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ABSTRACT

The role of transmembrane domain six (TMD6) of the angioten-
sin Il type 1 receptor, which is predicted to undergo conforma-
tional changes after agonist binding, was investigated using the
substituted-cysteine accessibility method. Each residue in the
Lys240-Leu265 fragment was mutated, one at a time, to a
cysteine. The resulting mutants were expressed in COS-7 cells,
which were subsequently treated with the charged sulfhydryl-
specific alkylating agent methanethiosulfonate-ethylammonium
(MTSEA). This treatment led to a significant reduction in binding
of 25|-[Sar",lle®]Angll to the F249C, H256C, T260C, and V264C
mutant receptors, suggesting that these residues orient them-
selves within the water-accessible binding pocket of the AT,
receptor. It is noteworthy that this pattern of acquired MTSEA

sensitivity was altered for TMD6 cysteines engineered in a
constitutively active AT, receptor. Indeed, mutant F249C was
insensitive to MTSEA treatment, whereas the sensitivity of mu-
tant V264C decreased. Under these conditions, one other mu-
tant, F261C, was found to be sensitive to MTSEA treatment.
Our results suggest that constitutive activation of the AT, re-
ceptor causes TMDG6 to pivot. This movement moves the top
(extracellular side) of TMD6 toward the binding pocket and
simultaneously distances the bottom (intracellular side) away
from the binding pocket. Using this approach, we identified key
elements within TMDG6 that contribute to the activation of class
A GPCRs through structural rearrangements.

The octapeptide hormone angiotensin II (AngllI) is the ac-
tive component of the renin-angiotensin system. It exerts a
wide variety of physiological effects, including vascular con-
traction, aldosterone secretion, neuronal activation, and car-
diovascular cell growth and proliferation (de Gasparo et al.,
2000). Many of the known physiological effects of AnglII are
produced through the activation of the AT, receptor, which
belongs to the G protein-coupled receptor superfamily
(Burnier, 2001; Miura et al., 2003).

Like other GPCRs, the AT, receptor undergoes spontane-
ous isomerization between its inactive state (favored in the
absence of agonist) and its active state (induced or stabilized
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by the agonist) (Gether and Kobilka, 1998). Movement of
TMD helices through translational or rotational displace-
ment is believed to be essential to achieve the active state
(Dunham and Farrens, 1999; Rasmussen et al., 1999; Gha-
nouni et al., 2001). For the AT, receptor, it has been proposed
that TMD3, TMD5, TMD6, and TMD7 participate in the
activation process by providing a network of interactions
through the Angll-binding pocket (Inoue et al., 1997). The
dynamics of this network are thought to be modified by
agonist binding, which forces the receptor to either form or
abolish interactions within the TMDs.

The substituted-cysteine accessibility method (SCAM)
(Akabas et al., 1992; Javitch et al., 1994, 2002) is an inge-
nious approach for systematically identifying residues in a
TMD that contribute to the binding-site pocket of a G pro-
tein-coupled receptor. Consecutive residues within TMDs are
mutated to cysteine, one at a time, and the mutant receptors
are expressed in heterologous cells. If ligand binding to a
cysteine-substituted mutant is unchanged compared with

ABBREVIATIONS: Angll, angiotensin Il; AT, receptor, angiotensin Il type-1 receptor; TMD, transmembrane domain; SCAM, substituted-cysteine
accessibility method; MTSEA, methanethiosulfonate-ethylammonium; PCR, polymerase chain reaction; DMEM, Dulbecco’s modified Eagle’s
medium; PBS, phosphate-buffered saline; MPA, methionine proximity assay; IP, inositol phosphate.
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the wild-type receptor, it is assumed that the structure of the
mutant receptor, especially around the binding site, is simi-
lar to that of wild-type and therefore that the substituted
cysteine lies in an orientation similar to that of the wild-type
residue. In TMDs, the sulfhydryl of a cysteine oriented to-
ward the binding-site pocket should react more quickly with
a positively charged sulfhydryl reagent such as methaneth-
iosulfonate-ethylammonium (MTSEA) than sulfhydryls fac-
ing the interior of the protein or the lipid bilayer.

