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Stable Expression of a Truncated ATlA Receptor in CHO-Kl Cells
THE CARBOXYL-TE&\1INAL REGION DIRECTS AGONIST-INDUCED INTERNALIZATION BUT NOT RECEPTOR
SIGNALING OR DESENSITIZATION*
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Phosphorylation of serine and threonine residues in
the carboxyl-terminal region of many G-protein-coupled
receptors directs the rapid uncoupling from signal
transduction pathways. In Chinese hamster ovary cells,
we have stably expressed a truncated mutant of the
angiotensin II (AT lA) receptor devoid of the carboxyl­
terminal 45 amino acids, encompassing 13 serine/threo­
nine residues. One clone, designated TL3 14 to indicate
truncation after leucine 314, expressed a single class of
angiotensin II receptors with a dissociation constant of
1.08 11M and a receptor density of 560 fmol/mg of protein
(-75,000 receptors/cell). A nonhydrolyzable analog of
GTP accelerated the angiotensin II·induced dissociation
of P2 5 I]angiotensin II from TL3 14 plasma membranes 3.6­
fold, indicating G-protein coupling. In TL3 14 cells, angio­
tensin II stimulated the release of intracellular calcium
and the induction of mitogen-activated protein kinase
activity, the levels of which were comparable with the
full-length AT lA receptor. The All-stimulated calcium
response was rapidly desensitized in both full-length
and truncated ATlA receptors. Interestingly, angioten­
sin If-induced endocytosis of the truncated receptor was
almost completely inhibited, suggesting that a recogni­
tion motif within the carboxyl-terminal 45 amino acids
of the AT lA receptor promotes sequestration.

Thus, truncation of the ATlA receptor after leucine 314
inhibits agonist-induced internalization without affect­
ing the capacity of the expressed protein to adopt the
correct conformation necessary for high affinity bind­
ing of angiotensin II, coupling to G-proteins, and activa­
tion of signal transduction pathways. The rapid desen­
sitization and refractoriness of the angiotensin II­
induced calcium transient in the TL3 14 cell line, in which
putative carboxyl-terminal phosphorylation sites are
absent, suggests that the mechanism of AT lA receptor
desensitization differs from that of other prototypical
G-protein-coupled receptors.
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Angiotensin II (AID l is a peptide hormone with multiple
actions (1). The role of AIl as a potent vasoconstrictor and
regulator of fluid and salt homeostasis is well established, but
the putative functions of this peptide as a neuromodulator,
growth factor, reproductive hormone, and cytokine remain to
be clarified. These diverse actions are mediated through a
number of AIl receptor subtypes present in a variety of target
tissues. Molecular cloning studies have identified two major
types of mammalian AIl receptors, designated AT l and ATz,
with multiple subtypes of ATl (e.g . AT1A and ATlB ) (2- 8) .
Hydropathy analysis of the deduced amino acid sequences pre­
dicts that the topology of both AT l and ATz receptors is typical
of seven-transmembrane guanyl nucleotide-binding protein (G­
protein) coupled receptors; however, only AT1 receptors appear
to efficiently couple G-proteins (7, 8). Moreover, the AT l A re­
ceptor shows a widespread tissue distribution and appears to
be the subtype that mediates most All actions. Binding of AIl
to the AT1 receptor stimulates a number of signal transduction
pathways (9), including the activation of phospholipase C, to
generate inositol triphosphate (IP3 ) and diacylglycerol, result­
ing in the release of calcium from intracellular stores and
activation of protein kinase Codependent processes, respec­
tively (10). The AT l receptor has also been shown to modulate
cAMP production, to activate the mitogen-activated protein
kinase (MAP kinase) cascade, and promote tyrosine phospho­
rylation of cytoplasmic proteins (lO , 11).

For G-protein-coupled receptors, the seven transmembrane
spanning helices presumably form a core that positions amino
acid residues in a conformation that specifically recognizes the
ligand. Binding of the ligand triggers conformational changes
within the intracellular regions of the receptor that activate
heterotrimeric G-proteins and initiate signaling. These signals
are rapidly terminated by desensitization mechanisms at the
level of the receptor (12, 13). Studies on many G-protein recep­
tors, in particular the J3-adrenergic receptor (12, 13), have
demonstrated two common mechanisms for rapid receptor de­
sensitization as follows : 1) interference with G-protein coupling
through pho sphorylation of the receptor at serine or threonine
residues, particularly within the carboxyl-terminal region, and
2) sequestration of the receptor away from the plasma mem­
brane so that it is inaccessible to extracellular ligand.

Many responses to AIl are rapidly attenuated (desensitized)
following the initial re sponse to the peptide, although the
mechanisrnls ) has yet to be identified. The carboxyl-terminal

I The abbreviations used are: All, angiotensin II; G-protein, guanyl
nucleotide-binding protein; AT, A, ATIB , and ATz, angiotensin II recep­
tor subtypes; IP" inositol 1,4,5-triphosphate ; MAP kinase, mitogen­
activated protein kinase; CHO-K1, Chinese hamster ovary cells; T, and
T3CHO/AT, A , CHO-K1 cell line expressing the AT

