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Previous mutagenesis studies of angiotensin Il (Ang Il) receptor type 1) (#dve focused on determining
the regions responsible for Gq coupling using the rat Adceptor. We created human Afeceptor mutants,
expressed them in COS-7 cells, and identified the domains crucial for Gi coupling as well as for Gq coupling.
Substitution of Asp?®, Arg*?6, Tyr'??, and Met®* by Gly, Gly, Ala, and Ala in the highly conserved sequence
of the second intracellular loop in most G protein-coupled receptors provided a mutane@eptor which lost
the ability to couple to both Gg and Gi with no impairment in its binding to Ang Il. A truncated mutant lacking
the carboxyl terminal 50 residues was completely deficient in coupling to Gi, whereas it retained full ability to
bind to Gq, in contrast to the rat ATeceptor. These findings demonstrate that the cytoplasmic tail in the human
AT, receptor is the determinant of specific Gi couplinge 1996 Academic Press, Inc.

Angiotensin Il (Ang 1l), a biologically active peptide in the renin-angiotensin system, exert:
variety of physiological functions related mainly to the regulation of blood pressure and fl
osmolarity (1,2). Recent pharmacological and molecular biological studies have identified
major subtypes of Ang Il receptors, designated,Ahd AT, (2—7). The AT, receptor is further
separated into two subpopulations, termed, A@nd AT, g, in rodents (8). Most, if not all, of the
well-known functions of Ang Il are mediated by the ATeceptor, whereas there is little infor-
mation regarding the role of the ATeceptor (2,5-7,9-11).

The AT, receptor has been shown to associate with the Gq and Gi families of GTP-bino
proteins (G protein), leading to the activation of phospholipase C with a subsequent increa:
intracellular C&" concentrations ([C4];) and the inhibition of adenylate cyclase activity, respec
tively (2—4,12-15). During the past three years, several investigators have demonstrated the re
of the rat AT, receptor responsible for coupling to Gg by means of mutation studies based
changes in Ang ll-induced inositol phosphate production and the effect’'&3-G-
(thio)triphosphate (GT#S), a nonhydrolyzable GTP analogue, on agonist binding (16-19).
contrast, there has been only one recent report (20) indicating the regions of the receptor rec
for Gi coupling. Shiraiet al. (20) reported that synthetic peptides corresponding to the ami
terminal portion of the third intracellular loop and of the carboxyl terminal cytoplasmic tail in tf
rat AT, receptor stimulate GTP binding to Gi, indicating possible direct interaction of the
receptor regions with Gi proteins. However, in addition to such synthetic peptide studies, m
tional analyses are essential for identifying the residues of the receptor involved in Gi coupl
Moreover, although it is of great importance to examine the structure-function relationship of
human AT, receptor for predicting AJ-related diseases and elucidating the mechanism underlyi
such diseases, all of the previous mutagenesis studies have focused on the rateytor.

In this report, to identify the regions of the human AfEceptor responsible for coupling to Gi
as well as to Gqg, two mutant receptors were created based on previously proposed coupling re
of the rat AT,, receptor, and transiently expressed in COS-7 cells. Three criteria were use
access the abilities of expressed mutant receptors in coupling to G proteins: 1) effecty® G P
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Ang |l binding for both Gi and Gq coupling; 2) inhibition of adenylate cyclase activity for C
coupling; 3) inositol phosphate production and a subsequert]Gacrease for Gg coupling.

MATERIALS AND METHODS

Materials.*®3-Ang II, *?3-[Sar', lle®]]Ang II, and myo[2-3H]inositol were purchased from Amersham International plc
(Bucks, UK). Angiotensin Il, [Sdr lle®]Ang 11, leupeptin, and antipain were obtained from the Peptide Institute (Osak:
Japan). Cell culture media and G¥®were purchased from Sigma. Fetal calf serum and balanced salt solutions were fi
Cell Culture Laboratories (Cleveland, OH, USA) and Gibco, respectively. Fura-2/acetoxy methyl (AM) and the expres
vector pCDM8 were from Wako Pure Chemicals (Osaka, Japan) and Invitrogen (San Diego, CA, USA), respectivel

