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The human angiotensin II (AII) type la receptor gene and its upstream control 
sequence has been cloned from a human leukocyte genomic library. The promoter 
element CAAT and TATA sequences were found at -602 and -538, respectively, 
upstream from the translational initiation site. The deduced protein sequence is 
homologous to rat and bovine AT~a receptors (94.7% and 95.3% identity). The 
expressed gene exhibited high-affinity AII and Dup753 binding and was 
functionally coupled to inositol phosphate turnover. Northern analysis of human 
tissues showed AT~ receptor mRNA expression in placenta, lung, heart, liver, and 
kidney. Using 5' untranslated and coding sequence as probes in a Southern blot 
analysis, it was established that another AT~ subtype exists in the human genome. 
© 1992 Academic Press, Inc. 

The peptide hormone angiotensin II (AII) stimulates a wide variety of 

physiological responses, including vascular smooth muscle vasoconstriction, 
aldosterone and catecholamine secretion, and renal response in the kidney (1 for 

review). Angiotensin II binds to specific membrane-bound receptors located on 
the cell surface. In many tissues, the signalling mechanism used to initiate these 
responses are mediated via activated G-proteins, although some AII-stimulated 

activities are not. Given the broad range of AIl-stimulated effects and the 

differential signal transduction mechanisms, it has been proposed that many 
subtypes of AII receptor exist (2,3) At this time, two distinct subtypes of AH 
receptor have been identified by their differential affinities for peptide 
(CGP42112A) or nonpeptide antagonists (Dup753, PD124177) and by their 

sensitivities to sulflaydryl reducing agents. Angiotensin II type 1 receptor (AT1) has 
nM affinity for Dup753 and very low affinities (>gM) for PD123177 and 
CGP42112A. Angiotensin II Type 2 receptor (AT2) has high affinities for PD123177 
and CGP42112A, but binds poorly to Dup753. In the presence of mM 
concentrations of sulfhydryl reducing agents such as dithiothreitol, AII binding to 

the AT1 receptor is greatly reduced whereas binding to the AT2 receptor remains 
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unchanged. Recent data on the signal transduction mechanism of AT1 and AT2 

have further distinguished the two receptor subtypes. The AT1 receptor appears to 

be coupled to a pertussis toxin insensitive G-protein which stimulates PI turnover 

and Ca 2+ release and, in certain tissues, is also coupled to a pertussis toxin sensitive 

G-protein which inhibits adenylyl  cyclase (4). Experiments have failed to 

demonstrate G-protein coupling to the AT2 receptor subtype (5). 

Using expression cloning techniques, two groups have recently succeeded in 

cloning AT1 receptor cDNAs from rat and bovine tissues (6,7). The AT1 receptor 

belongs to the G protein-coupled receptor superfamily, which includes rhodopsin. 

The protein homology identified among members of this family to the rhodopsin 

sequence suggests that these proteins share a common tertiary structure of seven 

transmembrane domains (TMD) linked by intra- and extra-cellular loops (8). In 

this report, we have isolated a human genomic DNA clone which contains 

homology to both the rat and bovine receptor sequences. Expression studies in 

COS-7 cells confirm the AT1 identity and sequence comparison suggests that the 

cloned receptor is the ATla subtype. 

EXPERIMENTAL PROCEDURES 

Mate r ia l s .  The human multiple tissue Northern (MTN) blot and the human 
genomic DNA were purchased from Clontech Laboratories, Inc. [32p] dCTP was 
obtained from Amersham. A Geneclean DNA purification kit was obtained from 
Biol01, Inc. The vector pCR1000 (TA PCR Product Cloning Kit) and the expression 
vector pCDNA1 were obtained from Invitrogen. A random primed DNA labeling 
kit was purchased from US Biochemicals. All blot hybridization assays were 
accomplished using Hybond N membrane from Amersham. 

