
incubation with 2 mg/ml collagenase (Worthington, NJ) in modified
Barth’s medium, as described (32). The oocytes were allowed to recover
from treatment with overnight incubation at 18#{176}in Barth’s medium.

For each experimental group, stage V to VI oocytes were selected,
follicular membranes were manually removed, and 10-20 individual
defolliculated oocytes were injected (Drummond injection apparatus)
with 50 nl of water containing 10 ng of in vitro transcribed Xenopus
All receptor RNA. RNA was synthesized from linearized pBXAT-1
plasmid DNA using a RNA transcription kit obtained from Stratagene
Cloning Systems (CA). Injected oocytes were maintained in modified
Barth’s medium at 18#{176}for 2 days to allow for All receptor protein
expression. Electrophysiologjr was performed using the voltage-clamp
technique, with an oocyte voltage-clamp apparatus (Warner Instru-
ments Corporation, CT). Oocyte membrane potentials were clamped
at -60 mV and the Ca2�-activated Cl channel activity was recorded
in Barth’s medium at room temperature, as described (33).

RNA blotting and hybridization. Poly(A)� RNA extracted from
Xenopus heart tissue was separated by electrophoresis through 1.5%
agarose/formaldehyde gels and blotted onto nitrocellulose (26). The
blot was baked for 2 hr at 80’, prehybridized for 4 hr at 42’ in
hybridization buffer [50% formamide, 5x SSPE (20x SSPE is 3.0 M
NaCI, 0.2 M Na2HPO4, pH 7.4, 0.02 M EDTA), 5x Denhardt’s solution,
0.2% SDS, 100 �sg/ml tRNAI, hybridized with a 32P-radiolabeled 2152-
bp EcoRI-HindHI Xenopus All receptor cDNA fragment (isolated from

pBXAT-1) at 42’ in hybridization buffer for 18 hr. washed twice at
room temperature with 2x SSC (20x SSC is 3.0 M NaCl, 0.3 M sodium

citrate)/0.1% SDS for 20 mm each, and washed twice at 68� with lx
SSC/0.l% SDS for 15-30 mm. Filters were air dried and exposed to
Kodak XAR-5 X-ray film at -70#{176},with an intensifying screen.

Results and Discussion

Cloning of a cDNA encoding a X. kiwis All receptor.

The coding region ofthe human AT1 receptor, previously cloned

in our laboratory (11), was used to probe a X. laevis heart cDNA
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Recombinant Amphibian All Receptor 279

5’ -.qqcacgagtactgaactctacagtgccggctgc -100

agqaattgtcttcgttgagqcqgaaaaggcaasaag -1

atg ttq tcc aac eta tct gcg gga gas sac agt gas gtg gea aaa att gtg gtt aca tqt tcc tag tee gga atg 75
1 14 L S N0 � $ A C S N S Z V S K I V V K C 8 K S G H

cac act tac ate ttc etc acc att cca ate att tat age aca ata ttt gtt gta 99* ‘qta ttt C sac agc ctg 150

26 H N � r I T i v x z r S r z_r V V G V r G #{174}S L

gta att gtg att tat tcc tat atg aaq atg aag aca atg gct age gtc ttt tta atg aat t a g t Ctg tct 225

51 �v vi v i� x S x N K e x ‘r ie A S V �T L K#{174} L A L S

t tta tgt ttt gtg atc act tta ccc tta tqg qca gtt tac aca gea atg cac tat cac t cca ttt gac 300

76 D L C F V I T L P L H A V Y T A, K H Y H H P F G D

tta ttq t C aaq atc gca tca act gct ata acc tta aat cta tat ace act gtc ttc tta ctC aca tgc etc agc 375

101 L L C K 11A S T A I T L N L Y T TV F L I. T C I. 8

att a C c tac tat gcc att gtc cat ccc atg aaa tee cgc att cgc cgc act gta atg gta gao agg cta aca 450

126 I D R#{174} S #{174}#{174}V H#{174}M X S R I R R T V NJ A R L T

tgt qtt ggt ata t ctt gta gcc ttt ttg gca agc ctg C t agt gta ata tat cgt cag ata ttt ata ttt act 525
151 C V G I H L V A F L A SL P 8 V IY�JQ x r x r v

gat aca aat caa aca qtg tg� qcc cta gta tat cat tct gga cat ate tat ttt atg gtt qgc atg agt ttq qtc 600
176 D T N0 Q T V � A L V T H S G H I Y 7 54 V G H 8 � V

aag sat att gtt qgt ttt ttt att cct ttt gta atc att tta aca agt tac aca tta att ggq aag acc ctg aaa 675