' A
receptor; TL31',

CHO-K1 cell line expressing the truncated AT' Areceptor; G41B, Gene­
ticin; GMP-PNP, guanylyl-imidodiphosphate; Fura-2/AM, Fura -2 ace­
toxymethyl ester; GnRH, gonadotropin-releasing hormone; HBSS,
Hanks' balanced salt solution.
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region of the AT lA receptor contains multiple serine and thre­
onine residues (13 out of the last 33 amino acids), and there are
three protein kinase C consensus sites (14). Thus, it is tempting
to speculate that phosphorylation of the carboxyl terminus by
protein kinase C or a specific receptor kinase (13) modifies
receptor function and signaling. Bernstein and colleagues (15)
recently reported that in rat vascular smooth muscle cells the
carboxyl-terminal region of the AT lA receptor is phosphoryl­
ated on serine and tyrosine residues. This phosphorylation was
constitutively present and not temporally modulated by AIl.
Although this preliminary observation needs to be confirmed, it
implies that phosphorylation of the AT lA receptor may not be
involved in its dynamic regulation. Internalization of All re­
ceptors occurs rapidly upon ligand binding (16-18), and this
process may provide an efficient mechanism for the cell to
prevent further agonist stimulation.

We aimed to determine the role of the carboxyl-terminal
phosphorylation sites of the AT lA receptor in agonist-induced
desensitization and to identify the contribution of receptor
internalization to this process. Herein we describe the stable
expression in Chinese hamster ovary cells (CRO-Kl) of a mu­
tant AT lA receptor, truncated after leucine 314 to remove 45
amino acids from the carboxyl terminus region. This mutant
receptor displayed high binding affinity for AIl, efficient G­
protein coupling, and activation of signal transduction path­
ways. Although deficient in its ability to internalize, and de­
spite the deletion of the thirteen putative serine/threonine
phosphate acceptor sites, this truncated receptor rapidly de­
sensitized in response to AIl.

EXPERIMENTAL PROCEDURES

Materials-Cell culture media. fetal calf serum, antibiotics, Geneti­
cin (G418 sulfate) . Hanks' balanced salt solution (HBSS). and tissue
culture flasks were purchased from Life Technologies, Inc.; radiolabeled
compounds (['25IIAII , [y_32PIATP, and [a-35S1dATP) and GeneScreen
hybridization transfer membrane were from DuPont NEN; Fura-21AM
was from Calbiochem; AIl and Sequenase® sequencing kits were from
U. S. Biochemical Corp.; GMP-PNP was from Boehringer Mannheim;
restriction enzymes were from Promega ; Chinese hamster ovary cells
(CHO-K1) were from American Type Culture Collection; Taq polymer­
ase and DNA thermal cycler were from Perkin Elmer; the pRc/CMV
vector was from Invitrogen Corp. ; XLI-blue strain of Escherichia coli
and a UV Stratalinker 2400 were from Stratagene; a VibraCell sonica­
tor was from Sonics and Materials Inc .; a Gene Pulser electroporation
unit (with capacitance extender) and electroporation cuvettes were
from Bio-Rad; the LKB CompuGamma model 1282 was from Pharmacia
Biotech. Inc .; and GraphPad Prism computer software was from Graph­
Pad Software Incorporated. AIl other chemicals were obtained from
either Sigma or Fisher Scientific.

Receptor Constructs-Cloning of the rat AT1A receptor DNA from a
rat genomic library. insertion of th e entire coding region into the eu­
karyotic expression vector pRc-CMV, and the high level, stable expres­
sion of this construct in CHO-K1 cells have been performed in our
laboratory (19). One clone, designated T3CHO /AT 1A (T3), showed high
level receptor expression (3400 fmol/mg protein; Kd = 1.9 nsr) with
pharmacological properties of a native ATIAreceptor. To assess the role
of th e serine/threonine-rich carboxyl-terminal segment of the ATIA
receptor in AIL-induced intracellular signaling and desensitization. a
truncated mutant was constructed (Fig. I ), The DNA primers were as
follows: sense, 5'GGTAAAGGTC,!AGAGGATTTCGAATAGTGT3'; an ­
tisense, 5'GGGGAATATATrTC'!AGAGCTAGAGGAAATAC3 r were
used in the polymerase chain reaction to amplify a 1023-base pair
fragment, encoding amino acids 1-314, from a rat AT1A receptor
genomic clone (number 12) (19). This DNA fragment contained muta­
tions (underlined), which generated 5' and 3' XbaI sites (bold ) and a 3'
in-frame stop codon (double underline) responsible for terminating
translation after lysine 314. The DNA PCR fragment was digested with
XbaI , subcloned into theXbaI site ofpRc-CMV, and transformed in the
E. coli strain, XLI-blue. Positive clones were selected for correct orien­
tation (5' of insert toward the CMV promoter), and the entire coding
region of one positive clone was confirmed by sequencing in both direc­
tions using the dideoxynucleotide chain termination method with
Sequenase® (20). Plasmid DNA was obtained by standard methods, and
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FIG. 1. Schematic representation of the rat AT I A receptor. The
site of truncation for the deletion mutant, TL"14, is indicated by a solid
bar with the deleted portion represented by unfilled circles . Shown
underneath is the peptide sequence of the deleted region (Gln315 to
G1u359). Multiple serine and threonine residues (underlined) , including
three protein kinase C consensus sites tas terished), are shown. The
palmitoylation and membrane anchorage of Cys355 is presumed.

