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Mechanism of Constitutive Activation of the A Receptor: Influence of the Size
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ABSTRACT. The AT; receptor is a G-protein-coupled receptor (GPCR); its activation from the basal state
(R) requires an interaction between ASnin transmembrane helix 11l (TM-IIl) of the receptor and the

Tyr* residue of angiotensin Il (Ang 11). Ast'to Gly** mutation (N111G) results in constitutive activation

of the AT, receptor (Noda et al. (1998jochemistry35, 16435-16442). We show here that replacement

of the AT; receptors TM-IIl with a topologically identical 16-residue segment {&y¢all1®) from the

AT, receptor induces constitutive activity, although Adrs preserved in the resulting chimera, CR18.
Effects of CR18 and N111G mutations are neither additive nor synergistic. The conformation(s) induced
in either mutant mimics the partially activated stat8 (Bnd transition to the fully activated R* conformation

in both no longer requires the Tyof Ang Il. Both the R state of the receptor and the “Djng |l
dependence of receptor activation can be reinstated by introduction of a larger sized Phe side chain at the
111 position in CR18, suggesting that the CR18 mutation generated an effect similar to the reduction of
side chain size in the N111G mutation. Consistently in the native #&€eptor, R conformation is
generated by replacement with residues smaller but not larger than thg. Aslowever, size substitution

of several other TM-1ll residues in both receptors did not affect transitions betweeh &)dRR* states.

Thus, the property responsible for Ashfunction as a conformational switch is neither polarity nor
hydrogen bonding potential but the side chain size. We conclude that the fundamental mechanism
responsible for constitutive activation of the Afleceptor is to increase the entropy of the key agonist-
switch binding residue, Ashl. As a result, the normally agonist-dependent-RR’ transition occurs
spontaneously. This mechanism may be applicable to many other GPCRs.

Members of the G-protein-coupled receptor (GPCR relation to agonist-mediated activation is clearly important
superfamily each contain a seven-transmembrane helicalfor understanding the molecular mechanism of receptor
structural motif and couple to a homologous family of G activation.

proteins. Because of these similarities, the molecular mech-  1he peptide-mediated GPCR activation process is poorly
anism of signal transduction in GPCRs is thought to be ynderstood. AT and AT, receptors are members of the
fundamentally similark, 2. In its initial state, the GPCR  GpCR superfamily that mediate the actions of octapeptide
polypeptide chain appears to be in an inactive conformation j,ormone angiotensin Il (Ang 1l)7-10). The rat AT,

(R), and binding of agonists provides the impetus for the receptor is a single polypeptide of 359 residues predicted to
release from the constrained conformation. Recent studieSqonsist of seven hydrophobic transmembranéelical
indicate that constitutively active mutants of a large number segments connected by three loop regions on both the
of GPCRs can be created by natural mutations and throughcytoplasmic and extracellular sides of the embedding mem-
engineered mutagenes8-6). These mutations induce & prane. Ang Il-dependent activation of the AfBceptor leads
conformation (R) that partlally mimics the agonist-dependent 5 intracellular inositol phosphate (IP) production through
activated conformation (R*) of GPCRs. This fact suggests the activation ba G protein that is pertussis toxin insensitive
that the R state and agonist dependence of transition to the(7_1o)_ High-affinity binding of Ang Il to tissue receptors

R* state of the GPCR is a general paradigm. Therefore, \yas shown to involve several electrostatic and hydrophobic
defining the structural basis of constraining interactions in jnteractions {1-13). Site-directed mutagenesis of recom-
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Ficure 1. (A) Secondary structure model of a 359-residue CR18
chimera of rat AT angiotensin Il receptor. The transmembrane
segments are putative-helices forming the ligand pocket. The
residues 101116 of transmembrane helix Il of rat ATeceptor
replaced with corresponding region of rat ATEceptor (117132,
AT, receptor residue numberitjgare shown within the box. The
conservation of Asf!in both sequences is indicated by an asterisk.
(B) Helical wheel representation of transmembrane helical bundle
of the AT; receptor based on the Baldwin model of rhodop8i).(
The shaded circles show Afeceptor-derived residues in CR18
chimera that influence the context around the conserved!Asn
highlighted by an asterisk.

Previously, we have shown that two interactictume
between PHeof Ang Il and Hig®¢ in AT, receptor trans-
membrane helix VI, the other between Ang Il Tgide chain
and Asi'! in transmembrane helix Htare necessary to
activate the receptorld, 15. Asn''! is the key switch

Feng et al.

from Bachem. Losartan was a gift from DuPont-Merck,
Wilmington, DE.