Two criteria are used to determine whether engineered
cysteines are positioned at the surface of the binding-site
pocket: 1) the reaction with MTSEA alters binding irrevers-
ibly and 2) the reaction is retarded by the presence of ligand.
We previously used this approach to identify residues in
TMD7 and TMDS3 that line the surface of the binding-site
pocket in the wild-type AT, receptor and in the constitutively
active N111G-AT; receptor (Boucard et al., 2003; Martin et
al., 2004). It had been demonstrated that substitution of
Asnl11 for a residue of smaller size (Ala or Gly) confers
constitutive activity on the AT, receptor, thereby establish-
ing a reliable model of a receptor in an active state (Balm-
forth et al., 1997; Groblewski et al., 1997; Feng et al., 1998).
Here, we report the application of SCAM to probe TMD6 in
the wild-type receptor and in a constitutively active AT,
receptor.

Materials and Methods

Materials. Bovine serum albumin, bacitracin, and soybean trypsin
inhibitor were from Sigma Chemical Co. (St. Louis, MO). The sulfhy-
dryl-specific alkylating reagent MTSEA (CH,;SO,-SCH,CH,NH, ") was
from Toronto Research Chemicals, Inc. (Toronto, ON, Canada). The
c¢DNA clone for the human AT, receptor subcloned in the mammalian
expression vector pcDNA3 was kindly provided by Dr. Sylvain
Meloche (Université de Montréal, Montréal, QC, Canada). Lipofect-
Amine2000 and culture media were from Invitrogen (Carlsbad, CA).
1251 [Sar?,I1e®] AnglI (specific radioactivity, ~1500 Ci/mmol) was pre-
pared using Iodo-GEN (Perbio Science, Erembodegem, Belgium) ac-
cording to the method of Fraker and Speck (1978) and as reported
previously (Guillemette and Escher, 1983).

Numbering of Residues in TMDG6. Residues in TMD6 of the
human AT, receptor were given two numbering schemes. First,
residues were numbered according to their positions in the human
AT, receptor sequence. Second, residues were also indexed according
to their positions relative to the most conserved residue in the TMD
in which they are located (Ballesteros and Weinstein, 1995). By
definition, the most conserved residue was assigned index position
“50.” For example, in TMDG6, Pro255 is the most conserved residue
and was designated Pro255¢-59; 11e254¢4® and His256¢-%V are the
adjacent N- and C-terminal residues, respectively, of Pro255¢59,
This indexing scheme simplifies the identification of aligned residues
in different GPCRs of the same class.

Oligodeoxynucleotide Site-Directed Mutagenesis. Site-di-
rected mutagenesis was performed on the wild-type AT, receptor
using the overlap PCR method (Expand High-Fidelity PCR System;
Roche Diagnostics, Laval, QC, Canada). In brief, forward and reverse
oligonucleotides were constructed to introduce cysteine mutations
between Lys240¢-3® and Leu265-¢”. PCR products were subcloned
into the HindIII-Xbal sites of the mammalian expression vector
pcDNAS3.1. Site-directed mutations were then confirmed by auto-
mated DNA sequencing by aligning the AT, sequence with multiAlin
(Corpet, 1988).

Cell Culture and Transfections. COS-7 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 2 mM L-
glutamine and 10% (v/v) fetal bovine serum. The cells were seeded
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into 100-mm culture dishes at a density of 2 X 10° cells/dish. When
cells were at ~90% confluence, they were transfected with 4 pg of
plasmid DNA and 15 ul of LipofectAmine2000. After 24 h, trans-
fected cells were trypsinized, distributed into 12-well plates, and
grown for an additional 24 h in complete DMEM containing 100
IU/ml penicillin and 100 pg/ml streptomycin before MTSEA treat-
ment and binding assay were performed.

Binding Experiments COS-7 cells were grown for 36 h after
transfection in 100-mm culture dishes, washed once with phosphate-
buffered saline (PBS), and subjected to one freeze-thaw cycle. Broken
cells were then gently scraped into washing buffer (25 mM Tris-HCI,
pH 7.4, 100 mM NaCl, 5 mM MgCl,), centrifuged at 2500 g for 15 min
at 4°C, and resuspended in binding buffer (25 mM Tris-HCIL, pH 7.4,
100 mM NaCl, 5 mM MgCl,, 0.1% BSA, 0.01% bacitracin, 0.01%
soybean trypsin inhibitor). Saturation binding experiments were
done by incubating broken cells (20—40 ug of protein) for 1 h at room
temperature with increasing concentrations of 12°I-[Sar?,Ile®]AngIl
in a final volume of 500 ul. Nonspecific binding was determined in
the presence of 1 uM unlabeled [Sar!,1le®]AngIl. Bound radioactivity
was separated from free ligand by filtration through GF/C filters
presoaked for at least 3 h in binding buffer. Receptor-bound radio-
activity was evaluated by y counting.