CHO-K1 cells were transfected with 20 IJ.g of truncated ATIAreceptor
plasmid DNA using electroporation. For this, CHO-Kl cells at 70%
confluence were harvested. washed twice with electroporation buffer
(21 mMHEPES, pH 7.05. 137 IllM NaCI , 5 IlL" KCI, 0.7 mMNa 2HPO. , 6
mst glucose) and resuspended to 1 X 106 cells/ml in the same buffer. One
ml of cell suspension, containing 20 ~ of plasmid DNA, was aliquoted
into an electroporation cuvette (OA-cm electrode gap), and the cells
were shocked (960 microfarads, 300 V). Cells were plated into two
100-mm culture dishes containing a-modified Eagle's medium supple­
mented with antibiotics and 10% fetal calf serum and grown at 37 °C in
a humidified incubator with 5% CO2 for 2 days. The medium was
removed and replaced with fresh medium supplemented with 600 ug/ml
Geneticin (G418). Cells were fed every 4 days with fresh medium
containing G418, and 16-20 days later individual neomycin-resistant
colonies were selected for propagation and analysis. Isolated individual
cell lines were maintained under a sel ection pressure of 200 IJ.g of
G418/ml and screened for [125I]AII binding as described (19).

All Binding Studies-AIl binding studies on cultures of transfected
CHO-Kl cells in 35-mm dishes were performed essentially as described
previously (21); the AIl receptor binding buffer contained 50 mM Tris­
HCI, pH 7.5, 120 mM NaCI , 4 mM KCI, 5 mM MgC12, 1 mM CaCI2, 10
,..gIml bacitracin, and 2 mg/ml n-glucose. For determination of receptor
affinity and density, competition binding studies were performed in the
presence of 36 pxr [125IJAII and increasing concentrations (1 pM to 10
IJ.M ) of unlabeled AIl. Nonlinear regression analysis of the data was
achi eved using the computer software Gr aphPad Prism; Kd and B m a•

were estimated as described (22).
The effect of GMP-PNP, a nonhydrolyzable analog of GTP, on the

dissoci ation of bound [125I]AII was determined in plasma membranes
prepared from cultured cells . Confluent cultures were washed twice
with HBSS (4 °C) and scraped into ice-cold 50 mM Tris (pH 7.6) con­
taining 1 mM EDTA and 1 m~1 phenylmethylsulfonyl fluoride, homoge­
nized and centrifuged at 4000 x g for 10 min . The supernatant was
centrifuged at 30,000 X g for 20 min, and the membrane pellet was
washed once and resuspended in AILreceptor binding buffer (21). Mem­
branes (200 IJ.g of protein/mlJ were allowed to bind 0.3 nM [125I]AII to
equ ilibrium (60 min, 22 °C), and unlabeled AIl (100 nM) with or without
GMP-PNP (100 IJ.M) was added to the mixture and incubated for time
periods up to 40 min. Dissociation curves were analyzed using Graph­
Pad Prism, and dissociation rates were calculated.

The rate of agonist-induced endocytosis for cells expressing either
full-length or truncated ATIA receptors was determined as follows:
Cultures were grown to confluence in 6-well 35-mm culture plates,
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10'1(;. 2. Nor-t h o r-n hl o t a na lysis of C IIO· K I , '1'", and '1'1."11 "e ll
lin es . Tota l IU'';A ( 10 I, g l extra cte d from unlra nsfl'clt'd (·1I0 ·K I c" lIs
tla ncs J I. CIIO·KI cel ls expressi ng full-k-n ut h rat AT ", rr-ci-pt or ' '1','
ila n cs 2 ), an d CIIO· I\ 1 cells expn 'ssin g t runcatr -d AT", rr-ceptor ' T L" I,
i la ues 3 ) wa s e lect rop ho rese-d in a I .f)' ; a garuse . forrn aldl'hyd p gt· ' a nd
transfer red to nylon nu -m hrn ru-. B l o t ~ were prulx-d with '"P·lal lt'll'd
oligonucl eot ides com ph-me n tu rv to regions cu nu non (A, to hoth fu ll­
length a nd t.runcau-d lIlH;-':A species or seh-c t ivr- , /I ) for the full-Iength
mHNA. Th is blot is re presentat ive of three experinu -nts . TIlt' posit ions
of 28 and 18 S ribosom al HNA a n' ind ica ted .

tect ahl e lev el s of AT IA receptor m RNA, the full -len gth receptor
clo ne (T) s h owed a pos it ive s ig na l a t a bo ut 1.2 kil ob a se s with
both probes . The truncated clone T L'" '\ was only detect ed with
t h e co m mo n prob e a t a reduced s ize , confirming the truncation .
Al though no qua n t ita t ion was a tte m pted, both '1" 1 a n d '1'1.'1\,\
a ppeared to ex pres s equivalent amounts of AT IA receptor
mRNA. wh ich cont ra s ts with a rec eptor density Ii tim es h igher
in t h e T:l ce ll lin e ( 19).