Experimental procedures for mutagenesis, expression,
transfection, and preparation of transfected cell membrane
were as described earliet3, 14, 1§. The membrane pellet
in 50 mM HEPES, pH 7.2, 12.5 mM Mgg&I1.5 mM EGTA,
and 10% glycerol were used in ligand binding studies. The
postnuclear supernatant of COS1 cells solubilized in 50 mM
Tris-HCI, pH 6.8, 1% 3-[(3-chloramidopropyl)dimethylam-
monio]propanesulfonate (CHAPS), @/mL of PMSF, and
5 mM ethylenediaminetetraacetic acid (EDTA) pH 8.0 and
centrifuged at 40 000 rpm was used for SDS-polyacrylamide
gel electrophoresis (PAGE) and Western blotting analysis.
The AT, receptor polypeptides were visualized using the
mouse monoclonal antibody 1D4 and the secondary antibody
129-anti-mouse 1gG (Amersham, Arlington Heights, IL), as
described earlierl3—16). The ligand-binding experiments
were carried out under equilibrium conditions. Membranes
expressing wild-type receptors were incubated with 683
nM *29-[Sart,lle®]Ang Il (Sp. Act. 2200 Ci/mmol) in 50 mM
sodium phosphate pH 7.2, 100 mM NacCl, 10 mM Mgl
mM EGTA, 0.2% bovine serum albumin, and 1@ of
bacitracin at 22°C for 1 h. Nonspecific binding to the
membranes was determined fréfA-[Sart,lle¥]Ang Il bind-
ing in the presence of 18 M ?7-[Sar,llef]Ang Il. The
binding reaction was stopped by filtering under vacuum
(Brandel Type M-24R) on FP-200 GF/C filters (Whatman
Inc. Fairfield, NJ). Filter bound?3-[Sar-llef]Ang Il was
guantitated in ay-counter (Packard). For competition
binding studies, membranes expressing the wild-type receptor
or the mutants were incubated at room temperature for 1 h
with 300 pM*?3-[Sart,lle]]Ang Il and various concentrations
of the agonist Ang Il or the peptide antagonist [Sée®]-

Ang Il. Equilibrium binding kinetics were determined using

residue; the obliteration of its side chain not only causes the the computer programigand TheKjq values represent the

generation of a constitutively active form of the receptd) (R
but also obviates the need for Tyand Phé in agonist-
dependent induction of the active state (R*), implying that
the Asrt!! side chain may have a complex regulatory role
in the AT, receptor.

We now show that mutations of residues not directly
involved in Ang Il interaction lead to basal activation. When
a segment of TM-III of the AT receptor is exchanged with
an identical segment from the ATeceptor without affecting
the Asrit!! residue (see Figure 1), the resulting chimera is
constitutively active. There is no synergism between the
basal activation induced by this chimera and the N111G
mutation. However, when combined with A$h— Phe

mean=+ standard error of the mean (SEM) of three or more
independent determinations. For functional analysis of
receptors, transfected COS1 cells labeled for 24 h Vi
myo-inositol, treated with or without [S§Ang Il for 45 min,

were used to derive concentratieresponse curves. The
total IP production is expressed as a percentage compared
to maximum stimulation of the transfected wild-type AT
receptor. Student T test was used for statistical analysis in
Figure 2.

RESULTS

Experimental SystemExpression of the wild-type and
mutant AT, receptor in transiently transfected COS1 cells

mutatio.n, the chimera shows restoration. of nativg receptor (gt > 259 transfection efficiency) was employed for structure
properties. We demonstrate that the active-state isomeriza$,nction analysis as described earli@B€16). Expression

tion in this system is modulated by changes in tertiary
interactions of a single switch, i.e., the position 111 side
chain.

MATERIALS AND METHODS

The monoclonal antibody 1D4 was supplied by the Cell
Culture Center, Endotronic Inc., (Minneapolis, MN). Oli-
gonucleotides were obtained from the oligonucleotide syn-
thesis core facility of the Research Institute, The Cleveland
Clinic Foundation. [Sd&flle®]Ang II, Ang I, and Ang Il

in each case was measured by immunoblotting with C-
terminal epitope directed monoclonal antibody 1D4 followed
by saturation binding analysis usiféfl-[Sar,1le®]Ang II.
Folding was analyzed by competition binding to Ang Il
analogues and Areceptor-selective non-peptide antagonist
losartan (Tables-13). Statistical analysis 6f3-[Sar,lle®]-

Ang Il binding kinetics was best fit to a one-site model which
indicated that homogeneous populations of receptors are
produced in COS1 cells. Affinity of the wild-type AT
receptor to the radioligandd-[Sar',llef]Ang Il was 0.37+

analogues were either synthesized by the peptide synthesi®.02 and 16+ 2 nM for the nonpeptide antagonist, losartan.

core facility of The Cleveland Clinic Foundation or obtained

The Ky values estimated from competition binding for the
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FiIGURE 2: (A) Basal and [S&tAng Il-stimulated maximal activation of wild-type and mutant A€ceptors. The COS1 transfection conditions
were optimized to achieve expression levels ranging-it mol/mg of membrane protein~(.3—1.7) x 10° surface receptors/cell).
Basal stimulation of IP accumulation was measured in transfected and mock-transfected COS1 cells. ‘JAwmrg[8astimulated 1P
accumulation for all mutants shown was 18@8% of that of the wild-type AT receptor {50 000+ 1200 cpm/10cells). Results are the
mean= the standard error of three or more independent determinations. Asterisks indicate significant phar@@X) compared with
mock-transected cells; 1 indicate values are not significaptty 0.05) different from wild-type basal; and § indicate values significantly
different < 0.001) from the wild-type basal. (B) Activation of wild-type and mutant receptors by various concentrations of the inactive
analogue, [Sarlle4 llef]Ang II. The ligand-affinity properties of the mutant receptors are given in Table 1.