201 KN I V G F F I #{174}F V I I L T S #{174}� L I G K T� L K

qaa gte tac aga qct caa aqg gcc aga aac gat gac att ttt aag atg att qta gct gtt gtt cta ctc ttc ttt 750
226 1 V ! K A Q K A R N D D I F K K �I V A V V L L F F

ttc tgt t att c t cat caa gte ttt acg ttt ctg gat gtt tta att cag atg gat gtg atc Cu aac tgc aaa 825
251 #{174}C N I P 5 Q V F T F L D1 V L I Q H D V I Q N Cs K

atg tao qat att qtg gao aca qqc atq ccc att aca ata tqc att got tac ttt sac age tgc ctq a C C t ttc 900
276 H Y D I �V D T G H P I 7 X C I A T F N S C L N P F

ttq t t qqg ttt ttt gga sag aaa ttc agg aaa cat ttt cta caa ctc att aaa tat ata cea cca aaa atg aqq 975

301 L T Gil F G K K #{174}K K U #{174}L Q L I K Y I P P K H K

ace cat gca aqc qtc aac acc aaa tcq agt aca gtt tag caa opt ctq tct gac acc aaq tgc gca tca aat aaa 1050

326 T H A S V N T K S S T V S� Q K L S S T K C A S� N K

att qcc ttg tgg ata ttt gac att qaa gaa cat tgc aaa tag gttagtaggtattgtattcctaagtaaacatataaatacttta 1135

351 I A L N I F D I K N H C’ K sad

agtggagsaattccagattattaaatattaccttctgcaacgqgcagctttccsgattctcatatggagatacttatacattactatacagaagaaaat 1234

caagataatttcacagactataaaagcaaggctttcctaattttgcatttgctttgctttgtatacctcgtgcatttatagataatgtagaggcgtatt 1333

gcaaaaaagcagccattcgcaatgtaagactaatcgatgatgaaggaaactcatgtgtaaatatatgttttgaatgtgccatcatactgtatgtatacc 1432
tcattaatttatttgacagtcagtattcatctgtatatatcttttattgtacattaactcatttaacttattgatataatccataatqtacctggcgca 1531

tacaaaatatattcataacattcacggatttaaacaqaaaagttgatgttcatacctattgattgttcatactccaatcagctgctagatcaacctaaa 1630

cttttctataattttaaggcatattgtaasattgaaaattgaaagatcatgcagaccctgctgtaatctctccaggtccacatctggaccacatgtctt 1729
ttoctcccttttactgttcctgacactctgttgtgtattatattattcccggcagatcaaaatgtaatgaaaaacttgggttatgcaatttgtattgct 1828
ctqgaaattcttggagttggaggcagttagacstatttttttatgtgctatattaaccattttgaatcatcacattctgaacattgcaqaatcacactg 1927

gaquttgaqtgatqagtsgggaggtcaccaaaatacttaatacaaaagaaagcacactcgtgggttataagagaattataatagaaagcttagaatag 2026

ttggataattactaatggatttatttcaaagtatacatqttagggtttattaaccaaggcagaqaaagatgcaaaataaaaacaaacttgcgcagagaa 2125

gcctgttttctgaactctacccctcaccttacttcttgaggagcttccaagaagtatgaagattggtgtctcactqtgcaqccctgtctqctttttaca 2224
gaqqggttgagaggtqqgcagcatttaqgtatctcatggaatgccccctagctttcatgtctggaacaagccagsgaatgaaasqggcaggaaaagtcc 2323

agqgaaattatatatttgctttcastatatttattttccaccttgcttttatgaaggcattactagtgcatttttasccatgtctaaaatgcctataaa 2422

tctctgtattattaccccctttagccctccttgqtccttgtgtctgaaatcctaaaggggagaaaqatagaaagggtcaagtatgagctcacttqgcca 2521
aggggtttgatgtattggtc.aacaaqaccttcttaatqggcctgcaaataagacagtagcctqtatgccctatatttttgataaagacatccaataaaa 2620
tgtagttctcaaatctgttctctcaatgctgtcctcctatgggqacccaaagcaatgtctggqgttatctagcctgcaggctgtttagggtgagatatg 2719
gqqas.atgtgtactqctagataattctaagcctatcttaaaatgttaattaqaagaatattttgggtaaacaccgatttactqtoaqatattctagaaa 2818

ttttqgctgaatggotaatatagaaatgtttaactgtaactttgttattagattaqttaqactctgaccaacttttggcactcaaaggaaagcttgaac 2 917
caaa.aaaztttcagsaaaccattgccataaagctacaacstcacatgtattccacagtacttcacaattaggcaggaaaagtttagggasatttttttt 3016
tttas.ataaaacttgaggatcatotctggtacttcaatcaatgaactgaagtatattattggtaaaaacaaagcaaagcaattattaaqgccagtatca 3115
qctccatctgatcctttttecacaaaatggcagctttacggaaqtaaaaaatccctaatttgacatatqtttactttttaataccaagts.aattacaat 3214