A co m pe t ition bind in g cu rv e for T L'" '\ is s ho w n in Fi g. :\. Th e
EC f>O (K d ) of the T L:l1.\ All receptor wa s 1.0 n ~l . whi ch co rn ­
pares wi th a Kd of 1.9 n ,'1 for t h e full -len gth '1" 1clon e 1191 a nd
1.0 n ~1 for ca rd iac fibrobl a s t s in prima ry cu lt u re , which expre s s
pred om ina n tl y h ig h a ffi n ity A'I'. rece pto rs (2 I ). T he receptor
dens ity was 560 fm ol/mg of prot e in or - 7:; .000 receptors/ cell.
Hi gh affinity bind in g requ ires a s so ciati on of the rece pto r and
th e h e te rot r im e r ic G vpro tc in with th e o-s u bu ni t in t he GD p
hound form . Exch ange of t h e GOP with GT I' results in a d is ­
so cia t ion of t he !3y-su buni t a n d a functiona l uncoupl in g of th e
o -s u bu n it from t he receptor with a s u bseq ue n t low erin g of th e
receptor bind in g a ffi nity. T h is GT l'/GD p e xc ha nge effect on
receptor bind in g wa s used a s a n indi cator of G- pro tei n co u pli ng
( Fig. 4 ). P la s m a membrane prepara t ions from '1'1." 1,' ce lls , co n ­
ta ini n g th e trunca ted rece pto r an d a ssoc ia ted c; .prote in s.
bound 1' :lf' IIAII to eq u ilib r iu m . a nd a goni st wa s th en d is p la ced
by u n labe led All in t h e a bsence or presence of the non hyd ro .
Iy zable GT p a na log, G M p -pNI'. U n la be le d A ll ca used a ra pid
d issocia t ion of 11 :lf> I IA I I from t he mem branes with a half-Iife of
10 .2 m in . In the presence o f G ~ l p- I'N I' , thi s rate of di s sociat ion
was increased with a h a lf-l ife of2 . min. Thi s :l.li · fo ld inc rea se
in d is socia t ion ofll :lf' I IA II indi cate s that the receptor a s socia tes
with a G -prote in (s ) a nd t hat the o -s u bu n it was ca pa ble of
excha ngi ng G D I' for GTI' (G l\IP- I' N P) .

To con fir m t hat the trunca ted . hi gh a ffinity , C;·prote in .
cou ple d AT ' A receptor s t im u la te d kn own All s ig na l transduc-

washed three t imes with icc-cold IIBSS. a nd covered with 0.9 ml of Al l
recept or hind ing buffer at 4 °C. Plat es were placed on ice for 10 min to
ensure adequa te cooling to 4 "C, a nd 100 ,, 1of \' ""IIAII was added to a
final concent ratio n of I nxr . Equilibrium binding was reached in :1 h a t
'\ °C. a tempe ratu re th a t prevents int ernali zat ion . Wells wer e washed
exte ns ively ([, times with 1.0 m l of hinding bu ffer a t '\ "C ) to remove
unbo und 1' ""1IAII. To initi a te int ernali za t ion. 1.0 ml of hindin g buffe r
(:17 °C ) was added to each well. and the pla tes were immedia te ly placed
in a :17 ' C incuba tor for O. 10. or :\0 min . Pla tes were chilled on icc to
termin at e endocytosis , a nd bou nd I ' "" I IAII associa ted with non in te r­
nn lizcd plasma nu-mb ra ne recepto rs was removed by two ,IO-s wash es
in !) f n ~ 1 a ce t ic ac id in sa line . p l I 2 .;) , In te r n a lize d rad ioact ivity wa s
collecte d hy adding 1.0 m l 01'0.2 ~ I NaOIl . 0.5"; S DS to ea ch well for 10
min and washing with an add itional 0.;; ml of the same solut ion.
Radioa cti vi ty wa s I1lt' Hsurcd w it h an LK B Co m p u tl run mu v-cou n tur,

R NA ls olat ion an d Northern Blot Ana/ysis-Total RNA was ex­
t racted from confluent cultures of untransfcct cd CIIO-KI cells and
CIIO-KI cells express ing full-length a nd truncat ed AT'A recepto rs by
acid gua nidi nium th iocya nat e-phenol-chlorofol'lll ext rac t ion 12:1}. RNA
( 10 " g l from each cell line was su bjecte d to elect rophores is in a I. ;;'i!
agu rose gel conta ining fl .;;'/, formald ehyde . and RNA was t ra nsferred to
a nylon mcmhrn n e IGeneScreen), After UV cross-linking (using auto
cross -link se tti ng. U V Stra ta linker 2400l . mem b ranes were p re h yb r id ­
i zed in Church bu ff er <0.[, ~ I sodium phosph at e buffer (p l I 7.[,) contai n­
ing 1 m ~ l EDTA, I 'lr bovine se rum a lbumin, and 7':; SOSIat ;;0 DC for 2
h. Membran es wer e hybrid ized with :IlP·endlaheled oligonucleoti des.
eithe r common to both ful l-Iengt.h a nd tr uncat ed receptor mRNA ([,'GT·
TC'lv I'1vrGAAT'lvrCATAAGCCCTc:n or select ive for th e full-lengt h
mRNA ([,'GGCTGCCCTGGC n CTGTCAG:l' I. for Hi h at [,O °C in
Church buffer . Membra ne wash ing was per formed at ;;5 "C with 0. 1 ;.:
s ta nda rd sa line citra te 10.15 ~l NaC I. 0.0 11; ~I tr isodium cit ra te. p1l 7.01
cont aining 0.1'); S DS. a nd the hlot was exposed to x-ray film for 1fl h a t
- 70°C.