Intracellular IP Accumulation Measurement. Inositol phos-
phate accumulation was determined as described previously (Lanc-
tot et al., 1999). In brief, basal production of inositol phosphates was
measured after this modification: COS-7 cells were seeded in six-well
plates, transfected, and labeled for 16 h in serum-free, inositol free
M199 containing 10 wCi/ml [myo-3Hlinositol (GE Healthcare, Chal-
font St. Giles, Buckinghamshire, UK). Cells were washed twice with
PBS/0.1%(w/v) dextrose and then incubated in stimulation buffer
(DMEM containing 25 mM HEPES, 10 mM LiCl, and 0.1% BSA, pH
7.4) for 10 min at 37°C. Incubations were terminated by the addition
of ice-cold perchloric acid [final concentration, 5% (v/v)]l. Water-
soluble inositol phosphates were then extracted with an equal vol-
ume of a 1:1 (v/v) mixture of 1,1,2-trichlorotrifluoroethane and tri-
N-octylamine. The samples were mixed vigorously and centrifuged
at 2500g for 30 min. The upper phase containing inositol phosphates
was applied to an AG1-X8 resin column (Bio-Rad Laboratories, Her-
cules, CA). Inositol phosphates were eluted sequentially by the ad-
dition of an ammonium formate/formic acid solution of increasing
ionic strength. Fractions containing inositol phosphates were col-
lected and measured in a liquid scintillation counter.

Treatment with MTSEA. The MTSEA treatment was performed
according to the procedure of Javitch et al. (1994), with minor mod-
ifications. Two days after transfection, the cells, which were grown in
12-well plates, were washed with PBS and incubated for 3 min at
room temperature with freshly prepared MTSEA at the desired
concentrations (typically from 0.5 to 6 mM) in a final volume of 0.2
ml. The reaction was stopped by washing the cells with ice-cold PBS.
Intact cells were then incubated in binding medium (DMEM, 25 mM
HEPES, pH 7.4, and 0.1% BSA) containing 0.05 nM !2°1
[Sar!,Ile®]AngII for 90 min at room temperature. After washing with
ice-cold PBS, the cells were lysed with 0.1 N NaOH and radioactivity
was evaluated by gamma counting. The percentage of fractional
binding inhibition was calculated as [1 — (specific binding after
MTSEA treatment/specific binding without treatment)] X 100.

Protection against MTSEA by [Sar’,Ile®]JAngIlI. Transfected
cells grown in 12-well plates were washed once with PBS and incu-
bated in the presence or absence of 100 nM [Sar?,Ile®]AngII for 1 h at
16°C (to avoid internalization of receptors). The cells were washed to
remove excess ligand and then treated with MTSEA. The cells were
washed three times with ice-cold PBS and once with an acidic buffer
(150 mM NaCl and 50 mM acetic acid, pH 3.0) to dissociate bound
ligand. They were then incubated for 3 h at 16°C in binding medium
(DMEM, 25 mM HEPES, pH 7.4, and 0.1% BSA) containing 0.05 nM
1251 [Sar!,Ile®]AngIl. The percentage of protection was calculated as
[(inhibition in the absence of [Sar!,Ile®]AngII) — (inhibition in the
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presence of [Sar! Ile®]Angll)/(inhibition
[Sar!,Ile®]AngII)] X 100.

Data Analysis. Results are presented as means *= S.D. Binding
data (B,,., and K;) were analyzed with Prism version 4.0 for Win-
dows (GraphPad Software, San Diego CA), using a one-site binding
hyperbola nonlinear regression analysis.

in the absence of

Results

Binding Properties of Mutant Receptors Bearing
Cysteines in TMDG. To identify the residues in TMD6 that
face the binding-site pocket of the AT, receptor, we mutated
26 consecutive residues between Lys240©3® and
Leu265? to cysteine, one at a time (Fig. 1). Each mutant
receptor was transiently expressed in COS-7 cells. To assess
the conservation of the global conformation of these receptors
after the substitutions, pharmacological parameters describ-
ing the equilibrium binding of the radiolabeled competitive
ligand *2°I-[Sar’,Ile®]Angll such as K, and B, ., were deter-
mined (Table 1 and Fig. 2). All mutant AT, receptors exhib-
ited high binding affinity for 2°I-[Sar®,Ile®]AngII (similar to
that of the wild-type AT; receptor) except for mutants
P255C©5% and D263C%->®, which demonstrated no detect-
able binding activity and were not used for the SCAM anal-
ysis. B, values for all detectable receptors ranged from 577
to 2630 fmol/mg.