ttqatttaaatcstttcacatgcttgcttacttgaccagttqtgtttgtttcaatggtttgctattaatcttcatgttagatattaagtgqgttattta 3313
ctsaaatccaaasatttctcactattaaatcaattcaacaactcccgtgttaccatatttatcaataaatttactcaaataaatctagtgctgggaaag 3412
actogataaaattgtgaagaaatccaaatcgtttqatttttttcqgattattgcccgaaaatcataaatgaataqgattattqtacaaaatccagcaca 3511
gatcatcatatctttcaattgtaaatgqgacacctqccattgactctacatcaactcggcaggtttqagatggagtacttttttattcsgacttttcac 3610
aqcaacqqggtttaataaatcaagaaaaatttgaqtcttctccgatgaaaaaattttgtttttttcctttaaaacaatgaccaqgagtttattaas.saa 3709
aaaaaacectaaatgtqqactggattcasacatggacatgggggtgagctttgatcactgtttgtgattatcatgtttgtaacactacttgatatatat 380$
t��qataaatgttacttttatctctaaaqgcaqataatgtqtctqttactgattatgtqgtataaaaaaaqaj�j�tacaqqattacaeataoagt 3907
atgtaqctcgtgcc-3’ 3921

Fig. 1. NUcleOtide and deduced amino acid sequences of the Xenopus receptor. Amino acids (represented In one-letter code) are indicated b&ow
tfmlr repectlve codons and numbered on the left, begk�ning with the initiatiOn methlonfrie codon (M). Numbers on the right, nucleotide positions;
bracketed amino acid sequences, putative seven tranemembrane domains; underlined nucleotide sequences, canonical eukaryotic polyadenylatlon
signsie. 0, Potential sites for post4anslational �ycoeylatlon; I, cysteine residues avsilab� for disulfide budge formation;* pc��eJ� phoephorylatlon
sites; I, possib� palmitoylatlon site. Circled amino acids, those that &e highly conserved among G protsin-coupled receptors.
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Fig. 2. Amino acid sequence comparison of all known AT1 receptors. This compares the amphibian receptor, together with all of the AT1 receptors
published to date, with the human AT1 receptor. The human sequence is numbered beginning with the initiating methionine residue. -, Amino acid
identity; amino acid differences are shown in their corresponding positions. Solid lines above the sequence, hydrophobic amino acid stretches
forming putative seven transmembrane domains.
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HUMAN AT1

RAT AT1A

RAT AT1B

RAT AT3

MOUSE AT1A

MOUSE AT1B

BOVINE AT1

XENOPUS AT

library under low stringency screening conditions. A number

of hybridizing clones were discovered; one clone, which con-

tamed the largest cDNA insert, was chosen for complete char-

acterization. The nucleotide sequence of this clone, designated

pBXAT-1, and the deduced protein sequence are shown in Fig.

1.

The amphibian cDNA is 4054 bp in length and contains an

open reading frame of 1089 bp encoding a protein of 363 amino

acid residues. The deduced Xenopus protein possesses several

features in common with G protein-coupled receptors. Most

prominent is the existence of seven hydrophobic regions that

are likely to represent membrane-spanning domains, providing

the seven-transmembrane region structural topology found

among the G protein-linked superfamily of receptors (34).
Interspersed within the protein are 29 amino acid residues that
are also highly conserved among G protein-coupled receptors.

Other notable features of this protein include several serine

and threonine residues that may be substrates for possible

regulatory phosphorylation (35, 36), two asparagine residues

for potential post-translational N-glycosylation (37), and two

cysteine residues within the carboxyl-terminal region that could

be palmitoylated and thus function to anchor the domain to

the intracellular membrane, possibly serving some role in re-

FKI IMAIVLF FFFSWIPHQI

-R V----

-R

-R

-R V----

-R V----

- ---L

YRPSDNVSSS TKKPAPCFEV E 359

M---A----S

M--- A--S-SF--- -

M--- A--S-SF--- -

M--A A----S-S-- -

M--- AR-S-Y

----E-GN I-- -

Q-L--TKCA- N-IALWI-DI -EHCK 363

ceptor coupling to a signal transduction system (38). For ex-

ample, mutation of a cysteine residue in the carboxyl terminus

of the human �32-athenoceptor results in a nonpalmitoylated

form of the receptor that is incapable of coupling to adenylate

cyclase (38).

The deduced Xenopus protein contains one cysteine residue

in the amino terminus and in each of the three predicted

extracellular loops. Two of these residues, at positions 103 and

182, are highly conserved within the G protein receptor super-

family. Structure-function analyses of the hamster fl-adreno-

ceptor and bovine rhodopsin receptors suggest the existence of

a disulfide bridge between two cysteines in similar positions

that is essential for the formation of the correct tertiary struc-

ture of the receptor required for ligand binding (39, 40). A

disulfide bond may also form between the two other cysteine

residues, at positions 20 and 274. Site-directed mutagenesis

studies of the rat AT1 receptor indicated that all four of the

cysteine residues in similar or identical positions are required

for ligand binding (41).

Primary sequence comparison of the All receptors.