Isolation of Human AT1a receptor. Two degenerate primers corresponding to the 
1st and 7th transmembrane regions of the rat AT1 receptor cDNA were used to 
amplify related sequences from human placenta genomic DNA by PCR 
amplification. The amplified PCR products were subcloned into the TA vectors 
and sequences analyzed. The sequence of a 0.8 kb clone, human clone-l, exhibited 
homology to the published rat ATI.~ sequence (1). To obtain complete coding 
sequence, a human leukocyte genomic library was screened using the 0.8 kb clone 
as a probe. One clone, designated as hAT1-1, contains a 1.8 kb Pstl  fragment which 
includes the complete 1.1 kb coding sequence and 0.7 kb of 5' untranslated region. 
The PstI fragment was cloned into pUC19 to create the plasmid pHAT1. 

Expression of Human AT1a receptor in COS-7 cells. The 1.8 kb Pst l  fragment was 
subcloned into the mammalian expression vector pCDNA 1. COS-7 cells were 
propagated in Dulbecco's modified Eagles medium with 10% fetal bovine serum in 
5% CO2. The recombinant DNA (20 gg each) were transfected into COS-7 cells 
(6x107 cells/ml) by electroporation techniques. After electroporation, cells were 
diluted 1:40 and seeded on multiple 12-well plates at 1.5x106 cells per well. 

Northern analysis.  A blot containing Poly A + RNA from human heart, brain, 
placenta, lung, liver, skeletal muscle, kidney and pancreas was probed using a 32p 
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random labelled full length rat AII type la  receptor sequence. The probe was 
prepared from a NotI ApaI digestion of pHAT1. Approximately 30 ng of Geneclean 
purified fragment was labelled by [32p] dCTP incorporation using Klenow enzyme 
and random primers. The membrane was incubated 12 hrs at 42 ° C in 
hybridization buffer (6X SSC, 5X Denhardt's reagent, 0.5% SDS, 50% deionized 
formamide, 20 mM Tris, pH 7.6). Seven ~tl of the labelled probe and 100 ~tl of 
sonicated salmon sperm DNA (20 mg/ml)  was boiled 10 min, added to 12 mls of 
fresh hybridization buffer, and used for hybridization with the blot at 42 ° C 
overnight. The blot was washed three times in low stringency wash buffer (2X 
SSC, 0.1% SDS) at room temperature. A high stringency wash (0.2X SSC, 0.1% 
SDS) was then added and the membrane subjected to three 15 min washes at 55 ° C. 
The wrapped blot was autoradiographed for 2 days. 

Southern analysis. Human genomic DNA was digested in duplicate with either 
PstI orHindIII using 20 Bg DNA per digest. Both sets of digests were separated via 
0.7% TBE agarose gel electrophoresis, and transferred to Hybond N membrane 
overnight. After transfer, the blot was washed in 20X SSC and allowed to air dry. 
The DNA was linked to the membrane using the auto crosslink mode (120,000 
microjoules/cm 2) on a Stratagene Stratalinker UV 1800 Crosslinker. The DNA 
probe was prepared by PstI XmnI digestion of pHAT2. The AT probe was prepared 
using the XmnI-PstI fragment which contains the full coding sequence of the 
human ATla receptor. The fragment was isolated via Geneclean and labelled as 
previously described. The prehybridization, hybridization, and wash conditions 
were the same as used in the preparation of the Northern blot. 

Inositol phosphate assay in transfected COS-7 cells. After transfection, COS-7 cells 
were seeded on 12-well plates and incubated in medium for 24 hrs. After 
incubation, new medium containing [3H] inositol (1 Ci/ml) without serum was 
added to the cells. After another 24 hrs, the cells were washed twice with 1 ml of 
assay buffer (EMEM with 10 mM LiC1, 20 mM HEPES, 1 m g / m l  BSA) then 
incubated at 37 ° C for 1 hr with 1 ml assay buffer containing the indicated agents. 
To terminate the incubation, the medium was aspirated and replaced with 0.5 ml 
of ice cold 5% trichloroacetic acid. Total [3H]-inositol phosphates were analyzed by 
applying the trichloroacetic acid extract directly to Dowex anion exchange columns. 
[3H]-inositol was removed by washing with 10 ml of 5 mM inositol, and total [3H]- 
inositol phosphates were eluted with 4 ml of 1 M ammonium formate in 0.1 M 
formic acid. 