Site-directed mutagenesia.1.8-kb DNA fragment containing the entire coding region of the human #&€eptor was
obtained as described previously (14). This fragment was inserted into the M13mp19 vector to produce single-str:
DNA for site-directed mutagenesis. Mutant AfEceptors were created using appropriate oligonucleotide primers accordi
to the method of Kunkest al. (21). After confirmation of all mutated sequences using a BcaBEST dideoxy sequencing
(Takara Shuzo, Kyoto, Japan), the resultant mutated receptor genes were subcloned into the expression vector pC

Transient transfection in COS-7 cellSOS-7 cells were grown in Dulbecco’s modified Eagle’'s medium, supplemente
with 10% fetal calf serum (FCS), 100 units/ml penicillin, and 108/ml streptomycin at 37 °C in a CQOncubator.
Transfection was performed by the DEAE-dextran method. That is, cells were incubated with plasmid DNA in DE.
dextran solution fo2 h at 37 °C.After removal of the solution, cells were washed twice with phosphate-buffered salir
(PBS) and treated with 10% dimethyl sulfoxide (DMSO) to increase transfection efficiency. Thereafter, cells were incut
under the above culture condition for three days for several experiments.

Membrane preparatiorCells were washed twice with ice-cold PBS, scraped into 5 ml of ice-cold homogenization buf
(20 mM Tris-HCI, pH 7.4, containing 2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF)ut0ml leupeptin,
and 5ug/ml antipain), and centrifuged at 3, 000 rpm for 10 min at 4 °C. The pellets were suspendeduihd?3fe same
buffer, and lysed by sonication. The resultant cell suspensions were centrifuged at 60, 000 rpm for 10 min at 4 °C.
washing with the same buffer, the pellets were suspended in homogenization buffer containing 0.25 M sucrose and
at -80°C as membrane fractions until use.

Receptor binding assay&or competitive binding assays, transfected cells plated on dishes 100-mm diameter w
trypsinized. After the trypsin reaction was terminated by addition of soybean trypsin inhibitor, cells were harvested
transferred to plastic tubes (1 x°1€ells/tube). Cells were then incubated with 50 pRi-[Sar, le¥]Ang Il at 25 °C for
2 h in the presence of various concentrations of unlabeled,[8&f]Ang Il (107**-10"® M) in a total volume of 20Qul
of buffer A consisting of Hanks’ balanced salt solution (HBSS: 138 mM NaCl, 5.4 mM KCI, 0.3 mMAC4 0.3 mM
Na,HPQ,, 0.8 mM MgSQ, 1.3 mM CacCl, and 4.0 mM NaHCQ buffered with 20 mM Hepes, pH 7.4) containing 0.1%
crystallized bovine serum albumin (cBSA), 2Q/ml leupeptin, 25ug/ml antipain, and 1 mM PMSF. Following the
reaction, cells were washed twice with buffer A without cBSA by centrifugation at 3, 000 rpm for 10 min at 4 °
Cell-bound radioligands were measured witir@ounter. To investigate the effect of G¥® on Ang Il binding, membranes
(100 ug/tube) were incubated with 100 pM3-Ang Il with or without 100uM GTPyS at 25 °C for 2 h in dotal volume
of 200 ul of buffer B consisting of 20 mM Tris-HCI, pH 7.4, containing 5 mM MgC1 mM EGTA, 0.1% cBSA, 1Q.g/ml
leupeptin, 5ug/ml antipain, and 0.5 mM PMSF. Free ligand was removed by filtration through Whatmann GF/F filtel

Phosphatidylinositide (P1) turnovefransfected cells were prelabeled wittyo[2-2H]inositol (5 mCi/ml) in Medium
199 without FCS for 24 h. After washing twice with HBSS, cells were treated with 10 mM LiCl at 37 °C for 30 min, th
stimulated with 1uM Ang Il at 37 °C for 30 min in a total volume of 700l of buffer A. The reaction was terminated with
ice-cold perchloric acid. The neutralized perchloric acid extract was analyzed for PI turnover, using Dowex columr
described (22).

Measurement of [CH];. [Ca?"]; was determined with the E&sensitive dye fura-2 (23) according to the method of
Ohnishiet al. (13). The fluorescence was measured with a CAF-100 spectrofluorometer (Japan Spectroscopy Inc., T
Japan) with excitation at 340 and 380 nm and emission at 500 nm; the 340/380 ratio was convertéd]ta¢Carding
to the formula described by Grynkiewiet al. (23).