The deduced Xenopus protein, together with all of the mam-

malian AT1 receptors published to date, is compared with the

human AT1 receptor protein in Fig. 2. Although four amino
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Fig. 3. Northern blot analyses of Xenopus heart mRNA. Northern blot
analysis was used to examine the size of the cloned Xenopus receptor
mRNA in heart tissue. One microgram of poly(A)� RNA isolated from
Xenopus heart was analyzed with the coding region of the Xenopus
pBXAT-1 cONA as a hybridization probe. Molecular weight markers are
indicated (in kb).

acids larger, the amphibian protein shares considerable amino

acid sequence similarity with the mammalian AT1 receptors.

Overall, it is about 63% identical to the primary sequence of
the human AT1 receptor, which represents a significant level
of sequence homology, albeit substantially less than the ap-

proximately 92% sequence homology found among the mam-
malian AT1 receptor group. Notably, the degree of sequence

conservation is not evenly distributed throughout the structural

domains ofthe amphibian protein; the highest level of sequence

homology exists within the seven transmembrane regions and

three intracellular loops, varying between 63 and 85% identity.

Greater sequence divergence resides within the four extracel-

lular regions and the carboxyl-terminal region, which differ 40-

70% from corresponding regions of the mammalian receptors.

In additon to the seven-transmembrane region topology,

most of the structural features and motifs of the Xenopus

protein are conserved among the mammalian AT1 receptors,

including potential glycosylation and phosphorylation sites and

four cysteine residues proposed to form two disulfide bridges.

However, most mammalian AT1 receptors contain a possible
palmitoylation site at the Cys-355 residue rather than the two

putative sites at the Cys-346 and Cys-362 residues of the

amphibian protein. Also, the mammalian receptors harbor ad-

ditional potential glycosylation and phosphorylation sites. It

remains to be determined whether these or other amino acid

differences would result in species differences in possible reg-

ulatory palmitoylation or phosphorylation-mediated receptor

desensitization.

RNA analysis ofXenopus heart tissue. To determine the
mRNA transcript size of the cloned Xenopus protein, Xenopus

heart RNA was examined by Northern blot analysis using a

2.2-kb portion of clone pBXAT-1 as a hybridization probe. As

shown in Fig. 3, one major band of approximately 4.0 kb and

one minor band of about 2.0 kb were homologous to the probe.

The size of the upper, more intense, signal is consistent with

that of the cloned cDNA (4054 bp); accordingly, the cDNA

likely represents the entire mRNA transcipt. A potential pol-

yadenylation signal, AATAAA (42), is located 34 bp upsteam

from the 3’ end of the cDNA (Fig. 1), again in agreement with

the clone being a full length copy of the mRNA transcript.

The less intense 2.0-kb band may be a product of an alter-

nately processed precursor mRNA; the smaller size could result

from a different post-translational splicing event or utilization

of a secondary polyadenylation signal. In the context of the

latter possibilty, a consensus polyadeylation signal is present

at position 2101 bp of the cDNA (Fig. 1), which, if utilized,

would produce a RNA trancript of the approximate size ob-

served for the less intense signal. Alternatively, the smaller

band may represent a mRNA transcript of a related gene.

Ligand-binding properties. To investigate the ligand-

binding properties of the cloned receptor, the cDNA was sub-

Fig. 4. Competitive inhibition of 125l-SIA
binding to transfected COS cells and X.
laevis heart membranes. The displace-
ment of 125l-SIA binding to recombinant
receptors expressed in COS cells (A) or
to membranes prepared from heart tissue
(B) by unlabeled All (0), SIA (), AIll (A),
Al (ti), P012331 9 (0), and SK&F 108566
(S) is shown. The maximum binding was
16,000-1 8,000 cpm/0.5 x cells and the
nonspecific binding was 200 cpm. All
points are averages of duplicate determi-
nations of three or four experiments. The
unrelated peptide vasopressin (1 �M) dis-
played no effect on binding (data not
shown).
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Fig. 5. Functional coupling of the recombinant amphibian All receptor,
as assessed by Xenopus oocyte electrophysioiogy. All-induced currents
were measured in oocytes Injected with synthetic amphibian All receptor
mRNA. Defolliculated oocytes did not bind 1251-SIA and, when injected
with synthetic human AT1 mRNA produced in vitro, oocytes bound 1251..