Table 1: Ligand Affinity of CR18 and Related Mutants

expression Kd? (M)
receptor Bma{pmol/mg) [Sat,llef]Ang Il [SartlleqlAng 11 [Sart,lle lleflAng I losartan
wild-type 54+0.1 0.23+£ 0.02 275+ 42 3014 32 10.0+ 1.5
CR18 4.1+ 0.3 3.36+ 0.84 15.9+ 3.8 70.8+ 5.7 >1,000,000
CR18N111G 4.3 0.4 1.04+ 0.26 440+ 1.2 24.0+£4.9 >1,000,000
CR18N111F 5.3t 0.2 10.0+ 2.36 3300+ 235 3900+ 215 590+ 67
CR18F104A-F107S 51201 0.48+ 0.23 3.95+14 31.6+5.2 >1,000,000
A104F-S107F 520.2 2.91+1.42 322+ 65 2850+ 207 27.4+£ 8.9

2TheKq values represent the meanSEM obtained from three to five independent transfection experiments performed in duplate.that
the Kq of [Sar,llet,llef]Ang Il reported here is the corrected value, which is different from that reported ibSref

Table 2: Ligand Binding and Activation Properties of 1%rand dyring the competition binding ana|>/SiS._ The protein expres-
AsI?% Mutants sion of all the mutants described in this report wa20%
Kg* (NM) P (%) of the level of thg wild-type receptor expression by_Western
[Sar] [Sar] Ang I blop _Thg transient expression did not cause significant
receptor Ang il Losartan Basal  stimulated variation in cell sgrfac_e receptor number§(1.3—1._7) X
. 1C° sites per cell, in this study). Therefore we believe, the
\\/(vgg-ztépe (1)'.37%1 8:%8 1}181 %'15 g:gi 8:3 7411004 maximal IP response measured in each case truly reflects
Y292A  0.63£0.07  32+04 4.1+1.0 83+ 4 the functional activation.
¥292Q  0.59£0.07 e A The ability of the AT, receptor to activate IP production
N295G 1.92+£0.22 489+ 32 58+22 105+5 . . g
N295A  2.62+0.39 602+28 54+05  100+5 in COS1 cells is shown in Figures 2 and 3. The basal IP
N295C 1.08+0.19 45+5.9 57+1.3 99+ 3 production in transfected COS1 cells without [$ang I
N295S 0.53:0.10 341432 6.0+23 94+ 0.7 treatment is 5+ 0.5% when compared to the maximal IP
N295| 0.73+0.10 26+ 6 5.0+ 2.7 86+ 2

N295F  047+011 1657+291 53+07  50+6 response elicited by [SgAng Il concentrations>1077 M
(taken as 100%) and is significantly higher than that
_ “TheKq values represent the meanSEM obtained from three o meagyred in the mock transfected cells. Alterations in the
five independent transfection experiments performed in duplicate. basal activity of different mutant receptors expressed at
comparable levels could be accurately measured, since the
agonist [SafAng Il and the native hormone Ang Il were  maximal IP response elicited in this system is very high
0.33 £ 0.02 and 1.484+ 0.05 nM, respectively. The (50000 cpm/10cells). The analogue [Salle? lle]Ang
estimatedKq represent the intrinsic affinity of the receptor 1 is completely inactive in eliciting IP response from the
because the values did not significantly vary upon the wild-type AT; receptor even at concentrations 300-fold more
addition of analogues of GTP to membrane preparationsthan theKy value (301+ 30 nM).
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Table 3: Ligand Affinity Properties of N111 Substitution Mutants

expression Kd? (M)
receptor Bmax (pmol/mg) [SalAng Il [Sart,lle]Ang I [Sart,lle®lAng 11 [Sartlle* llef]Ang Il losartan
wild-type 5.4+ 0.10 0.33+ 0.02 234+ 4.3 0.37+ 0.07 301+ 33 10+ 1.5
N111G 3.6+ 0.07 0.36+ 0.02 0.3+ 0.03 0.43+ 0.07 5.9+ 0.7 230+ 30
N111S 4.9+ 0.05 0.19+ 0.01 2.1+ 0.09 0.52+ 0.05 4.7+ 0.1 540+ 40
N111A 6.8+ 0.14 0.344+ 0.05 0.4+ 0.05 0.51+ 0.03 3.8+ 0.6 340+ 20
N111C 3.4+ 0.05 0.33+ 0.01 1.3+ 0.02 0.37+ 0.02 11+ 2.0 430+ 30
N111l 3.1+ 0.13 0.13+ 0.02 414+ 2.0 0.44+ 0.13 ND 3150+ 480
N111Q 3.5+ 0.03 0.24+ 0.01 78+ 0.8 0.58+ 0.02 ND? 30+ 0.7
N111H 5.1+ 0.01 0.244+0.01 524+ 0.9 0.98+ 0.13 ND? 31304+ 180
N111K 5.8+ 0.16 0.77£ 0.01 367+ 25 1.294+ 0.29 ND? 1900+ 390
N111F 3.8+ 0.77 1.67+0.21 43.2+£ 0.2 457+ 0.77 ND 920+ 120
N111Y 4.1+ 0.70 0.45+ 0.04 33.9+ 0.1 1.09+ 0.17 ND? 1840+ 180

a2 The Kq andBmax values represent the meanSEM obtained from three independent transfection experiments performed in duplicaBs.f he
values represent the receptor present in total membrane preparétiidsnot determined because, in these mutantsKthef the particular ligand
was>10"nM (n = 1).