Measurement of cAMPransfected cells on 6-well plates were incubated in A06f HBSS in the presence of 1 mM
isomethylbutylxanthine (IBMX) at 37 °C for 15 min. For pertussis toxin (PTX) treatment, cells were incubated with P
(200 ng/ml) for 18 h before addition of IBMX. Thereafter, forskolin at a final concentration qiNlOvas added with or
without 1 uM Ang Il, and cells were incubated at 37 °C for 10 min. The reaction was stopped by placing the plates or
and removing the buffer. Cells were washed twice with buffer A, then trichloroacetic acid (TCA) solution (6%) was adc
After 12-h incubation at 4 °C, TCA solution was collected and the cAMP content of the solution was determinec
radioimmunoassay using a cAMP kit (Yamasa Shoyu Co., Choshi, Japan) after an acetylation step.

RESULTS

Construction of Mutant Receptors

We created two mutant human ATeceptors, designated mutants A and B. The mutant .
receptor was constructed by substituting ZSpArg*?®, Tyr*??, and Met**with Gly, Gly, Ala, and
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Ala, respectively. These residues in the consensus sequence DRYXXV(I)XXPRLL(eu or other
lipophilic amino acids such as Met) are well conserved at the amino terminal portion of the sec
intracellular loop (il 2) in most G protein-coupled receptors (24—26). The mutant B receptor \
created by placing a stop codon at B¥fto truncate the last 50 amino acids in the carboxy
terminal cytoplasmic tail. These mutant receptors were transiently expressed in COS-7 cells, v
have no endogenous ATeceptors, and their coupling to G proteins and signal generation we
compared with those of the wild type receptor.

Binding Characteristics of the Wild-Type and Mutant Receptors

To determine the ligand binding parameters of the wild type and mutaptrédeptors, com-
petitive binding assays were performed witdl-[Sar, lle®]Ang II, an Ang Il receptor antagonist,
in the presence of increasing concentrations of unlabeled, [BefjAng II. Both mutant A and B
receptors transiently expressed in COS-7 cells displayed a dose-dependent inhibifidfSHr,
lle®]Ang 1l binding similar to the wild type receptor (data not shown). No specific radioligar
binding to untransfected COS-7 cells was detected. The data, expressed as a Scatchard plot, \
an apparent straight line indicative of one class of binding sites for these receptors (data not sh
The binding parameters are summarized in Table I. The binding affinities of the mutants w
largely unchanged from that of the wild type receptor. In contrast, the binding site nuBrhar(
of the mutant B, devoid of the last 50 residues, was markedly impaired relative to that of the \
type and mutant A receptors. We confirmed that both cells expressing either the wild type ot
mutant B receptor exhibited equivalent amounts of, A&ceptor mMRNA by quantitative reverse-
transcription polymerase chain reaction, suggesting the possibility that the cytoplasmic tail ma
related to the efficient transport of the protein to the plasma membranes.

Effects of GTRS on Ang Il Binding

The effects of GTRS on **3-Ang Il binding were examined in membranes prepared fror
COS-7 cells expressing the wild or mutant receptors. €3 Becreased Ang Il binding to the wild
type receptor by 70.7 + 1.1 % (& 4), whereas it had almost no effect on agonist binding to th
mutant A receptor (91.5 + 1.3% of the control=n4, Fig. 1), indicating uncoupling of the mutant
A receptor from G proteins. GRS reduced Ang Il binding to the mutant B receptor by 25.8 -
4.6% (n = 4), which shows that this mutant is capable of coupling to G proteins with the low
coupling efficiency than the wild type receptor. Thus, the conserved sequence DRYXXV(I)XX
of il 2 in the human AT, receptor is crucial for coupling to both Gi and Gg. Two explanations al
possible for this impaired coupling of the mutant B receptor; this mutant may have reduced ak
to associate with both Gi and Gq, or it may be deficient in coupling to either Gi or Gqg.

TABLE |
Parameters of>34-[Sar*, lle®]Ang Il Binding to Wild-Type and Mutant AT Receptors
Expressed in COS-7 cells

Bmax
Kd(pM) (X1 sites/cell)
wild type 486 £ 45 (n= 6) 2.23+0.18 (n= 6)
mutant A 432 +56 (n= 3) 2.17+£0.33 (n= 3)
mutant B 382+ 56 (n= 3) 1.13+0.37 (n= 3)*

Kd andBmaxvalues for?3-[Sart, lle®]Ang Il binding were determined from competitive
binding experiments as described in “MATERIAIS AND METHODS". The data are ex-
pressed as means * S.E. of results from three to six independent experiments, each performed
in duplicate.