SIA with a high degree of specificity (data not shown). A, Traces of All
(1 0 nM)-medlated current (in nA) induced 2 days after oocyte injection
with water (trace a) or 1 0 ng of synthetic All amphibian receptor mRNA
(trace b). Arrow, All addition. Increased concentrations of All induced a
greater magnitude of current responses (data not shown). B, Defollicu-
lated oocytes were injected with 10 ng of synthetic amphibian All receptor
mRNA. The mean peak response to 10 n� All (210 ± 50 namps; n =

20) was arbitrarily assigned a value of 100. The levels of inhibition
obtained with the addition of the indicated concentrations of All, SK&F
108566, PD1 2331 9, and SIA are shown relative to this value.

cloned into the mammalian cell expression vector pCDN and
transfected into COS cells. Fig. 4A shows competition curves

for agonists and antagonists competing for ‘251-SIA binding to

the expressed receptor. The peptides All, SIA, Alli, and Al

displaced ‘25I-SIA binding in a concentration-dependent fash-

ion, with IC50 values of 0.30 ± 0.08, 0.70 ± 0.15, 0.70 ± 0.18,

and 62.5 ± 5.0 nM, respectively. In contrast, the expressed

recombinant protein did not bind the nonpeptide antagonists

SK&F 108566 (43) and PD123319, which are selective for the

mammalian AT1 and AT2 receptors, respectively. This phar-

macological profile is almost identical to that of the Xenopus

heart All receptor, as shown in Fig. 4B. rrhe heart receptor

likewise did not bind the nonpeptide antagonists but exhibited

high nanamolar affinity for the peptide ligands, showing corn-
parable IC50 values of 1.0 ± 0.2, 0.40 ± 0.05, 0.80 ± 0.15, and

30 ± 3 for All, SIA, Alil, and Al, respectively. These common

pharmacological characteristics indicate that the cloned recep-
tor encodes the amphibian heart All receptor. Equally signifi-

cantly, these results demonstrate that the cloned amphibian

receptor is pharmacologically distinct from both the mamma-
han AT1 and AT2 receptor subtypes.

Electrophysiological studies using Xenopus ooeytes.
Xenopus oocytes were used to examine the functional coupling

of the recombinant heart All receptor to a second messenger
system, as assessed by the voltage-clamp technique. For these

experiments, oocytes were defolliculated to remove an endoge-

nous All receptor that is coupled through gap junctions to

inositol- 1,4,5-trisphosphate-induced Ca2� mobilization in All-

stimulated oocytes (22). As shown in Fig. 5A, trace a, applica-

tion of All to uninjected oocytes did not elicit any change in

membrane potential. In contrast, oocytes injected with syn-

thetic Xenopus heart All receptor mRNA showed a rapid

response, producing a strong Ca2�-dependent Cl current when

exposed to the same concentration of All (Fig. 5A, trace b).

These results indicate that the recombinant receptor is a func-

tional receptor that is capable of coupling to a second messenger

system, leading to the mobilization of intracellular stores of

Ca2� (presumably induced by inositol trisphosphate).

The electrophysiological response of the injected oocytes to

All application was significantly diminished by the peptide

antagonist SIA at very low concentrations (10 nM) (Fig. 5B).

In contrast, the nonpeptidic antagonists SK&F 108566 and

PD123319 did not inhibit All-stimulated functional responses

even at concentrations as high as 1 �M. These results suggest

that the cloned amphibian All receptor binds the peptide

antagonist SIA but does not recognize the nonpeptide antago-

nists. This property differed markedly from that observed for
the human AT1 receptor examined in identical experiments,

where nonpeptidic AT1 receptor-selective antagonists blocked,

whereas an AT2 receptor-selective antagonist did not inhibit,

All-induced currents in injected oocytes (11). Therefore, the

electrophysiological studies indicate that the Xenopus All re-

ceptor is an unique All receptor, which is consistent with the

conclusion of the COS cell expression experiments.

Structural model of the amphibian All receptor. A

hypothetical secondary structure model of the amphibian All

receptor is shown in Fig. 6. This model is based on the arrange-
ment of the seven transmembrane domains in a rough circle
within the cell plasma membrane, forming a central ligand-

binding pocket, as was first proposed for adrenoceptors (25).
When compared with the human AT1 receptor, the greatest

level of sequence conservation is contained within the seven

transmembrane domains and three intracellular loops. Accord-

ingly, these regions may provide the peptide ligand-binding and

second messenger-coupling properties that are common to both

receptors. In contrast, the hydrophilic extracellular and car-

boxyl-terminal domains are significantly more divergent in

amino acid sequence. It is possible that the extracellular do-

mains of the human AT1 receptor contain most if not all of the
epitopes essential for the binding of the nonpeptidic ligands

and these epitopes are lacking in the amphibian receptor,
resulting in its unique pharmacology. In this context, the bind-

ing epitopes of a nonpeptidic antagonist of the rat substance P
(neurokinin receptor type 1) receptor were localized to the
junction of extracellular loops 2 and 3 at the top of transmem-

brane domains 5 and 6 (44). These epitopes were not important
for the binding of the natural peptide ligand substance P.