Effect of Extracellularly Added MTSEA on the Bind-
ing Properties of Mutant Receptors. To verify whether
the reporter cysteines introduced into TMD6 were oriented
toward the binding pocket, mutant receptors were treated
with concentrations of MTSEA varying between 0.5 and 6
mM. We had previously verified whether the wild-type AT,
receptor, which contains 10 endogenous cysteines (Fig. 1),
was sensitive to the MTSEA treatment and found that the
various concentrations of MTSEA had very little effect (no
more than a 25% reduction at high MTSEA concentrations)
on the binding properties of the wild-type AT, receptor, in-
dicating that the endogenous cysteines made a relatively
small contribution to the binding-site pocket (Boucard et al.,
2003).

When the AT, mutant receptors were treated with the
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alkylating agent, we found that a 3-min treatment with 2
mM MTSEA (Fig. 3) strongly inhibited the binding of
F249C¢4% (binding inhibition of 51%), H256C¢-*" (binding
inhibition of 56%), T260C%*® (binding inhibition of 37%),
and V264C®©*? (binding inhibition of 67%). This binding
inhibition was also observed at a lower concentration of MT-
SEA (0.5 mM). The mutant receptor A244C‘¢-3® was rela-
tively insensitive to a treatment with 0.5 mM MTSEA, but its
binding activity was slightly lower after a treatment with 2
mM MTSEA. The binding of all other mutant receptors was
not significantly affected by MTSEA treatment. Overall, the
most reactive cysteines were those substituted for
Phe249¢4% His256¢-5Y Thr260°-°®, and Val2646->9,

Altered Accessibility to TMDG6 Reporter Cysteines in
the Constitutively Active N111G-AT,; Receptor. We
made use of the constitutively active N111G-AT; receptor to
assess and map the potentially altered accessibility of MT-
SEA to the engineered cysteines. We first determined the
pharmacological properties of the 26 cysteine-substituted
mutant receptors. Within the N111G-AT, receptor back-
ground, 24 cysteine-substituted mutants conserved a high
binding affinity for the competitive ligand '2°I-
[Sar! Ile®]Angll (Table 2 and Fig. 1), whereas one mutant
(F249C¢4Y.N111G-AT,) displayed a moderate 4-fold de-
crease in binding affinity. The P255C¢-*?-N111G-AT, recep-
tor showed no detectable binding activity and was not used
for the SCAM analysis. It is noteworthy, however, that the
D263C®-5® mutation, which exhibited a dramatic loss of
binding in the wild-type receptor background, maintained its
binding affinity when engineered in the N111G-AT, receptor
background. B, ., values for all detectable receptors ranged
from 251 to 1350 fmol/mg (Table 2).

Figure 4 shows that, like the wild-type receptor, the
N111G-AT; receptor was relatively insensitive to a 3-min
treatment ranging from 0.5 to 2 mM MTSEA, again indicat-
ing the relatively low contribution of the endogenous cys-
teines in the binding-site pocket. Cysteine-substituted
N111G-AT, receptor mutants were treated with increasing
concentrations of MTSEA, and their binding properties were
assessed with 2°I-[Sar’,Ile®]Angll. Figure 4 summarizes the

Fig. 1. Schematic representation of
the human AT, receptor. The num-
bers indicate the positions of cysteines
and other residues in the receptor.
The gray circles represent cysteines
that are thought to be linked via di-
sulfide bridges, and the black circles
represent cysteines whose side chains
do not form a disulfide bridge. Mu-
tated TMD6 residues are located be-
tween Lys?*° and Leu?®® inclusively.
Asn-glycosylation sites (Asn*, Asn'"6,
Asn'®®) are indicated. Asn*'* in TMD3
is also shown in gray.
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effect of the MTSEA treatment on the cysteine-substituted
N111G-AT, receptor mutants. As observed in the wild-type
background, 0.5 mM MTSEA decreased the binding activity
of the H256C®V-N111G-AT, mutant by 51%, the
T260C¢*>-N111G-AT; mutant by 29%, and the V264C6-59-
N111G-AT; mutant by 23%. It is noteworthy that the
W253C©4® and F261C*©->® mutants, which were insensitive
to MTSEA in the wild-type background, had reduced binding
activity (32 and 27%, respectively) in the N111G-AT, back-
ground after a treatment with 2 mM MTSEA. On the other
hand, F249C¢4Y.N111G-AT,, which exhibited a significant
reduction in binding in the wild-type background, was insen-
sitive to MTSEA in the N111G-AT,; background. Finally,
V264C¢*9_N111G-AT,, which also exhibited a significant
reduction in binding in the wild-type background (64%),
had its binding inhibited by 23% when treated with 2 mM
MTSEA.