Ca lcium Measurements- AII· media ted cha nges in int ra cellul a r ca l­
cium concentra tion in th e trn ns fect ed C1I0-K1 cells were determ ined
with Fur a · 2 /A~ 1 by a previously described procedure ( 19),

A ssay [or MAP Kinase A cti vit y - Con fluent cultures. in tr iplica te.
were se rum-s ta rved ove rnigh t and th en incubat ed in th e presence or
absence of I ,,~ I All for exact ly 2 min at 37 °C. The reac tion was
term inat ed by p ln cin g th e dish es on icc, as pira ti ng the media , an d
washing twice with ice-cold IIBSS. Cells wer e scra ped int o 0.5 ml of
ice-cold h omnge n izn t io n buffe r (20 m xt T!'is, pll 7.4, 2 m xt EGTA, 10 mxr
13·(.:lycerophospha te . I m ~ 1 dith iot hreitol. 1 mxrsod iu m ort hovana da te , 1
mxt phe uylmcthyl sul fon yl fluoride, an d 100 kall ikr ein inact iva ting
u n it s/nil a protinin I. lysed by sonica tion (two times for 5 s , 50% duty
cycle. output cont rol se t t ing :lJ, a nd cent rifuged a t 4 "C for 20 min at
40.000 rpm ( Beck man TL-I OO rotor ), Supernat an ts were stored at
- 70 °C un t il assayed. Assays for ~ IA p kinase act ivity wer e per for med
in triplicat e as described previously (24 I. Act ivities were adjusted for
protein content measu red by the Bradford meth od (2;;),

ltESUI; rS

T he pR C/CMV vect or co n t a in ing t h e cDNA in sert cod ing for
t he truncated A' I\ ,\ receptor wa s transfcct ed into C I-I O -K I ce lls
u s ing e lect roporu t iou. and neomycin (G 4 18) resi s tan t colo n ies
were se lect ed. Ind ividua l clon es we re iso lated an d sc ree ne d fOI'
t h e ex pressio n of fun ctional receptors on t h e ba si s of 1' :lf' I IAI I
bi ndi ng . Mo st clones di spl a yed on ly low le vel II :lf' l JA il bind in g
« 100 fmo l/m g of protein ). a nd screen ing of more t ha n 120
clones wa s neccss nry to obta in seve ra l clo nes ex press in g - 500
fm ol/mg of protein . For co m pa r iso n. trans fect ion s run in par­
a lle l with the fu ll-length AT 1A recept or DNA in th e s a me vec to r
co ns is te n tly prod uced clones e xp ressing hi gh lev el s of 11:lf> IIAII
bi nding (> 500 fmo l/m g of prot ein ), O ne clo n e exp ress ing the
hi ghest le vel of bind in g for the t r u ncated receptor, d esi gn a ted
'1'1," 1,1. wa s us ed for s u bseq ue n t fun cti on al chara cte r izn t ion .
Con fi r m a t ion t hat T I} I" produced a tru ncat ed A'I'. A receptor
mRNA wa s demonstrated by Northern blot a na lys is. F ig, 2
s h ows a com pa r ison of total RNA from untransfected C li O- I<1
ce lls , C HO- K I ce lls s ta b ly t.ransf ect ed wi t h the fu ll-le ngt h
A'I'. ,\ r eceptor ('1',,). a n d the TL:ll .\ clo ne , prob ed with :l:lp _

labe led oligon ucl eot ides e it he r co m m on to both fu ll -le ngt h a n d
t runcated mRNA or s pecifi c for t h e fu ll- le ngth receptor.
Wherea s t h e u n t ra ns fecte d C HO- I<l ce ll line exp re ssed unde -
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FIG. 5. AIl-stimulated calcium transients in T3 and TL314 cells.
Confluent cultures of T, (Full-length receptor) (A) and TL314(Truncated
receptor) (Bl were serum-starved for 24 h, loaded for 1 h (37 "C) with the
fluorescent dye Fura-2/AM, and stimulated with 1 iLM AIl as indicated
by the arrows. Intracellular calcium levels were determined as de­
scribed previously (19).
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FIG. 7. Endocytosis of full-length and Truncated AT ' A recep­
tors. Confluent cultures ofT3 and TL314 cells were incubated with 1 nM
[' 25IJAII for 3 h at 4 °C to allow equilibrium binding with minimal
internalization. Cultures were washed to remove unbound ligand and
switched to 37°C for the times indicated. At each time point, cells were
acid-washed to dissociate [' 25IJAII bound to cell surface receptors, har­
vested, and counted. Acid-wash-resistant counts associated with the
cells are expressed as a percentage of the total specific binding. The
proportion oftotal receptors internalized at zero time varied between 6
and 9% for both cell lines.

washed cells was determined at 0, 10, and 30 min. It was
assumed that radioactivity associated with acid-washed cells
reflected internalized receptors. At equilibrium (3 h, 4°C),
when expressed as a percentage of the total specific binding,
7.3% of full-length receptors and 8.9% of truncated receptors

FIG. 6. AIl-induced MAP kinase activity in T3 and TL314 cells.
Confluent cultures were serum-starved for 24 h, stimulated with 1 iLM
AIl, and rapidly processed for MAP kinase activity as described under
"Experimental Procedures." Shown are means of triplicate determina­
tions (S.D. < 10% of mean). A 3-4-fold stimulation of MAP kinase
activity in TL"'4 cells was observed in six separate experiments.
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FIG. 3. Competition binding of ['2'I]AII to TL314 cells express­
ing the truncated AT 1A receptor. Cultures of confluent TL"'4 cells
were incubated with 36 pM[' 251]AII for 60 min at 22°C in the presence
of indicated concentrations of unlabeled AIl. Each point represents the
mean ± S.D. of triplicate determinations. Nonlinear least squares re­
gression analysis gave an IC50 (Kd ) of 1.08 nMand B; of6646 cpm. B m a x

(560 fmol/mg of protein) was calculated by the equation B m= = Bjl X
IC50 (22), where I represents the total amount of radioactivity added,
and corrected for protein content. This dissociation curve is represent­
ative of three separate experiments.