AII receptor binding assay. Two days after transfection, cells were washed twice 
with 2 ml of assay buffer (EMEM with 20mM HEPES buffer, pH 7.4, 0.1% BSA, 0.2% 
bacitracin). Cells were then incubated either with various concentrations of 125I- 
labelled AII (saturation binding assay) or with 20 pM 125I-labelled AII plus the 
indicated concentrations of compounds (displacement binding assay) for 60 min at 
37 ° C in a 0.5 ml of assay buffer. After incubation, cells were washed twice with 1 
ml ice-cold DPBS and the reaction terminated by the addition of 0.5 ml 2% SDS. 
Cell-bound radioactivity was determined in a gamma radioactive counter. The Kd 
and IC50 values were determined by using the Ligand computer program. 

RESULTS AND DISCUSSION 

The human AT1~ receptor gene is encoded by 1080 nucleotides (Fig. 1) and 

contains no introns, as shown by PCR of the region spanning from the first to 
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S a l  I Ps t  I P s t  I S a l  I 

L Genomlc 

Pst I / ~ Ps t  I 
Xmnl Acc I Hgl'~.L,~ I 

-681 

CTGCAGA 

581 

~ T C A G T C A C C T  
CART BOx 

-481 
G T T T.~.~.GAATATG~TG TG 

-381 
TT T.Z~&T TCAGTAGTAT TT TC 

-281 

TATTCACATAGAATCCCATT 

-181 

AGTTCACAGTGTTTCCTTAA 

-81 

GTTTGTTTACAATAAGAATT 

-661 

GGCCTGGAAAACCATGGAAA 

-561 

AAAGGCAGCTATCCTGACCA 

-461 

TCACACTTCTGAGGTTAATG 

-561 

TAAGATTTAGGTTATGTTTT 

-261 

TTGATCCTTCTCTGGAGTAA 

-161 

GAAATATGATCCAGTATTTT 

-61 

TTTTCTTTACCATTTTATTT 

Human ATla Gene 

-641 -621 

AAATCCTATTCCTCAAAGTC GAGCCCTACCTCCTACGCCT 

-541 -521 

C T TAAGG G A G ~  TAC ~ - - - ~ A - ~  T T TATACC T/~G TA.~_G 
IRTA BON 

-441 -421 
A T ~ P - T  GA-~T T G GT CC TG C T T A C C T C A @ G ~ C T T T C A  

-341 -321 

TAAT CAAT T T GGAAACCAAG ATT TACT TATAGAAAAAAAG 

-241 -221 

TAC C AT T T TAT C AA~-AC GAA TTATGTTCTAAAATTTAAGT 

-141 -121 

TTCCTAAGACTAAAGTTGAG TTACTACGTTTATGACTGAG 

-41 -21 

TTATTT TCCCCAGGTGTATT TGATATAGTGTTTGCAACAA 

-601 

CTTAAATCAATTGCCACAGT 

-501 

ATTGTGAGAGGAAAGAAATG 

-401 

AGTCTTTCTGAAAAAACTAA 

-301 

GAAAAGGACCTAGATAGGTT 

-201 

GTGCTTTCTTAGGCTTTATC 

-i01 

AAATGAATGTTTGTTAGTTT 

1 

ATTCGACCCAGGTGATCAAA 

i 51 105 

ATGATTCTCAACTCTTCTACTGAAGATGGTATTAAAAGAATCCAAGATGATTGTCCCAAAGCTGGAAGGCAT~ATTACATATTTGTCATGATTCCTACTTTATAC 

MetI~eLe~AsnSerSerThrG~uAspG~yI~eLysArgI~eG~nAs~AspCysPr~LysA~aG~yArgHisAsnTyrI~ePheVa~MetIlePr~ThrLeuTvr 

1 i0 20 30 35 

156 210 

AGTATCATCTTTGTGGTGGGAATATTTGGAAACAGCTTGGTGGTGATAGTCATTTACTTTTATATGAA~CTGAAGACTGTGGCCAGTGTTTTTCTTTTGA~kTTTA 

S e r I ~ e I ~ e p h e V a ~ V a ~ G ~ y I ~ h e G ~ y A s n S e r L e u V a ~ V a ~ I ~ e V a ~ I ~ T y r ~ h e T y r M e t L y s L e u L y s T h r V a l A ~ a S e r V a ~ p h e L e u L e u A s n L e u  
36 45 55 65 70 