Protection against MTSEA by a Pretreatment with
[Sar!,Ile®]AngIl. To confirm that reporter cysteines acces-
sible to MTSEA were indeed located within the binding
pocket, receptor mutants were incubated with the competi-
tive ligand [Sar’,Ile®]AngIl before MTSEA treatment. The
cells were then washed with an acid buffer to dissociate the
bound ligand, and the various receptors were assayed for
binding with the radiolabeled competitive ligand. Figure 5
shows how a preincubation with the ligand protected mutant
receptors F249C©4, H256C6-5V T260C¢5>, V264C 659,
N111G-H256C%*Y and N111G-T260C‘®*® from the inhibi-
tory effect of MTSEA, with protection levels ranging from
35% to 79%.

Functional Properties of Wild-Type, N111G, and MT-
SEA-Sensitive Mutant Receptors. The functional proper-
ties of wild-type, N111G, and mutant AT, receptors were

TABLE 1

Binding properties of cysteine-substituted mutant hAT,; receptors

Cells transfected with the appropriate receptor were assayed as described under
Materials and Methods. Binding affinities (K43) and maximal binding capacities
(Bmax) are expressed as the means *= S.D. of values obtained in n independent
experiments performed in duplicate. Mutants D263C and P255C demonstrated no
detectable binding.

Ky Brax n

nM fmol/mg
WT 1.1+x04 1643 = 1075 6
L265C 0.6 =0.2 1233 *= 457 3
V264C 0.8 +0.2 983 *+ 329 3
L262C 1.1+04 2630 = 1151 3
F261C 1.0 £0.8 923 * 587 3
T260C 1.1 +0.1 780 £ 79 3
F259C 0.8+0.3 1553 *= 46 3
1258C 0.8 +0.2 2457 *+ 284 3
Q257C 34 *+13 903 = 252 3
H256C 1.1 +0.2 1967 = 72 3
1254C 0.7*+0.2 1657 = 520 3
W253C 1.4 +0.3 1120 = 825 3
S252C 1.0 £ 0.5 1217 = 878 3
F251C 0.8 =05 1100 = 377 3
F250C 1.0 £ 0.3 1317 = 488 3
F249C 1.6 = 0.3 837 = 205 3
F248C 1.0 £ 0.3 767 + 238 3
L247C 0.8*+0.2 620 = 365 3
V246C 09 +0.1 577 = 248 3
1245C 0.9 +0.2 1503 = 540 3
A244C 0.6 =0.2 790 = 516 3
M243C 0.7+ 0.2 1200 = 576 3
1242C 05=*0.1 1293 = 539 3
1241C 0.7+ 0.2 1240 = 519 3
K240C 0.7+ 0.1 1440 = 357 3

Movement of TMD6 upon AT, Receptor Activation 185

evaluated by assessing the basal production of IPs in tran-
siently transfected COS-7 cells. Figure 6 shows the relative
amounts of IPs accumulated under basal conditions (white
columns). The basal level of IPs found in cells expressing the
cysteine mutant receptors in the wild-type background was
as low as that found in cells expressing the wild-type recep-
tor. The basal level of IPs found in cells expressing the
cysteine mutants in the N111G background was higher than
that found in cells expressing the wild-type AT, receptor,
thereby demonstrating the constitutive activity of all recep-
tors harboring both cysteine and N111G mutations. These
results clearly show that cysteine mutations within TMD6 do
not compromise the functional integrity of either the ground
state AT, receptor or the constitutively active N111G-AT,
receptor.