40 60 80

Time (min)

FIG. 4. Effect of the GTP analog (GMP-PNP) on AIl-induced
dissociation of ['2'I]AII from TL314 membranes. Plasma mem­
brane preparations (-200 iLg of protein) ofTL314cells were incubated in
the presence of 0.3 nM ['25I]AII for varying times, and specific binding
was determined. At equilibrium (60 min), excess unlabeled AIl (100 nM)
in the presence (open triangles) or absence (open circles) of GMP-PNP
(100 iLM) was added, and specific binding was determined over a 40-min
period. Points are the means ± S.D. for triplicate determinations.
Similar results were obtained in two additional experiments.

tion pathways, the ability of AIl to induce a rise in intracellular
calcium and stimulate MAP kinase activity was determined
(Figs. 5 and 6). In Fura-2/AM-Ioaded cells expressing either
full-length or truncated receptors, exposure to 1 JLM AIl re­
sulted in a rapid rise in intracellular calcium, which immedi­
ately abated and returned to preexposure levels within 50 s
(Fig. 5). The peak level of the calcium transient was approxi­
mately proportional to the receptor density (T3' 3400 fmol/mg
protein (19) versus TL314, 560 fmol/mg protein). In addition,
another clone (T24)expressing the full-length ATlA receptor (Kd

= 0.82 nM; receptor density, 667 fmol/mg of protein) at levels
comparable to TL314 showed a calcium transient of ~200 nMin
response to 1 JLM AIL This observation suggests that truncated
ATlA receptors couple with similar efficiency to full-length
receptors. When extracellular calcium was chelated by addition
of EGTA, AIl-induced transients were observed in TL314 cells
(data not shown), indicating that the observed calcium tran­
sients were from intracellular stores, similar to that described
for T3 cells (19). MAP kinase activity is rapidly and transiently
induced following activation of AT1 receptors by AIl (10, 11),
presumably via G-protein dependent mechanisms (11). Fig. 6
shows the ~4-fold enhancement of MAP kinase activity in
cytosolic extracts from both the TL314 and Ta cells in response
to a 2-min exposure of AIL

Fig. 7 compares the endocytosis at 37°C of full-length and
truncated receptors. Equilibrium binding of [1251]AII to T3 and
TL314 cells was performed at 4°C to prevent internalization.
After transfer to 37°C, radioactivity associated with acid-
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FIG.8. Desensitization of the calcium transient in TL 3 1 4 cells.
Representative trace (of five experiments) showing intracellular cal­
cium concentration in response to sequential additions of All. A, 100 llM

All, followed by 1 ILM All. B, a 1 llM initial dose of All abolished the
response to 100 nMAll hut not 10-6 MATP, which also releases calcium
from intracellular stores.

DISCUSSION

Angiotensin II receptors playa pivotal role in the coordi­
nated actions of AIl, occupying a central position between the
generation of this peptide from its precursor angiotensinogen
and intracellular signaling pathways, which ultimately deter­
mine the fate of cellular responses. Strict control of cellular
responsiveness to AIl is important given the diversity and

consequences of these actions. One way to establish this control
is for cells and tissues to use distinct receptor subtypes to
control different functions, whereas another is to rapidly ter­
minate the intracellular response following initial exposure
and response to AIL Receptor phosphorylation has become a
hallmark of this latter phenomenon for many G-protein recep­
tors (12, 13). This acute (seconds to minutes) process may be
supplemented by internalization (minutes to hours) and by
down-regulation (hours to days) of the receptor from the
plasma membrane. In this study, we have detailed experiments
with a mutant ATlA receptor, truncated to delete potential
carboxyl-terminal phosphate acceptor sites, in which normal
binding of All, coupling to G-proteins, and signaling pathways
are intact. Our primary observation is that this truncated
receptor, devoid of carboxyl-terminal serine and threonine res­
idues, undergoes rapid agonist-induced desensitization. In ad­
dition, we demonstrate that desensitization occurs in the ab­
sence of receptor internalization and hence the mechanism of
ATlA receptor desensitization is obscure.