261 315 

GCACTGGCTGACTTATGCTTTTTACTGACTTTGCCACTATGGGCTGTCTACACAGCTATGGAATACCGCTGGCCCTTTGGCAATTACCTATGTAAGATTGCTTCA 

A•aLeuAlaAspLeuCysPheLeuLeuThrLeuPr•LeuTrDA•aVa•TyrThrA•aMetG•uTyrArgTrpPr©PheG•yAsnTyrLeuCysLysI•eAlaSer 
71 80 9O i00 105 

366 420 

•-CCAGCGTCAGTTTCAACCTGTACGCTAGTGTGTTTCTACTCACGTGTCTCAG•ATTGATCGATACCTGGCTATTGTTCACCC/LATGAAGTCCCGCCTTCGACGC 

A l a S e r V a ~ S e r ~ h e A s n L ~ u T y r A ~ a S e r V a ~ P h e L e u L e u T h r C y s L e u S e r I ~ e A s p A r g T y r L e u A l a I l e V a ~ H i s P r ~ M e t L y s S e r A r g L e u A r g A r g  
106 115 125 135 140 

471 525 

ACAATGCTTGTAGCCAAAGTCACCTGCATCATCATTTGGCTGCTGGCAGGCTTGGCCAGTTTGCCAGCTATAATCCATCGAAATGTATTTTTCATTGAGAACACC 

ThrMetLeuva•A•aLvsVa•ThrCysI •e I •e I •eTrDLeuLeuA•aG•yLeuA•aSerLeuPr•A•aI •e I •eHisArqAsnValPhePheI leG•uAsnThr  
141 150 160 170 175 

576 630 

AATATTACAGTTTGTGCTTTCCATTATGAGTCCCAAAATTCAACCCTCCCGATAGGGCTGGGCCTGACCAAAAATATACTGGGTTTCCTGTTTCCTTTTCTGATC 

A s n I ~ e T h r V a ~ C y s A ~ a P h e H i s T y r G ~ u S e ~ ` G ~ n A s n S e r T h r L e u P r ~ I ~ e G ~ y L ~ u G ~ y L ~ u T h r L y s A s n I ~ e L ~ u G ~ y P h e L e u P h e P r ~ p h ~ L ~ u I l ~  
176 185 195 205 210 

681 735 

ATTCTTACAAGTTATACTCTTATTTGGAAGGCCCTAAAGAAGGCTTATGA~-~TTCAGAAGAACAAACCAAGAAATGATGATATTTTTAAGATAATTATGGC~TT 

I ~ e L e u T h r S e r T V r T h r L e u I l e T r ~ L y s A ~ a L e u L y s L y s A ~ a T y r G ~ u I ~ e G ~ n L y s A s n L ~ s P r ~ A r g A s n A s p A s p I ~ e P h e L y s ~ e I ~ e M e t A ~ a I ~ e  
211 220 230 240 245 

786 840 

GTGCTTTTCTTTTTCTTTTCCTGGATTCCCCACCAAATATTCACTTTTCTGGATGTATTGATTCAACTAGGCATCATACGTGACTGTAGAATTGCAGATATTGTG 

v a ~ L e u P h e ~ h e P h e P h e S e r T r D I ~ P r ~ H i s G ~ n I ~ e P h e T h r P h e L e u A s D V g ] L e u I ~ e G ~ n L e u G ~ y I ~ e I ~ e A r g A s p C y s A r g I l e A ~ a A s p I ~ e V a ~  
246 255 265 275 280 

691 945 

GACACGGCCATGCCTATCACCATTTGTATAGCTTATTTTAACAATTGCCTGAATCCTCTTTTTTATGGCTTTCTGGGGAAAAAATTTAAAAGATATTTTCTCCAG 

AsDThrA•aMet•r•I•eThrI•eCysI•eA•aTyr•heAsnAsnCysLeuAsnPr•LeuPheTvrG•vPheLenG•yLysLys•heLysArgTyr•heLeuGln 
281 290 300 310 315 