Effect of the Size of the Residue 111 on the Congtituti Table 1). The basal and maximal Ang ll-stimulated IP
Activity of an AT/AT, Chimeric Receptor CR18The CR18 production was comparablp € 0.001) to that observed with
chimeric receptor (see Figure 1 for details) is constitutively the wild-type AT, receptor. The Eg of the CR18N111F
active. The basal IP production in the CR18 chimera mutant for [SaljAng II-stimulated IP production was 89
transfected cells was10-fold higher than thatp( < 0.001) 9 nM compared to 28.3 0.3 nM for the CR18 receptor.
in the mock transfected cells. This is nearly a 6-fold increase The binding affinity of the CR18N111F mutant for [Sar
over the basal activity exhibited by the wild-type AT Ang Il was 3.1 nM and for Ang Il was 14 nM. The
receptor p < 0.001). The maximal Ang IlI-dependent IP CR18N111F mutant was not activated by-1l@0uM [Sar',
production stimulated by the wild-type ATreceptor and lle*,llef]Ang Il (Figure 2B). The affinity for [Sak,lle?,llef]-
CR18 chimera (98t 8%) in transfected COS1 cells were Ang Il decreasedv70-fold compared with the affinity of
nearly identical (Figure 2). The CR18 chimera was activated the CR18 receptor. Ar:5-fold lower affinity of CR18N111F
(to 90+ 11%) by the Ang Il analogue [SaHe*,llef]Ang I, mutant toward [S&fAng Il than that of the wild-type AT
but the wild-type AT receptor was not (Figure 2B). The receptor (also for Ang Il, not shown) is consistent with an
level of expression of CR18 and the wild-type receptors are unfavorable interaction between Tyf the ligand and the
not significantly different (Table 1), eliminating the pos- Phé!! side chain of the receptor as described earlid).(
sibility that the increased basal activity of CR18 is due to a The affinity of CR18N111F mutant for losartan ¥s1000-
coincidental increase of cell-surface receptor density. fold increased when compared to the affinity of CR18

The ligand affinity profile of the CR18 chimera was chimera.
comparable to that of constitutively activated N111G mutant  Properties of two additional mutants, the F104A-F107S
AT, receptor {5). The affinity was increased significantly mutant of CR18 and the A104F-S107F mutant of ;AT
(p < 0.001) for the peptide agonist [SEng Il (3—10-fold), receptor, suggest that control of the basal activity is a specific
for the partial agonist, [Stle*]Ang Il (17-fold) and for the function of the position 111 side chain size (Figure 2, Table
inactive Ang ll-analogue [Stle?,lle®]Ang Il (33-fold). This 1). Inthe CR18F104A-F107S mutant, two Phe side chains,
increased affinity does not arise from an effect due to located on the same helical surface of the transmembrane
enhanced G protein coupling, since competition binding helix Il (TM-IIl) as Asn!!!, were mutated to ATreceptor
analysis in the presence of 100M GTP-y-S which residues at the same position (Figure 1B). This mutant
uncouples receptor/G protein interactions, did not alter the receptor bound the Ang Il analogues with 2- to 10-fold higher
binding affinity (data not shown). The binding affinity of affinity and losartan with 5-fold lower affinity compared to
the nonpeptide antagonist losartan100 000-fold,p < CR18 chimera. The high basal and Ang ll-analogue-
0.001) was substantially reduced (Table 1). dependent activation characteristics of CR18 were retained

Substitution of the conserved Adhresidue in CR18 with  (Figure 2A, Table 1), indicating that PRéand Ph&” are
Gly**did not synergistically increase the degree of constitu- not responsible for constitutive activation of CR18. Fur-
tive activity of the CR18 chimeric receptor. The measured thermore, in the reciprocal mutant, the A104F-S107F mutant
basal activity of CR18N111G is not equivalent to CR#8 of the AT, receptor, the affinity of various ligands was
N111G basal activities but is identical to that of CR18, which reduced and the mutant did not exhibit significant changes
indicates that the effect of CR18 mutation is dominant over in basal activity and Ang lI-stimulated activation. Thus,
the effect of N111G mutation on the ATeceptor. The alteration of several different residues within the TM-IIl helix
CR18N111G mutation caused significant differences in the could alter the ligand-binding profiles, but individual residue
ligand affinity profiles compared to CR18 (Figure 2, Table changes per se did not affect the basal inactive state of the
1). AT, receptor. These observations are consistent with previ-