Three criteria were used to demonstrate that the truncated
receptor represents a functional, G-protein-coupled ATlA re­
ceptor. First, competition binding studies revealed a high af­
finity binding site for AIl (Kd in the nM range), in agreement
with previous determinations on native receptors (28). Second,
experiments with a nonhydrolyzable GTP analog confirmed
G-protein coupling of plasma membrane truncated receptors.
Finally, the All receptor coupled to two well established signal
transduction pathways: stimulation of intracellular calcium
and an increase in MAP kinase activity. We experienced, how­
ever, difficulty in obtaining clones expressing high levels of
truncated receptor. Northern blot analysis, which we used to
confirm our truncated construct, showed that the TL 3 14 and T3

cells produced approximately the same amount of receptor
mRNA. In contrast, the level of functional receptor at the
plasma membrane was approximately 6-fold higher in T3 cells.
This suggests that both expression constructs transcribe with
equivalent efficiency but that the truncated receptor is not
efficiently transported and/or inserted into the membrane. This
may reflect a problem with folding and obtaining correct con­
formation for the truncated receptor. Alternatively, the re­
moval of a putative palmitoylation site (cysteine 355) may
prevent anchoring of the receptor in the membrane; or perhaps
the same cellular machinery that is responsible for receptor
internalization, for which the truncated receptor is deficient, is
involved in initial membrane insertion. Nevertheless, the pro­
portion of truncated receptors that are inserted into the mem­
brane appear to function with high binding, coupling, and
signaling efficiency.

Our results demonstrate that the last 45 amino acids of the
ATlA receptor are not crucial for efficient coupling to G-protein.
Inagami and colleagues (29) reported that transient transfec­
tion of an ATlA receptor, truncated to remove the last 50 amino
acids (after phenylalanine 309) in COS cells, produced a recep­
tor with enigmatic properties. The mutated receptor showed
high affinity binding for AIl, but no GTP effects on binding
were observed, and IP3 production was markedly inhibited,
suggesting uncoupling from G-protein(s). This observation con­
trasts with the current dogma that high affinity binding re­
quires G-protein interaction. We showed that truncation to
leucine 314 results in a functional mutant (at least with respect
to G-protein coupling), revealing that the proximal fifth of the
carboxyl tail up to leucine 314 provides a site necessary for
appropriate G-protein interaction. Shortening to phenylala­
nine 309 (29) appears to abolish the ability of the G-protein to
exchange GDP/GTP and promote signaling. Perhaps this re­
gion provides something required by the G-protein complex for
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were not susceptible to acid washing, representing the small
pool of internalized receptors at any given time. Full-length
ATlA receptors (T3 cells) rapidly internalized at 37°C so that at
10 min 44% and by 30 min greater than 69% of the surface
receptors had been sequestered. In contrast, the carboxyl-trun­
cated mutant receptor showed a markedly inhibited capacity to
internalize with only 14 and 17% of receptors acid-resistant at
10 and 30 min, respectively (Fig. 7). This difference in endocy­
tosis rate is not the result of differential levels of receptor
expression because the T24 clone also displayed rapid receptor
internalization (59% at 10 min).

Desensitization can be termed as a process that occurs at the
level of the receptor that results in the termination of responses
to a given ligand and an unresponsiveness to additional chal­
lenges (12, 13). Previous studies have used the phospholipase
ClIPicalcium pathway to study AIl receptor desensitization.
AIl-mediated desensitization has been described in primary
cell cultures (26, 27), and we have investigated this process in
T3 cells stably expressing the ATlA receptor (19). Exposure of
T3 cells to 1 nM AIl causes rapid desensitization and insensi­
tivity to a second dose of 100 nM AIl (19). As shown in Fig. 8,
100 nMAIl gives a 70-80 nMcalcium transient in the TL 3 14 cell
line. This response was maximal at a dose of 1-10 ILM All
(150-200 mr), and the threshold of detection was at -1 nMAll.
One hundred seconds after the initial 100 nM dose, the cells
were refractory to a second dose of 1 ILM (Fig. BA). As shown in
Fig. 8B, an initial challenge with 1 nM, a subsaturating con­
centration, resulted in insensitivity to a 100-fold higher dose of
100 nM 100 s later, indicating rapid desensitization. ATP­
induced calcium transients were unaffected by preexposure to
AIl (Fig. 8B).
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GDP/GTP exchange and IP3 triggering, but points of contact in
other regions of the receptor (aspartic acid 74 (30) and the
second intracellular loop (29» provide stability for high affinity
binding of AIL

Truncation ofthe AT lA receptor to remove putative phospho­
rylation sites did not affect the capacity of cells expressing this
mutant receptor to become refractory or desensitize to AIl, at
least with respect to calcium signaling. We hypothesized that
truncation of the AT lA receptor would result in one of two
observations: 1) after the initial rise, intracellular calcium
would remain elevated in a manner analogous to a recent study
(31), where cAMP levels stayed elevated when desensitization
was prevented by inhibition of a specific receptor kinase, or 2)
following a nonsaturating dose of AIl, a second higher applica­
tion of AIl would initiate a second calcium transient. Surpris­
ingly, All induced a calcium transient and desensitized this
response in a manner indistinguishable from that of the full­
length receptor, suggesting that the carboxyl-terminal region
of the receptor is not required for this process. The possibility
exists, however, that mechanisms downstream of the receptor
are responsible for the observed results (e.g. at the level ofIP3

production by phospholipase C, at the IP3 receptor, or at the
calcium channel itself), but indications are that desensitization
of AIl (19, 26, 27) and other (12, 13,32) receptors occurs at the
level of the receptor. Concerns regarding delineation of desen­
sitization at the level of the receptor from desensitization of
downstream pathways are also applicable to studies with other
G-protein receptors, where phosphorylation of the receptor and
desensitization have been only temporally associated.