Notably, the junction of extracellular loop 2 and transmem-

brane domain 5 of the human AT1 receptor is strikingly differ-
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Fig. 6. Secondary structure modelfor the
distribution of the amphibian All receptor
in the plasma membrane. The amino
acids In the seven transmembrane do-
main helices are depicted within cylindri-
cal columns embedded within the plasma
membrane. Also shown are the amino
acid sequences connecting the succes-
sive helices and forming loops in the cy-
toplasmic and extracellular spaces.
Shaded residues, amino acid residues
conserved between the amphibian and
human All receptors; V above the Se-

quence, potential sites for post-transla-
tional glycosylation; dashed lines, poten-
tial disulfide bridges between extracellu-
lar cysteine residues; . , potential
phosphorylation sites.

ent from the corresponding region of the Xenopus receptor,

suggesting the possibility of a similar function of this region.

Conclusions. Pharmacological and functional properties

support the conclusion that the isolated Xenopus cDNA en-
codes an All receptor. The distinctive pharmacology of the

amphibian receptor may warrant its classification as a novel

All receptor subtype (i.e., AT4?), according to the nomenclature

developed for All receptors (3). However, based on amino acid
homology, conservation of structural features and motifs, and

similarity in coupling to a second messenger system, it is

possible that the cloned receptor represents the Xenopus All
receptor counterpart of the mammalian AT1 receptor subtype.

Accordingly, the unique pharmacological properties of the

mammalian and amphibian receptors result from their amino

acid residue dissimilarities, which presumably arose during

evolution; the degree of dissimilarity likely is the consequence

of the relatively early divergence of the amphibians from a

common vertebrate ancestor. Through the generation of mam-

malian/amphibian chimeric receptors, these differences can be

exploited to localize the binding epitope for a nonpeptide an-

tagonist. This will facilitate structure-function studies of the

receptor, which may contibute to the strategy for the design of

novel compounds for therapeutic use.

Note Added in Proof. During the review of this manuscript

we were informed by Dr. K. Sandberg that another All receptor

exists in X. laevis (to be published in Biochem. Biophys. Res.

Commun. 187:756-762, 1993). This receptor appears to be
pharmacologically similar to the All receptor described in this
report, although it shares 88.7% protein sequence identity.

References

1. Peach, M. J. Renin-angiotensin system: biochemistry and mechanisms of
action. PhysioL Rev. 57:313-370 (1977).

2. Chiu, A. T., W. F. Herblin, D. E. McCall, R. J. Ardecky, D. J. Carini, J. V.

Duncia, L. J. Pease, P. C. Wong, R. R. Wexler, A. L. Johnson, and P. B. M.
w. M. Timmermans. Identification of angiotensin II receptor subtypes.
Biochem. Biophys. Res. Commun. 165:196-203 (1989).

3. Bumpus, F. M., K. J. Catt, A. T. Chiu, M. DeGasparo, T. Goodfriend, A.

Husain, M. J. Peach, D. G. Taylor, Jr., and P. B. M. W. M. Timmermans.
Nomenclature for angiotensin receptors. Hypertension (Dalkz.s) 17:720-721
(1991).

4. Timmermans, P. B. M. W. M., P. C. Wong, A. T. Chiu, and W. F. Herblin.

Nonpeptide angiotensin II receptor antagonists. Trends PharmacoL Sci.
12:55-62 (1991).

5. Douglas, J. G., M. Romero, and U. Hopf#{232}r.Signaling mechanisms coupled to
the angiotensin receptor ofproxirual tubular epitheiium. Kidney mt. 38:S43-
S47 (1990).

6. Bottari, S. P., V. Taylor, I. N. King, Y. Bogdal, S. Whitebread, and M. de
Gasparo. Angiotensin II AT2 receptors do not interact with guanine nucleo-
tide binding proteins. Eur. J. PharmacoL 207:157-163 (1991).

7. Murphy, T. J., R. W. Alexander, K. K. Griendling, M. S. Runge, and K. E.
Bernstein. Isolation of a cDNA encoding the vascular type-i angiotensin II
receptor. Nature (Land.) 351 :233-236 (1991).

8. Sasaki, K., Y. Yamano, S. Bardhan, N. Iwai, J. J. Murray, M. Hasegawa, Y.
Matsuda, and T. Inagami. Cloning and expression of a complementary DNA
encoding a bovine adrenal angiotensin II type-i receptor. Nature (Lond.)

351:230-233 (1991).

9. Furuta, H., D.-F. Guo, and T. Inagami. Molecular cloning and sequencing of

the gene encoding human angiotensin II type 1 receptor. Biochem. Biophys.
Res. Commun. 183:8-13 (1992).

10. Takayanagi, R., K. Ohnaka, Y. Sakai, R. Nakao, T. Yanase, M. Haji, T.

Inagami, H. Furuta, D.-F. Gou, M. Nakamuta, and H. Nawata. Molecular
cloning, sequence analysis and expression of a cDNA encoding human type-

1 angiotensin H receptor. Biochem. Biophys. Res. Commun. 183:910-916
(1992).

11. Bergsma, D. J., C. Ellis, C. Kumar, P. Nuthulaganti, H. Kersten, N. Elahour.

bagy, E. Griffin, J. M. Stadel, and N. Aiyar. Cloning and characterization of
a human angiotensin II type 1 receptor. Biochem. Biophys. Res. Commun.
183:989-995 (1992).