Discussion

The rationale of this study, which relied on SCAM analy-
sis, was to gain an insight into the orientation of TMDG6 of the
AT, receptor by identifying the residues accessible to MTSEA
within the binding site pocket. Mapping these residues in the
ground state receptor and the constitutively active N111G
background allowed us to measure relative changes in the
position of certain residues, thus providing valuable informa-
tion with which to infer a structural change underlying AT,
receptor activation. It is important to mention that the
[Sar’,Ile®]AngII used in our study is an antagonist on the
wild-type AT, receptor. We (Clément et al., 2006) and others

£ = WT
g v 264C
;auuu « 247C
£ s 241C
2 40004
K]
o
’gzooo—
3
t:l L) L L) L]
(] 2 4 6 8
Ligand concentration (nM)
12000~
z = N111G
& 10000 + N111G-V284C
o 8000- = [v N111G-L247C
£ + N111G1241C
£ 6000-
o y
O 4000+
— r
2000+ :
&

0 2 4 6
Ligand concentration (nM)

co -

Fig. 2. Binding properties of AT, cys-mutant and AT;-N111G cys-mutant
receptors. Mutant receptors were expressed in COS-7 cells, and their
binding properties were determined by saturation binding experiments
as indicated under Materials and Methods. The results are representa-
tive of three independent experiments, the mean + S.D. values of which
are reported in Tables 1 and 2.
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(Le et al., 2003; Ellis et al., 2006) have demonstrated that
[Sar! Ile®]Angll is a full agonist on the constitutively active
N111G AT, receptor. Thus, [Sar',Ile®]AngII does not act as
inverse agonist (as do many antagonists on their cognate
receptor) on the N111G AT, receptor but would rather act to
maintain the receptor in its active state, thereby justifying
its use herein.

As reported previously, the insensitivity of the wild-type
receptor to MTSEA suggests either that endogenous cys-
teines are not alkylated by MTSEA or that their alkylation
does not affect the binding of the ligand (Boucard et al.,
2003). Our approach of adding the MTSEA reagent to whole
adherent cells expressing the AT, receptor essentially ex-
posed only the extracellular ligand-accessible side of the re-
ceptor to MTSEA. The robustly sensitive residues that we
identified with the SCAM approach lie in the middle
[H256C¢-°Y,  T260C¢*>] to top portion of TMD6
(V264C659) (Fig. 2). In addition, TMD6 possesses one ro-
bustly sensitive residue [Phe249¢4#] that is located in the
middle of the TMD but more proximal to the cytoplasmic
side.

The sensitivity of residue Val264*® to MTSEA would
delineate the top of the binding pocket, whereas residue
Phe249¢4® would delineate the bottom of the water-acces-
sible binding pocket of the AT, receptor. Along with these
residues, two other residues, His256-°Y and Thr260©->,
would lie on the same «-helix face in the ground state of the
receptor, with appreciable exposure to a potential hydrophilic

MTSEA (0,5 miVl) MTSEA (2 miV)
L285C L265C
V264C V284C
L262C L262C
F261C F261C
T2s0C T260C
F288C o F26eC
1288C | 4] 1258C
Qzs7c e Qzs7c
H2866C I H256C
1254C (4 1264C
W253C M Wz2s3C
5252C — 5252C
F261C - F261C
F250C B F260C
F243C = F2490
F248C 1 F248C
L247C - L247C
V246C T~ V246C
1245C ™ 1245C
A244C —H A244C
M243C e M243C
1242C - 1242C -_—
1241C h— E 1241C —h .
K240C - K240C —H E
wr wr

20 0 20 40 60 80 100 20 0 20 40 60 80 100

Binding inhibition (%) Binding inhibition (%)
Fig. 3. Effects of MTSEA on AT, receptor mutants bearing a reporter
cysteine in TMDG. Intact COS-7 cells transiently expressing wild-type or
mutant AT, receptors were incubated for 3 min at room temperature with
freshly prepared 0.5 mM MTSEA (A) or 2 mM MTSEA (B). The intact
cells were then incubated for 90 min at room temperature with 0.05 nM
125T_[Sar?,I1e®]Angll. The percentage of binding inhibition was calculated
as indicated under Materials and Methods. The vertical line represents
an arbitrary threshold used to identify cysteine-sensitive mutants and
was set at a value corresponding to binding inhibition 20% greater than
that of the wild-type AT, receptor. The white bars indicate mutant
receptors for which binding activities were not appreciably reduced com-
pared with the wild-type receptor after treatment with MTSEA. The
black bars indicate mutant receptors for which binding activities were
reduced after treatment with MTSEA. The gray bar represents a mutant
that exhibited an odd sensitivity to MTSEA. Each bar represents the
mean * S.D. of data from at least three independent experiments.