Our observation of desensitization in the absence of the
carboxyl-terminal region contrasts with a large body of litera­
ture for other G-protein-coupled receptors (12, 13, 32). Most
recently, a gonadotropin-releasing hormone (GnRH) receptor,
which naturally lacks a carboxyl-terminal cytoplasmic tail,
showed repetitive IP3 accumulation in response to multiple
GnRH challenges and was therefore incapable of short term
desensitization (33). However, there is also recent evidence to
support our results and the idea that some G-protein-coupled
receptors do not require phosphorylation or the presence of a
carboxyl-terminal region for desensitization. First, Paxton et
aZ. (15) reported that phosphorylation of the carboxyl terminus
of the AT lA receptor was not modulated by AIl and therefore
would appear incapable of dynamically regulating desensitiza­
tion. Second, truncation of the human Endothelin A receptor to
remove the last 36 amino acids of the carboxyl-terminal region,
including 6 serine and 3 threonine residues with two putative
protein kinase C phosphorylation sites, had no apparent effect
on receptor signaling or desensitization (34). Third, a naturally
occurring carboxyl-terminal truncated dopamine Dl receptor,
in which 80 amino acids (including 9 serines and 3 threonines)
are absent as compared with prototypical mammalian Dl re­
ceptors, showed high affinity for Dl-specific ligands, dopamine­
stimulated cAMP and calcium accumulation, and desensitiza­
tion in response to dopamine (35). Thus, an increasing
literature suggests that the presence and phosphorylation of
the carboxyl-terminal region for some G-protein receptors is
not a prerequisite for desensitization. The mechanismts) by
which this subgroup ofG-protein-coupled receptors rapidly ter­
minate intracellular responses and remain refractory to addi­
tional challenges remains to be determined. For the ATlA re­
ceptor, desensitization may be controlled by a phosphorylation
event at other sites in the receptor. In particular, the carboxyl
end of the second intracellular loop of the AT lA receptor con­
tains a serine and threonine residue, which may be phospho­
rylated. These residues may be relevant given that mutations
in this region were very efficient at inhibiting G-protein cou-

pling (29). Perhaps phosphorylation at these sites interferes
with G-protein coupling, a possibility that we are currently
investigating.

Truncation of the ATlA receptor markedly reduced endocy­
tosis of the receptor from the plasma membrane. This is a key
observation for a number of reasons, as follows: 1) it shows that
internalization is not required for AIl signaling as has been
suggested previously (36, 37); 2) it demonstrates that internal­
ization is not a prerequisite for termination of receptor signal­
ing and desensitization, in agreement with our previous obser­
vation that acute desensitization of the full-length AT lA

receptor cannot be explained on the basis of internalization
(19); and 3) it suggests that a site in the last 45 amino acids of
the AT lA receptor promotes or provides a recognition motif for
receptor internalization. Whether the phosphorylation sites
are involved in internalization remains to be determined, but
the use of phosphorylation sites for internalization of receptors
has not been a common theme for plasma membrane receptors,
and internalization recognition motifs are disparate. Receptors
like those for transferrin, low density lipoprotein, and growth
factors use a NPXY or YXX-hydro motif (where X is any amino
acid and hydro is a large bulky hydrophobic amino acid) (38) or
hydrophobic stretches of amino acids in the cytoplasmic tails to
control endocytosis (39). The G-protein-coupled thyrotropin­
releasing hormone receptor uses two dissimilar domains for
internalization: two closely spaced cysteine residues in the
proximal region of the cytoplasmic tail and the sequence SDRF ­
STEL more distally (40). For the prototypical f32-adrenergic
G-protein-coupled receptor, the site crucial for internalization
resides in the N-terminal segment of the third intracellular
loop (41). Comparison with the deleted region of our truncated
AT lA receptor reveals that these sequences and motifs are not
present. Recently, Barak et aZ. (42) identified a role for a tyro­
sine residue, highly conserved in G-protein-coupled receptors
and in the motif NPXXY, which is involved in sequestration of
the f32-adrenergic receptor. This tyrosine (tyrosine 302 in AT lA)

is maintained, as is the NPXXY motif, in our truncation at
leucine 314, and therefore it does not appear to playa critical
role in endocytosis of the AT lA receptor. For a yeast pheromone
G-protein-coupled receptor, the recognition motif is DAKSS
with an absolute requirement for the central lysine (43). A
similar AKS site is present in the carboxyl-terminal region of
the AT lA receptor, which was deleted by truncation to leucine
314. Whether this constitutes the recognition motif for AT lA

receptor internalization remains to be established.
In summary, we have expressed in CHO-Kl cells a truncated

AT lA receptor, which displays most characteristics of a func­
tional receptor, apart from a significantly reduced capacity for
agonist-induced endocytosis. Remarkably, this mutant recep­
tor, truncated to remove potential carboxyl-terminal phospho­
rylation sites, appears to maintain an ability to rapidly termi­
nate G-protein signaling and undergo desensitization in
response to AIL It is intriguing that both AT lA and endothelin
A receptors, for which this phenomenon has now been de­
scribed (34), are receptors for small peptide ligands, the major
function of which is potent vasoconstriction. Whereas the rea­
sonts) for this is unclear, these results are important because
they support the concept that different subclasses ofG-protein­
coupled receptors have evolved divergent mechanisms for con­
trolling desensitization. Future experiments will focus on iden­
tifying the mechanismfs) of AT lA receptor desensitization and
the sitets) of the receptor that are responsible for desensitiza­
tion and internalization.
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