12. Mauzy, C. A., 0. Hwang, A. M. Egloff, L..H. Wu, and F.-Z. Chung. Cloning,

expression, and characterization of a gene encoding the human angiotensin
II type 1A receptor. Biochem. Biophys. Res. Commun. 186:277-284 (1992).

13. Langford, K., K. Frenzel, B. M. Martin, and K. E. Bernstein. The genomic

organization of the rat AT, angiotensin receptor. Biochem. Biophys. Res.
Commun. 183:1025-1032 (1992).

14. Kakar, S. S., J. C. Sellers, D. C. Devor, L. C. Musgrove, and J. D. Neill.

Angiotensin II type-i receptor subtype cDNAs: differential tissue expression
and hormonal regulation. Biochem. Biophys. Res. Commur�. 183:1090-1096
(1992).

15. Elton, T. S., C. C. Stephan, G. R. Taylor, M. G. Kimball, M. Ni. Martin, J.

N. Durand, and S. Oparil. Isolation of two distinct type I angiotensin II
receptor genes. Biochem. Biophys. Res. Commun. 184:1067-1073 (1992).

16. Ye, M. Q., and D. P. Healy. Characterizetion ofun angiotensin type.1 receptor
partial cDNA from rat kidney: evidence for a novel AT1B receptor subtype.

Biochem. Biophys. Res. Commun. 185:204-210 (1992).
17. Sasamura, H., L. Hem, J. E. Krieger, R. E. Pratt, B. K. Kobilka, and V. J.

Dzau. Cloning, characterization, and expression of two angiotensin receptor

(AT-i) isoforms from the mouse genome. Biochem. Biophys. Res. Commun.
185:253-259 (1992).

18. Sandberg, K., H. Ji, A. J. I. Clark, H. Shapira, and K. J. Catt. Cloning and

expression of a novel angiotensin II receptor subtype. J. Biol. Chem.
267:9455-9458 (1992).

19. Yoshida, H., J. Kakuchi, D.-F. Guo, H. Furuta, N. Iwai, R. van der Meer-de
Jong, T. Inagami, and L. Ichikawa. Analysis of the evolution of angiotensin
II type 1 receptor gene in mammals (mouse, rat, bovine and human). Biochem.
Biophys. Res. Commun. 186:1042-1049 (1992).

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


284 Bergsma ot a!.

20. Sandberg, K., H. Ji, M. A. Millan, and K. J. Catt. Amphibian myocardial
angiotensin II receptors are distinct from mammalian AT1 and AT2 receptor
subtypes. FEBS Lea. 284:281-284 (1991).

21. Ji, H., K. Sandberg, and K. J. Catt. Novel angiotensin II antagonists distin-
guish amphibian from mammalian angiotensin II receptors expressed in
Xenopus lo.evis oocytes. MoL PhormacoL 39:120-123 (1991).

22. Sandberg, K., M. Bor, H. Ji, A. Markwick, M. A. Millan, and K. J. Catt.
Angiotensin Il-induced calcium mobilization in oocytes by signal transfer

through gap junctions. Science (Washington D. C.) 249:298-301 (1990).
23. Wong, P. C., W. A. Price, A. T. Chiu, J. V. Duncia, D. J. Carini, R. R. Weiler,

A. L. Johnson, and P. B. M. W. M. Timmermans. Nonpeptide angiotensin
II receptor antagonists. VIII. Characterization of functional antagonism
displayed by DuP 753, an orally active antihypertensive agent. J. PharmacoL
Exp. Ther. 252:719-725 (1990).

24. Blankley, C. J., J. C. Hodges, S. R. Klutchko, R. J. Himmelsbach, A.
Chucholowski, C. J. Connolly, S. J. Neergaard, M. S. Van Nieuwenbze, A.
Sebastian, J. Quin III, A. D. Essenburg, and D. M. Cohen. Synthesis and
structure-activity relationships of a novel series of non-peptide angiotensin
II receptor binding inhibitors specific for the AT2 subtype. J. Med. Chem.
34:3248-3260 (1991).

25. Kobilka, B. K., T. S. Kobilka, K. Daniel, J. W. Regan, M. G. Caron, and R
J. Lefkowitz. Chimeric a,-,�2-adrenergic receptors: delineation of domains
involved in effector coupling and ligand binding specificity. Science (Wash-
ington D. C.) 240:1310-1316 (1988).

26. Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J. Andrutter.

Isolation of biologically active ribonucleic acid from sources enriched in
ribonuclease. Biochemistry 18:5294-5299 (1979).

27. Aviv, H., and P. Leder. Purification of biologically active globin messenger
RNA by chromatography on oligothymidylic acid-cellulose. Proc. NatL Acad.
Sci. USA 69:1408-1412 (1972).