In contrast, not only did substitution of the Ashresidue ous studies of the ATreceptor which demonstrated that
with Phé'! in CR18 chimera restore the signaling property mutagenesis of several residues (except'Asrof trans-
but also the ligand binding profiles observed with CR18 membrane helix Il do not affect receptor activatididb{17).
chimera were suppressed back to the levels comparable to Effect of Residue Size at Positions 292 and 295 in TM-
those in the wild-type ATreceptor (shown in Figure 2 and VIl of the AT, Receptor on Constitute Activation. In
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120 —————— —— T cantly different properties from the wild-type ATeceptor
WT in basal activation, interaction with agonists and nonpeptide
°© 1 antagonists. Furthermore, these mutants were able to fully
c activate IP production to within 7483% of that of the wild-
or ° ¥ type AT, receptor. The N295G, N295S, N295A, N295C,
% N295I, and N295F mutants did not show any significant
increase in basal activity, and most mutants were like the
wild-type in being stimulated by [SHAng Il. Since
Balmforth et al. 19) reported that N295S mutation produced
constitutive activation in HEK cells, we examined agonist
affinity profiles for this mutant. As shown in Table 2, the
0 o —rn ™ ~o— Mock mutants s_howed a slight decrease of affinity for H;mg_
Accessible area of side chain (A%) Il In agg;t)lor# the l;1295hs TSUt?nlt (4re|pg}rted as consgtutglely
) . - . active affinity for the [Sat,lle41le®]Ang Il was 241
Foure 3 Gorelaton between constiutive acity (©2sal 12 & 100 M. Further, the_agonist-dependent activation
of the side chain substituted at position 111 in transmembrane helixProperties of this mutant were not significantly altered.
lll. The accessible surface area of amino acid residues in the Influence of Residue Size at Position 111 on Basal and
receptor are as defined and derived from Creight88).(This Ang lI-Dependent Actiation of the AT Receptor. The basal

analysis identifies the accessible surface area of'Asas the P e hi ;
constraining factor in the ATangiotensin Il receptor with high activity of the AT, receptor is highly influenced by the

confidence ( = 0.992) with a minor influence from the hydrogen  Particular amino acid substituted at the ASiposition (L5).
bonding property in addition. The open circles represent[Sag To further explore this effect, we examined a total of 10
ll-stimulated and open squares represent §8et,llelAng II- different amino acids at position 111 in the Afeceptor
stimulated IP production by the corresponding mutants. The Values(Figure 3, Table 3). Gly-, Ala-, Ser-, and Cys-substituted

given are the meant the standard error of three or more - A ; .
independent determinations. The basal activity of each mutant Wasmutant receptors were constitutively active: The IP stimula

measured as accurately as possible within the limitations of iOn in the absence of agonist by these mutants was
technique. In each instance, to eliminate the possibility that any significantly (@ > 0.001) increased over the wild-type
increase in activity may be because of random increase of receptorreceptor but varied considerably between different mutants.
density, we expressed each construct atQ.B and 3.6-5.0 pmol/ All of these mutant receptors expressed weti2¢fold

mg of protein in parallel experiments and accurately determined s 1 .
the basal activity. This indicated that the significantly increased variability), bound [SafAng II, [Sar',lle?]Ang Il nearly with

basal activity p < 0.05) in each mutant is directly related to the same affinity as the wild-type. Affinity of these mutants
constitutive activation. The ligand-affinity properties of these mutant was increasee 100-fold toward the partial agonist analogue
reczptors are gli‘\:}lleln inl Table 2'11L1Jnder1ﬂ]eseh gﬁnditizns, ?fllsc’ﬂ IP[Sar,lle*]Ang Il and >200-fold toward the inactive analogue
production in 1€}, GInt'y His!'y Lys'll P , and Ty 4 _ ;
transfected COS1 cells ranged between 1.2 and 3.7% (in these[sarl’IIe ,I!eS]Ang Il. The [Sall]Ang Il-dependent maximum
comparisons, zero was the level of IP production in mock- |P formation was not changed in these mutants (reduced by
transfected COS1 cells) compared with that of the wild-type <20% in Cyg'Y). Thus, correlation between the maximum
receptor. The relationship between Basal IP production and surfaceagonistic effect of [SafAng Il and side chain hydrophobic-

area Oj_ the fiSidug it thespJ(:SitiOE besg)fitt Pf0|yﬂtﬁmiad| function (Y jty, hydrogen bonding potential, or charge were not evident.
=mp + mx + Mm@ + mex® + ... + mex?) to fourth order, using ) el g _ )

the least-squares error methdthndx parameters are as indicated In gontrast, the lle-, Gln-, His-, Lys-, Ph.e . and Tyy
in the figure;m represents polynomial coefficientsny = 36 254, substituted mutant I’eceptors were not ConStItutlvely active.

m, = —687.94,m, = 5.5607,mz = —0.020246, andn, = 2.7817 The [Sat]Ang II-dependent maximum IP formation in these
x 1075 in our analysis. It is important to emphasize here that the mutants was reduced by 3%0%. The basal IP production

model is consistent with AdH* harboring interactions with several  \ithout agonist stimulation in cells transfected with these
residues, and the number of residues displaced in the transitions L -
governing different mutations is unknown. Only the net displace- mutant receptors was not significantly differept 0.05)

ments involved in transitions is anticipated to be deduced from the from that observed in wild-type receptor transfected cells.
data. The basal activity read-out data (IP levels) in this paper were The expression level of these mutants varied (Table 3), but

best fit using least-squares analysis. This variable did vary the surface receptor expression was not significantly different.