1026 1050 

CTTCTAAAATATATTCCCCCAAAAGCCAAATCCCACTCAA~CTTTCAACAAAAATGAGCACGCTTTCCTACCGCCCCTCAGATAATGTAAGCTCATCCACCAAG 

LeuLeuLysTyrIlePr•Pr•LysAlaLysSerHisSerAsnLeuSerThrLysMetSerThrLeuSerTyrArg•r•SerAspAsnva•SerSer$erThrLys 
516 325 335 345 350 

1080 1100 1120 1140 

AAGCCTGCACCATGTTTTGAGGTTGAGTGA CATGTTCGAAACCTGTCCAT AAAGTAATTTTGTGAAAGAA GGAGCAAGAGAACATTCCTC TGCAG 

LysProAlaProCysPheGluValGlu * 

351 359 

Figure 1. Nucleotide and predicted protein sequence of human angiotensin II type I receptor. 
The nucleotide numbering system indicated places the +1 posit ion on 
the translational start adenine.  The predicted CAAT and TATA 
transcriptional control sites are boxed, and the predicted transmembrane 
domain regions are underlined. 
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Figure 2. Northern blot analysis of Poly A + RNA isolated from various human 
tissues. 
Each lane contained 2 pg of Poly A + RNA isolated from human heart, 
brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas. The 
blot was probed using full length rat AT1 receptor sequence. The 
position of RNA markers are indicated. 

seven th  p red ic ted  TMD in genomic  D N A  (data not  shown)  and  ver i f ied du r ing  

D N A  sequencing of the genomic  gene. The lack of in t ron segmen t s  is typical  of 

mos t  G-prote in  coupled  receptors.  Examinat ion of the 5' sequence for the presence  
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Figure 3. 

Figure 4. 

3 5  

E 30 

o ' ~  2 5  

~ 2o 

o 
none Al l  sa ra las in  AII+saralasin 

Stimulation 

Competitive binding curve of [1251] angiotensin II binding to COS-7 cells 
transfected with cloned human AT1 receptor. 
Binding studies were done in the presence of angiotensin II (@), Dup753 
(4,), or PD123177 (.).  

Effects of angiotensin II on inositol phosphate synthesis in COS-7 cells 
transfected with the cloned human AT1 receptor. 
Angiotensin II was added to a final concentation of 1 pM, and saralisin 
was added to 10 gM final concentration. 

281 



Vol. 186, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Bovine AT1 
Human AT1 
Rat AT1 

Bovine AT1 
Human AT1 
Rat AT1 

Bovine AT1 
Human AT1 
Rat AT1 

Bovine AT1 
Human AT1 
Rat AT1 

Bovine AT1 
Human AT1 
Rat AT1 

Bovine AT1 
Human AT1 
Rat AT1 

Bovine AT1 
Human AT1 
Rat AT1 

Bovine AT1 
Human AT1 
Rat AT1 

Figure 

@ I 

MILNSSTEDG IKRIQDDCPK AGRHNYIFVM IPTLYSIIFV VGIFGNSLVV 

A A S T M D 1  

IVIYFYMKLK TVASVFLLNL ALADLCFLLT LPLWAVYTAM EYRWPFGNYL 

TMD2  H 

CKIASA$VSF NLYASVFLLT CLSIDRYLAI VHPMKSRLRR TMLVAKVTCI 

T M D 3  TMD4  

T • @ v 

IIWLLAGLAS LPAIIHRNVF FIENTNITVC AFHYESQNST LPIGLGLTKN 

M V Y R 

T K L 

ILGFLFPFLI ILTSYTLIWK ALKKAYEIQK NKPRNDDIFK IIMAIVLFFF 

TMD5 R TMD6  

V M L K E L 

FSWIPHQIFT FLDVLIQLGI IRDCRIADIV DTAMPITICI AYFNNCLNPL 

V V H K S T M D 7  

K ~ q# ~ ->~ E GN 

FYGFLGKKFK RYFLQLLKYI PPKAKSHSNL STKMSTLSYR PSDNVSSSTK 

K S M A 

I 

KPAPCFEVE 

S 

5. Alignments of the predicted protein sequences of rat (6), bovine (7), and 
human angiotensin type I receptors. 
Amino acid dissimilarities between the human and rat/bovine sequence 
are indicated above the human sequence. The residues forming the 
predicted transmembrane domain segments are underlined. Possible 
sites of gtycosylation are designated by ( , ) ,  and possible sites of 
phosphorytation are indicated (~). 