28. Saiki, R. K., S. Sharf, F. Faloona, K. B. Muffis, G. T. Horn, H. A. Erlich,
and N. Arnheim. Enzymatic amplification of �-globin genomic sequences and
restriction site analysis for diagnosis of sickle cell anemia. Science (Washing-
ton D. C.) 230:1350-1353 (1985).

29. Sharf, S. J., G. T. Horn, and H. A. Erlich. Direct cloning and sequence
analysis of enzymatically amplified genomic sequences. Science (Washington
D. C.) 233:1076-1078 (1986).

30. Bergsma, D. J., C. Eder, M. Gross, H. Kersten, D. Sylvester, E. Appelbaum,
D. Cusimano, G. P. Livi, M. M. Mclaughlin, K. Kasyan, T. G. Porter, C.
Silverman, D. Dunnington, A. Hand, W. P. Prichett, M. J. Bossard, M.

Brandt, and M. A. Levy. The cyclophilin multigene family of peptidyl-prolyl
isomerases. J. BiOL Chem. 266:23204-23214 (1991).

31. Gluzman, Y. 5V40-transformed simian cells support the replication of early
5V40 mutanta. Cell 23:175-182 (1981).

32. Kumar, C. S., T. M. Mariano, M. Noe, A. K. Deshpande, P. M. Rose, and S.

Pestka. Expression of the murine interferon -y receptor in Xenopus laevis
oocytes. J. BiOL Chem. 263:13494-13496 (1988).

33. White, M. M., K. M. Mayne, H. A. Lester, and N. Davidson. Mouse-Torpedo
hybrid acetylcholine receptors: functional homology does not equal sequence
homology. Proc. NO.tL Acad. Sci. USA 82:4852-4856 (1985).

34. Dohlman, H. G., M. G. Caron, and R. J. Lefkowitz. A family of receptors
coupled to guanine nucleotide regulatory proteins. Biochemistry 26:2657-
2664 (1987).

35. Kemp, B. E., and R. B. Pearson. Protein kinase recognition sequence motifs.
Trends Biochem. Sci. 15:342-346 (1990).

36. Hausdorif, W. P., M. G. Caron, and R J. Leflcowitz. Turning off the signaL

desensitization of fi-adrenergic receptor function. FASEB J. 4:2881-2889
(1990).

37. Hubbard, S. C., and R. J. Ivatt. Synthesis and processing of asparagine-
linked oligosaccharides. Annu. Rev. Biochem. 50:555-583 (1981).

38. O’Dowd, B. F., M. Hnatowich, M. G. Caron, R J. Leflcowitz, and M. Bouvier.
Palmitoylation of the human $2-adrenergic receptor. J. BiOL Chem.
264:7564-7569 (1989).

39. Dixon, R. A. F., I. S. Sigal, M. R Candelore, R. B. Register, W. Scattergood,
E. Ranch, and C. D. Strader. Structural features required for ligand binding
to the fi-adrenergic receptor. EMBO J. 6:3269-3275 (1987).

40. Karnik, S. S., T. P. Sakmar, H.-B. Chen, and H. G. Khorana. Cysteine

residues 110 and 187 are essential for the formation of correct structure in

bovine rhodopsin. Proc. NatL Acad. Sci. USA 85:8459-8463 (1988).
41. Yaniano, Y., K. Ohyama, S. Chaki, D.-F. Guo, and T. Inagasni. Identification

of amino acid residues of rat angiotensin II receptor for ligand binding by

site directed mutagenesis. Biochem. Biophys. Res. Commun. 187:1426-1431
(1992).

42. Proudfoot, N. J., and G. G. Brownlee. 3’ Non-coding region sequences in
eucaryotic messenger mRNA. Nature (Load.) 263:211-214 (1976).

43. Weinstock, J., R M. Kennan, J. Samanen, J. Hempel, J. A. Finkeistein, R
G. Franz, D. E. Gaitanopoulos, G. R. Girard, J. G. Gleason, D. T. Hill, T. M.
Morgan, C. E. Peishoff, N. Aiyar, D. P. Brooks, T. A. Fredrickson, E. H.
Ohistein, R. R. Ruffolo, Jr., E. J. Stack, A. C. Sulpizio, E. F. Weidley, and R
M. Edwards. 1-(Carboxybenzl)imidazole-5-acrylic acids: potent and selective

angiotensin II receptor antagonists. J. Med. Chem. 34:1514-1517 (1991).
44. Gether, U., T. E. Johansen, R. M. Snider, J. A. Lowe III, S. Nakanishi, and

T. W. Schwartz. Different binding epitopes for substance P and the non-
peptide antagonist, CP 96,345, on the NK1 receptor. Nature (Load.) 362:345-
348 (1993).

Send reprint requests to: Derk J. Bergsma, Department of Molecular Genetics,

MailCode UE0548, SmithKline Beecham Pharmaceuticals, 709 Swedeland Road,
King of Prussia, PA 19406.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