significantly among mutants where constitutive activation was Tphe affinity of these mutants toward the agonist [sng

noticeably higher than the matched wild-type control. Much of the v . .
variation could be accounted for by differences in the expression | Was within 4-fold (N111F), and for the partial agonist

levels resulting from variable transfection efficiencies. The expres- [Sar-llefJAng Il was within 13-fold (N111F). However, in
sion levels were determined IBpax calculations and western blot  distinct contrast to the constitutively activated mutant; AT
analysis; both of these methods indirectly predict the plasma receptors, lle-, Gln-, His-, Lys-, Phe-, and Tyr-substituted

membrane receptor density. Therefore, it is possible that these argy,, 1ot receptors did not show a dramatic increase of affinity
real variations in the basal activity for different mutants on the order

of <10—-12% of the mean value shown in each instance. toward the partial agonist analogue [S#e‘]Ang Il and the
inactive analogue [S&tle* 1le®]Ang Il. The ~3- to 5-fold

molecular models of the Areceptor, Ash'! appears to increased affinity of [Sdrlle*]Ang Il toward some of the
interact with either As#° (20) or Tyr??2(18—20). Both of mutants is consistent with an interaction between position 4
these residues are located in TM-VIl. To examine whether of the ligand and the position 111 residue of the receptor
the size of either Tyf? or As?®®is responsible for normal  (15). The Ky for the nonpeptide antagonist losartan was
interaction between TM-VII and TM-Ill and disruption of decreased (3- to 315-fold) in all of the position 111 mutants
this interaction is responsible for generating constitutive without significant correlation with any of the substituted
activation, we prepared the mutants shown in Table 2. The side chain properties. This latter finding is consistent with
Y292Q, Y292A, and Y292G mutants did not show signifi- the earlier observationd$, 1719).
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Figure 3 demonstrates that the basal constraint (inversetransmembrane helix Il do not affect receptor activatibs, (
of magnitude of basal activity) correlates welP(R 0.992) 17).
with the surface area (and volume) of the amino acid side The critical agonist switch binding residue Ashocated
chain with a bimodal relationship. Correlation with hydro- within this segment is retained in this chimera, implying that
phobicity and hydrogen bonding ability is poor (not shown). preservation of an Asn side chain per se is not sufficient to
Thus, residues larger than Asn at position 111 favor the basalguarantee the R state in CR18. This is surprising because
inactive state, and smaller residues favor the intermediateprevious mutagenesis and modeling studies suggested that
active state. The degree to which this state is favored andtertiary interactions of Asri! through hydrogen bonding
the reduction of residue 111 surface area best fit to a powerconstrains the Afreceptor to basal inactive state8(-20).
function, indicating a direct relationship between the two Alternatively, studies of Noda et afLg) from this laboratory

parameters (see Figure 3 legend for details). indicated that the size of the Adhside chain is an important
constraining factor in the Afreceptor. This hypothesis
DISCUSSION predicts that the size of the ASAside chain is insufficient

) ) to constrain the CR18 chimeric receptor to the R state; hence,

_ Like other members of the GPCR family, the ffBceptor  an increased size of position 111 residue in CR18 should
is stabilized in an R state and the agonist-dependent transitioryestore native wild-type-like signaling properties. To test
to R* state is believed to proceed through a relaxed whether an increase of the residue 111 side chain size could
intermediate activated 'Rstate (5. The R state is  restore the properties of the R state, Asrof the CR18
characterized by increased basal activity, a preferential chimera was substituted with a PKe This substitution
increase of affinity for partial agonist analogues of Ang Il cayses ars50 A2 increase in size, and increases side chain
combined with the ability to be fully activated by the inactive  pydrophobicity and van der Waals radius. All three param-
peptide analogue [Safle’,llec|Ang II. Additionally, the R eters of the Rstate were suppressed to nearly wild-type level
state of the ATreceptor decreases the affinity for nonpeptide i this mutant; basal inactivity and high affinity for losartan
antagonists but can be nearly completely inhibited by the \yere restored. Furthermore, the mutant was insensitive to
antagonists at high concentration. The predicted secondaryactivation by [Saklle?,lleS|Ang II. On the other hand, the
structure of the AT and AT, receptors is similar. Since  introduction of the N111G mutation had no influence on the
critical residues such as ASA Lys', and Asg® of the  phenotype of CR18. Evaluation of database of protein
AT, receptor that are involved in Ang Il binding are  strycture-function has revealed that functions in proteins
conserved in the Afreceptor, it is anticipated that AT are the culmination of a set of cooperative interactions.
AT chimera fold properly and bind Ang I with high affinity  additivity of mutational effect suggests independence of
(7—10). Rather unexpectedly a number of AT receptor  individual amino acids in the function. Deviation from
chimera stimulated IP production in transiently transfected aqditivity suggests coupled interactive effects which can
COS1 cells without agonist stimulation (unpublished obser- ejther reduce (negative interaction) or enhance (synergistic)
vations of Y. H. Feng and S. Karnik). The smallest region the measured function2{). The lack of synergistic (or
derived from the A% receptor that is common to all of the  aqditive) effect on the basal activity suggests a coupled
constitutively active ATAT, receptor chimera (CR18) interactive influence between CR18 and N111G mutations.
corresponded to 16 residues within TM-1Il shown in Figure - Ajternatively, the CR18 mutation may have two independent
1. The CR18 chimera is in the'Btate; its properties are effects, one promoting R- R’ transition and a second effect
the result of a rearrangement in the Ang Il binding pocket that interferes with stability of Rand R* states or interaction
similar to a phenomenon seen with constitutively active with G protein.
mutations of the AT receptor that is also reflected in the We conclude that the conformation of the CR18N111F
pharmacological specificity of losartadg, 18, 19. mutant chimera conforms to the inactive R state of the wild-