pocket. Alkylation with MTSEA would hamper the binding of
the ligand in a mechanism involving steric hindrance, elec-
trostatic repulsion, or indirect interaction. Furthermore, it is
assumed that water-accessible residues are located in the
binding site pocket if a competitive ligand protects them from
the effect of MTSEA. The competitive ligand [Sar',Ile®]AngII
protected all the residues tested in the protection assay, thus
supporting the notion that these specific residues within
TMD6 are located in the binding pocket. Although the
A244C®-3% mutant did show sensitivity, we did not consider
this residue to be in the binding pocket because 1) it was at
the limit of detectability only at 2 mM MTSEA in our assay
conditions and 2) it is not on the same helical face as the
other positive residues discussed above.

Our finding that these residues were located in the binding
pocket of the AT, receptor is in accordance with the current
models proposed for bovine rhodopsin (Palczewski et al.,
2000) and the dopamine D2 receptor (Javitch et al., 1998) and
with our recent methionine proximity assay (MPA) study of
the AT, receptor (Clément et al., 2005). Indeed, residues
Phe261¢4% Trp265©4® and Tyr268*Y are thought to be
contact points with retinal in the crystal structure of bovine
rhodopsin (Palczewski et al., 2000), whereas the SCAM ap-
proach was used to show that residues Phe382(¢4%
Trp386©-4®, Phe389¢-5V His393¢-*®, and 11e397-5% are lo-
cated in the binding pocket of dopamine D2 receptor (Javitch
et al., 1998). Moreover, using another approach (MPA), we
identified several residues in TMDG6 [positions Phe249'6-4%
Trp253¢4® | His256°-°Y, and Thr260°-°®] that react with
the carboxyl terminus of the photoreactive ligand. These
studies showed that position 6.48, a well conserved trypto-

TABLE 2

Binding properties of cysteine-substituted mutant hAT; receptors
bearing the Asn'''Gly mutation

Cells transfected with the appropriate receptor were assayed as described under
Materials and Methods. Binding affinities (K3) and maximal binding capacities
(Bhay) are expressed as the means *= S.D. of values obtained in n independent
experiments performed in duplicate. Mutant N111G-P255C demonstrated no detect-
able binding.

Ky Brax n

nM fmol/mg
N111G 1.0 £ 0.4 1100 = 682 4
L265C 0.8+ 0.5 389 = 417 3
V264C 1.9 = 0.7 1179 = 791 3
D263C 09 +0.3 251 = 197 3
L262C 1.1+0.1 735 £ 522 3
F261C 1.0 £ 0.3 894 + 385 3
T260C 1.7+ 0.7 1265 = 918 3
F259C 04 *=0.1 805 = 983 3
1258C 0.7+ 0.1 489 *+ 460 3
Q257C 23 *13 451 = 404 3
H256C 1.0 £ 0.3 574 + 400 3
1254C 04 *=0.1 688 = 438 3
W253C 0.8+0.1 588 = 376 3
S252C 0.6 0.2 1175 = 1098 3
F251C 09 =05 704 * 499 3
F250C 1.8 £0.6 661 = 375 4
F249C 39*+12 744 + 517 4
F248C 0.3 +0.0 1513 = 892 3
L.247C 0.7*+0.2 968 = 502 3
V246C 0.7+ 0.1 1001 = 571 3
1245C 1.3+0.2 1076 = 256 3
A244C 1.2 +0.3 1201 = 893 3
M243C 1.0 £ 0.2 1346 = 638 3
1242C 1.0 0.1 1161 = 306 3
1241C 1.1+ 0.6 951 = 371 3
K240C 1.1+0.3 1122 *= 653 3
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Fig. 4. Effect of MTSEA on N111G-AT; receptor mutants bearing a
reporter cysteine in TMD6. Intact COS-7 cells transiently expressing the
mutant N111G-AT, receptors were incubated for 3 min at room temper-
ature with freshly prepared 0.5 mM MTSEA (A) or 2 mM MTSEA (B). The
intact cells were then incubated for 90 min at room temperature with 0.05
nM '2°I-[Sar! Ile®]AngIl. The percentage of binding inhibition was calcu-
lated as indicated under Materials and Methods. The vertical line repre-
sents an arbitrary threshold used to identify cysteine-sensitive mutants.
It was set at a value corresponding to binding inhibition 20% greater than
that of the N111G-AT, receptor. The white bars indicate mutant recep-
tors for which binding activities were not appreciably reduced compared
with that of the N111G-AT), receptor after treatment with MTSEA. The
black bars indicate mutant receptors for which binding activities were
reduced after treatment with MTSEA. Each bar represents the mean =
S.D. of data from at least three independent experiments.