2 Significantly different compared with wild typé® < 0.01.
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FIG. 1. Effects of GTR/S on'?3-Ang Il binding. Crude membranes were prepared from COS-7 cells transfected wi
the wild-type, mutant A, or mutant B receptors, and the bindintfafAng Il to membranes was measured in the presence
or absence of 100M GTPyS as described in “MATERIALS AND METHODS.” The data are expressed as percentage
the binding measured in the absence of GFRand are shown as means + standard error (S.E.) from four independ
experiments, each performed in duplicateP*< 0.01; ** P < 0.05.

Ang ll-induced inhibition of adenylate cyclase activity

We examined the ability of the mutant receptors to reduce forskolin-induced cAMP producti
Ang Il (1 wM) decreased the cAMP generation through the wild type receptor to 72.7 + 5.8%
the control values obtained in the absence of the agonist (Fig. 2). Treatment of cells with |
completely abolished this reduction, demonstrating that the wild type receptor inhibits the ade
ate cyclase activity via Gi. Neither mutant A nor mutant B receptor exhibited the ability to decre
the cAMP levels. Therefore, both mutant receptors were deficient in coupling to Gi, indicating
the carboxyl terminal 50 amino acids as well as the conserved sequence of il 2 in the hugan
receptor provide sites crucial for mediating adenylate cyclase inhibition via Gi. This involvem
of the cytoplasmic tail in Gi coupling is consistent with the findings of Shataal. (20), who
reported that a synthetic peptide corresponding to the amino terminal portion (residues 306 thr
329) of the carboxyl terminus of the rat AJ receptor bound directly to Gi.

Ang ll-Induced Phosphatidylinositide (P1) Turnover and fCh Increase

The mutant receptors were assessed for their abilities to generate inositol phosphates and i
an increase in [C4];. Ang Il (100 nM) caused 9.2 + 0.5-fold and 5.4 + 0.5-fold increases in F
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FIG. 2. Ang ll-induced inhibition of forskolin-stimulated cAMP accumulation. The COS-7 cells transfected with tt
wild-type, mutant A, or mutant B ATreceptors were stimulated withdM forskolin for 10 min in the presence or absence
of 1 uM Ang II. Other experimental conditions are described in “MATERIALS AND METHODS.” The data are express
as percentage of the values obtained in the absence of Ang I, and shown as means + S.E. from four indepe
experiments, each performed in duplicateP*< 0.01.
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turnover in cells expressing the wild type and mutant B receptors, respectively, compared witt
basal values (= 3, Fig. 3A). This impaired Pl turnover of the mutant B receptor is thought to &
due to lower receptor expression relative to the wild type receptor. This is because when the inc
phosphate responses through the wild type and mutant B receptors were normalized to their n
of binding sites, the efficiency levels of signal generation were comparable (compare Table |
Fig. 3A). Moreover, when the wild type receptor was expressed at the level equivalent to the
the mutant B receptor by reducing DNA encoding the wild type used for transfection, A
ll-induced PI turnover was comparable between the two receptors. Therefore, the last cark
terminal 50 residues of the human Afieceptor are not required for coupling to Gg proteins. Thi
was an unexpected result since Ohyashal. (16) showed that these residues are necessary f
mediating Pl turnover using a truncated mutant of the raj AéCeptor, which was also devoid of
the last 50 residues as the human mutant B receptor. Despite the unimpaired affinity for [
lle®]Ang Il and the unaltered receptor density, the mutant A receptor did not show a detect:
change in the inositol phosphate response (1.1 + 0.1-fote,3). Thus, loss of PI turnover appears
to be caused by uncoupling of the mutant receptor from Gq.