The most straightforward explanation is that as a conse-type AT, receptor. It is not the alteration of the TM-III helix
quence of the disrupted interhelical interactions mimicry sequence; rather it is the influence of sequence alteration on
occurs conforming to the'Rtate. This is not unique to the  the “switching properties” of Asi'that leads to constitutive
AT, receptor since constitutively activated mutants have beenactivation of the CR18 receptor, which is restored by
discovered in several different GPCRs6). But previous CR18N111F mutation. The amino acid composition influ-
attempts to engineer constitutively activated mutants have encing conformation of an-helix as well as single amino
failed with the sole exception of ASH mutations. There-  acids in am-helix perturbing interhelical interactions is well-
fore, the ability of a 16 residue segment within TM-IIl of establishedZ2). In this regard, the effects on binding and
CR18 to induce the Rstate intrigued us. In this segment signaling observed with different mutants described above,
11 of 16 residues (i.e., reflecting the overall homology of as well as in earlier studies, indicate that the &5residue
<32% between AT and AT, receptors) are different. The likely influences TM-III helical conformation and vice versa.
resulting changes include substantial differences in size due The conclusion above suggests that neither polarity nor
to Alal®— Phe, Séf>— Gly, and Sel’”— Phe alterations,  hydrogen bonding potential but the size of Adrside chain
while the remaining eight residue changes are conservative.may be critical for generating basal inactive conformation
The phenotype of two reciprocal mutants, the CR18F104A- in the native AT receptor as well. This conclusion is
F107A and A104F-S107F ATreceptor (see Table 1), significantly different from the suggested interactions for
indicate that these changes are not responsible for theAsn''!in the wild-type AT; receptor; i.e., AsH!interacted
constitutive activity of CR18. Consistent with these obser- with either Asi3® (19) or Tyr?®? (18, 20 in TM-VII in the
vations, previous studies of the Afleceptor have indicated R state. In molecular models of the ATeceptor, an
that mutagenesis of several residues (except!Asmof interaction appears possible between AS(TM-111) and
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Tyr?®2 (TM-VII) in the R state and between ASp(TM-I1)

and Tyr9? (TM-VII) in the R* state. The receptor activation
would cause a disruption of ASA—Tyr??? interaction,
allowing an Asp*—Tyr??? interaction to be formed. The
model prompts the existence in the wild-type receptor of
another residue that forms an intramolecular bond with
Asn''l  Groblewski et al. 18) proposed that constitutive
activation results when the ASA—Tyr?%2 bond is disrupted
favoring conformational flexibility. Balmforth et al.1Q)
reported constitutive activation by mutating ASn(TM-I11)

and Asi3®% (TM-VII), suggesting that these two Asn residues
have a complementary role in the active-state isomerization.
Hence, the AsH'—Asr?%2 bond may be involved in the R*
state. These Afreceptor activation models are similar to
the mechanism described in the rhodopsin fantily4) and

in biogenic amine receptorg,(23 where disruption of a
salt bridge between TM-1ll and TM-VII is found to induce
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The mechanism by which the size of the amino acid exerts
a constraining effect is not clear. But it is unlikely to be
due to a hydrogen bonding or hydrophobic packing effect
since the correlation is poor. It is noteworthy that an
alternative mechanism is possible based on Matthews and
co-worker’'s @4) observation in lysozyme mutants that 20
cal/A? of stabilization energy is lost by cavity created by
mutation of residues. The possible mechanism for the AT
receptor activation, therefore, could be that van der Waals
contact between A3H and several residues is lost during
normal activation and the activating mutants emulated this
transition. Then what is the contribution of the CONH
group in Asi!! to the inactive and active states? It is
difficult to determine its role unambiguously in the stabiliza-
tion of R state, but a casual analysis is presented: There are
seven residues capable of hydrogen bonding interaction (Ser,
Cys, Asn, GIn, His, Lys, and Tyr) in our analysis. From

constitutive activation. These experimental observations leadcrude pairwise comparison the hydrogen bonding property

us to suggest that the interaction between TM-IIl and TM-
VII (either through the AsH—Tyr?®2 or the AsiA—Asn?®
interaction) may involve a size complementary of the
proposed interactiond8—20). Pharmacological character-
ization of TyP??and Asi® mutations (Table 2) demonstrated
that these residues in TM-VII of the ATreceptor do not
interact with AsA'! in a side-chain-size-dependent fashion.
The observation however does not exclude the possibility
that several amino acids located on multiple TM helices are
involved in stabilizing Asi! in the inactive state.

Size of the position 111 side chain has two distinct effects
on AT; receptor activation (Figure 3, Table 3). Side chains
larger than Asn, confer basal inactivity and resistance to
activation by [Saklle? lle¥]Ang Il and prevent full activation
by Ang Il. We speculate that in the wild-type ATeceptor
Ang—Tyr* must be capable of displacing the AShside
chain just to the point that is required for the subsequént R
— R* transition by nonaromatic Ang Il interactions. This
calibration is defective in these mutants. In contrast, the
constitutively active Gly-, Ala-, Ser-, and Cys-substituted
AT, receptor mutants could be activated (by-2%0% of
[Saff]Ang Il induced activation) by [Sajle? llef]Ang I,
implying that different degrees of mimicry to theé Rate

appears to be not important. For example, if hydrogen
bonding is the stabilizing conformational constraint, then we
would expect lower constitutive activity associated with the
hydrogen bonding residue when other side chain parameters
are nearly matched. But from the regression line in Figure
3, the measured basal activity of the 8frmutant is similar