of control  consensus  sites revea led  the presence  of bo th  CAAT and  TATA boxes  

(Fig. 1) found  at -602 and  -538 (numbered  wi th  respect  to the t rans la t ional  start 

codon adenine).  A series of adenines  located 25-35 b p  d o w n s t r e a m  of the TATA 

site def ines  the pu ta t ive  t ranscr ipt ional  init iation start,  a l t hough  no  sequence  in 

this region cor responds  to "CA" consensus nucleot ides mos t  f requent ly  found.  

Nor the rn  analysis  of m R N A  isolated f rom var ious  h u m a n  t issues de t e rmined  

that  the h u m a n  AT1 receptor  gene is s t rongly expressed as a 3.3 kb m R N A  band  in 

placenta,  wi th  lower  levels found  in lung, liver, heart ,  and  k idney  (Fig. 2). A 2.3 kb 

band  is also present  in lung, wi th  lower  levels in the liver. Interest ingly,  our  da ta  

demons t r a t ed  s t rong hybr id iza t ion  with the higher  kb band,  whereas  M u r p h y  et al. 

(6) f o u n d  c o m p a r a b l e  b a n d s  in severa l  rat  t issue m R N A s ,  w i th  the s t ronges t  

hybr idizat ion to the 2.3 kb band.  
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Human Genomic DNA 

Placenta HeLa 
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Figure 6. Southern blot of human genomic DNA using a human ATa probe. 
Aliquots of 20 pg of HeLa and placental genomic DNA were digested 
with BamHI, PstI, or HindIII. The position of the DNA markers are 
indicated. 

To establish the identity of the cloned receptor as the AT1 subtype, competitive 

binding studies using [nSI]angiotensin II and the compounds Dup753 and PD123177 

were carried out (Fig. 3). The apparent Kd for AII (0.2 nM), and the ICs0 values for 

Dup753 (2.5 nM) and PD123177 (>> 1 ~tM) were comparable with values expected 

for an AT1 receptor. Studies of the effect of AII on COS-7 cells transiently 

expressing the cloned receptor gene displayed a strong stimulation of PI turnover 

as demonstrated by the increase in inositol phosphate in the presence of 1 ~tM AII 

(Fig. 4). The addition of 10 pM of saralasin, an AII antagonist, completely blocked 

the AII response. These results confirm that the cloned receptor gene codes for a 

fully functional AT1 receptor. 

Comparison of the deduced human ATI.~ receptor sequence with the published 

rat and bovine AT1 receptor sequence revealed 94.7% and 95.3% homology,  

respectively. Possible sites of glycosylation and phosphorylat ion are highly 

conserved between all three proteins (Fig. 5). Based on the protein sequence 

alignment, extracellular loop 3 and the C-terminal tail contain the highest 

sequence variability. Using a comparison of the human receptor protein with 

published rat ATla receptor and the newly cloned rat AT~b receptor sequence (9), we 

have concluded that the cloned receptor is the AT~a receptor subtype. 

To determine if additional AT1 subtypes exist, digested HeLa and placental 

genomic DNA were probed with an XmnI-Ps t I  fragment containing the human 

ATla receptor gene (Fig. 6). Using PstI digested HeLa and placental genomic DNA, 

we observed a 1.8 kb band as predicted from the cloning and sequencing data, with 
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additional bands at 1.4 and 0.9 kb. Although the hydridization pattern was similar 

for the PstI HeLa and Pstt placental genomic DNA, the intensity of the 0.9 kb HeLa 

band was much greater than the equivalent band found in placenta. In Bgl2 
digested HeLa DNA, a ~3.3 kb and a 1.8 kb band were seen, with a faint band located 

at 0.9 kb. The HindIII digestion of both sets of genomic DNA produced a "3.0 kb 

band which strongly hybridized to the probe. A second band was detected at 1.7 kb. 

The existance of multiple bands in all restriction digests probed suggests that more 

than one subtype of AT1 receptor is encoded in the human genome. 
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