In fura-2/AM-loaded cells expressing either the wild type or mutant B receptor, additiopdf 1
Ang |l caused a rapid, transient increase in{Gafollowed by a lower, sustained phase (Fig. 3B).
The level of the [C&T]; increase was approximately proportional to the receptor density wh
compared with these two types of the receptors, again suggesting that the mutant B receptor cc
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FIG. 3. Ang ll-induced phosphatidylinositide turnover and®Cenobilization. A, myo[2-2H]inositol-prelabeled COS-7
cells transfected with the wild-type, mutant A, or mutant B,A&ceptors were preincubated with 10 mM LiCl for 30 min
and stimulated by WM Ang Il for an additional 30 min. Inositol phosphates (inositol monophosphate, inositol bispha
phate, and inositol trisphosphate) were measured as described in “MATERIALS AND METHODS.” The data are expre
as fold increase of basal values obtained in the absence of Ang Il and are shown as means + S.E. from three indep
experiments, each performed in duplicateP*< 0.01. B, Fura 2/AM-loaded COS-7 cells transfected with the wild-type
mutant A, or mutant B AT receptors were exposed to 100 nM. Ang Il as indicated by the arrows. The data shown
representative of three similar experiments.
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to Gqg with similar efficiency to the wild type receptor. In contrast, the mutant A receptor produc
no [C&]; increase, in good agreement with its luck of inositol phosphate response. Together, t
data demonstrated that the conserved sequence DRYXXV(I)XXPL in il 2, but not the cytoplas
tail, of the human AT receptor plays a dominant role in coupling to Gq, leading to PI turnover wi
a subsequent increase in

DISCUSSION

In this study we created human ATeceptor mutants and identified the regions involved it
coupling to Gi as well as Gg. Previous mutagenesis studies of therdCEptor have focused on
determining the residues responsible for Gq coupling using the rai, A&ceptor. Our data
demonstrated that the conserved sequence DRYXXV(I)XXPI=(Leu, lle, Val, Met, or Phe) in
il 2 is crucial for associating with both Gi and Gq, and that the last 50 amino acids of 1
cytoplasmic tail provide a residue(s) required for Gi but not for Gg coupling. This is the first rep
indicating the important regions of the ATeceptor for Gi coupling by site-directed mutagenesis
Moreover, this study first demonstrated the structure-function relationship with respect to
human AT, receptor.

The involvement of the cytoplasmic tail in Gi coupling agrees well with the data indicating tt
a synthetic peptide corresponding to the amino terminal portion of the cytoplasmic tail (resic
306 through 320) binds directly to Gi (20). However, efficient coupling of the truncated hum
AT, receptor mutant to Gq is inconsistent with the previous findings (16). That is, Ohgbala
showed markedly impaired Gq coupling of a deleted mutant of the raf Adceptor which lacked,
like our mutant B receptor, the last 50 residues. This finding suggested the necessity for ane
of the human AT receptor as well as the rat ATeceptor to determine the regions related to C
protein coupling. In addition, mutagenesis studies of the humaprAdeptor as well as the rat
protein are invaluable in predicting ATrelated diseases and elucidating their mechanisms. In mc
G protein-coupled receptors, the sequence DRYXXV(I)XXPL of il 2 serves as a general
responsible for G protein coupling, whereas coupling selectivity is governed by other rece
domains. Our data demonstrated that this conserved sequence in the hupracgplor serves as
a site for both Gq and Gi protein association. Furthermore, the cytoplasmic tail of the human
receptor was found to be the determinant of Gi coupling. In addition to the conserved sequen
il 2, the regions responsible for Gq coupling were shown to be present in the carboxyl term
portions of the second and third intracellular loops of the rat Afeceptor by mutagenesis study
(16). Very recently, Wangt al. (27) indicated the importance of the third loop of the rat,AT
receptor for coupling to Gqg using AMAT, chimeric receptors. These regions may serve as tt
determinants of Gq coupling.

Mutation of the human ATreceptor is currently speculated to be responsible for some card
vascular diseases. Experimental inhibition of the, Adceptor has been shown to induce in animal
and/or humans several characteristics of Bartter's syndrome (28), suggesting the possibility
impaired functions of the AT receptor may be related to this syndrome. Yoshadaal. (29)
demonstrated a single point mutation of the,A&ceptor in one Bartter’'s syndrome subject causin
substitution of Arg'! with Gly. The amino acid Argttis included in the deleted region of our
truncated human AfTreceptor. Therefore, if this mutation is related to Bartter's syndrome, tl
mutant receptor should yield a loss or a decrease in its ability to inhibit adenylate cyclase act
but be capable of stimulating PI turnover. The relation of thg ACeptor mutation with Bartter’s
syndrome must be further examined in detail.

In summary, in this study the conserved sequence DRYXXV(I)XXPL in il 2 of the humap A’
receptor was demonstrated to associate with both Gi and Gqg, and the cytoplasmic tail was s!
to couple to Gi but not to Gq. Therefore, the cytoplasmic tail is the determinant of specific
coupling.
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