to that of the 1181 mutant. Comparison between Séand
Alal'! suggests that the hydrogen bonding potential is not
constraining the basal activity. Most remarkably, GIn a
structural analogue of Asn in hydrogen bonding ability, but,
with a one methylene unit longer side chain, the comparison
indicates that an increase of size is detrimental and cannot
override the hydrogen bonding potential that is preserved.
This relatively unimportant role of the CONHyroup in
constraining the receptor should be contrasted with its
importance in interaction with the “agonist-switch” Fyr
group of Ang Il suggested earliet%). Thus, the Asn side
chain at position 111 is not uniquely important for either
the maintenance of the basal or the generation of the fully
active state of the receptor. However, an important reason
Asnt'lis conserved in all Ang Il receptor@%) may be that

the Asn side chain allows three effects: maximal signal
amplification between receptor “off” and “on” states, minimal

could occur. Figure 3 demonstrates that the degree to whichnoise when the receptor is in the “off” state, and enhanced

the R state is favored and the reduction of the residue 111

specificity provided by Tyt-dependent switching between

surface area are directly related (see Figure 3 legend forinactive and active states.

details). The model to explain the best fit data in Figure 3
is consistent with multiple interactions, which is also

supported by experiments described in the previous section,

which indicates that AS#! may not interact with a unique
partner in TM-VII. Ang Il binding normally releases A%#

but in mutants stabilized at theé Btate the release becomes
possible without agonist stimulation (presumably due to
lowering of the energy barrier for the R R’ transition). In
such a model, the basal activity is the outcome of net

changes, which is expected to be unique in each mutant.

The framework provided by studies of various GPCRs
suggest that the transmembrane, the cytoplasmic, and the
extracellular domains each have specific tertiary structures,
which are stabilized cooperatively, would generate the
binding pocket for the native ligand and the cognate G
protein (L—6, 15, 23-26). Therefore it is not surprising that
mutations in all three domains can disrupt the constraint
leading to activation. In addition, GPCRs are activatable
through the binding of agonists or antibody in the extracel-
lular and transmembrane domains or enhanced G-protein

Changes in the number and nature of the contacts governingoinding in the cytoplasmic domairi{6, 27—30). On the

the basal activation in different mutations cannot be precisely

basis of these types of observations, it has been suggested

measured. Thus, mutations are not abnormalities but verythat the activation of GPCRs do not necessarily involve

likely mimic transient states of the native mechanism of
activation. The difference in the basal activation from the
smallest (GIy) to the largest (Ty#) residue examined was
40% of the maximal achievable activation using [$ang

Il.

unlocking of key residues by agonists but depends on
unconstraining the intramolecular interactions that normally
dictate inactive conformation. Since only partial activation
is achieved by antibody binding or activating mutations or
G proteins, the spontaneous conversion from R to R* states
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by these mechanisms in vivo must be insufficient to cause 2.
function and related pathophysiology. Receptor activation
by native hormones and full agonists perhaps not only
disrupts the R state but also initiates and promotes sharp 4
transition to the R* state through coordinated movement of
helices and loops, to provide newly formed binding sites for 5.
G proteins. Inevitably, the chemistry responsible for trig- 6
gering the function involves disruption of intramolecular
bonds within receptor and formation of transient bonds with
the agonist. For example, in the light transducing rhodopsin, 8
activation depends on deprotonation of the Schiff's base
followed by disruption of a salt bridge with Git¥ (1, 4). In
adrenergic receptors the capture of the acidic counterion
(Asp*3in the 8 adrenergic receptor) by the basic amine group
of agonists is crucialg, 23. 10.
Unlike these electrostatically regulated systems, in the AT
receptor, the Ash! is considered as an “agonist-switch-
binding” residue because it functionally interacts with the
Tyr* agonist group of Ang Il, for the purpose of discrimina-
tion from those residues that are important for agonist binding 12.
but not critical for receptor activatioi8—16). Our results
here show that the activation of the ATeceptor from 13.
mutagenesis of residues not directly involved in agonist
interaction is because of the displacement of the agonist- 14
switch-binding residue that normally controls the switching
between R, R and R* states. This indicates that receptor 15.
tertiary structure and the putative agonist-switch-binding 16
residues mutually regulate each other through a conforma- =
tional coupling mechanisn8(Q). Ang lI-mediated activation 17
of the AT; receptor must involve destabilization of Agh
directly by the hormonel5). The finding that the Ash?
— Phé!! mutation in CR18 can recapitulate the trilogy of
effects observed with the Asn side chain in the wild-type
receptor, that is, maximal signal amplification between 19
receptor “off” and “on” states, minimal noise when the
receptor is in the “off’ state, and enhanced specificity 20.
provided by Tyf-dependent switching underscores the
: . . 21.
importance of the side chain surface area, rather than the 55
hydrogen-bonding potential, as the key structural feature of
this switch residue. The discovery that the side chain surface 23.
area is the critical determinant of a switch residue responsible
for receptor activation is unique, but likely to be a general
paradigm in several GPCRs, which is worth exploring. We
believe our study is important, generally to GPCR mecha- 25,
nism, because it challenges the view that the agonist pocket
“does not matter” in the exploration of receptor activation 26
mechanisms31). Furthermore, it suggests that drug devel-
opment efforts should target agonist-switch-binding residues 5.
far more than currently believed.
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