100+

Protection (%)

@0

o
'\0 ’\0
,\\ ,\’\
A3 <
Fig. 5. [Sar!,Ile®]AnglII protection of MTSEA-sensitive receptor mutants.
Intact COS-7 cells transiently expressing the indicated MTSEA-sensitive
mutant AT; receptors were preincubated for 1 h at 16°C in the absence or
presence of 100 nM [Sar?,Ile®] AngIl. The cells were then incubated for 3 min
at 16°C in the continued absence or presence of [Sar*,Ile¥] AnglI with optimal
MTSEA concentrations to achieve maximal binding inhibition of each recep-
tor. The MTSEA concentrations were as follows: 0.5 mM for F249C-AT,,
H256C-AT,, T260C-AT,, V264C-AT,, H256C-N111G-AT,, and T260C-
N111G-AT,. The cells were then washed with ice-cold PBS and incubated for
3 h at 16°C with 0.05 nM '?°I-[Sar?,Ile®] Angll. Protection was calculated as
described under Materials and Methods. Each bar represents the mean +
S.D. of data from at least three independent experiments.
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phan residue found in many (40%; see Table 3) class A
receptors, is located in the binding pocket. The present
SCAM study identified Trp253¢-4® in the N111G-AT, recep-
tor background but not in the ground state, which may be
explained by the toggle switch mechanism (see below). In
light of these results, the orientation of conserved positions
within the ligand-binding pocket may be a common feature of
TMD6 of class A GPCRs.

To further investigate the mechanism by which the AT,

IP Production (cpm)

1258C
T260C
Mock
N111G

N111G-F249C

WT
F249C
N111G-W253C

W253C
H256C

F261C

V264C
N111G-H256C
N111G-1258C

N111G-T260C

N111G-F261C
N111G-V264C

Fig. 6. Basal level of IPs in cells expressing the wild type and mutant AT,
receptors. Transfected COS-7 cells were loaded for 16 to 24 h with 10
wCi/ml [myo-*H]-inositol in inositol-free M199 medium. IP levels (sum of
inositol bisphosphate, inositol trisphosphate, and inositol tetrakisphos-
phate) were determined as described under Materials and Methods.
These results represent the means *= SDs of one experiment (done in
triplicate with comparable results) where IP production was normalized.

TABLE 3
Homology of the TMD6 AT, side chain among rhodopsin-like GPCRs

The frequency of the side chains in this TMD was compared with all receptors in the
rhodopsin family (class A) obtained from the GPCRDB information system (http:/
www.gpcr.org/7tm/).

. Frequency of Conserved Frequency of
AT, Residue chunegce Residue churregce
% %
Leu265 (6.60) 16.7
Val264 (6.59) 11.0
Asp263 (6.58) 7.2
Leu262 (6.57) 22.3
Phe261 (6.56) 10.1
Thr260 (6.55) 4.1
Phe259 (6.54) 13.1
11258 (6.53) 16.1
GIn257 (6.52) 5.4 Phe or His 25.6
His256 (6.51) 2.9 Phe or Tyr 43.1
Pro255 (6.50) 76.7
Ile254 (6.49) 9.0
Trp253 (6.48) 40.2
Ser252 (6.47) 8.7 Cys 36.8
Phe251 (6.46) 55 Leu, Ile, or Ser 48.6
Phe250 (6.45) 14.1
Phe249 (6.44) 42.7
Phe248 (6.43) 3.6 Thr, Ala, Val, 68.5
Leu, or Ile
Leu247 (6.42) 12.3
Val246 (6.41) 28.9
Ile245 (6.40) 13.1
Ala244 (6.39) 11.0
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receptor undergoes structural changes during the transition
from its inactive to its active state, we took advantage of the
constitutively active N111G-AT, receptor. It is believed that
the isomerization of conformers toward the active state,
which involves TMD movement, is stabilized by the binding
of an agonist, and may be mimicked in part by the constitu-
tively active receptor (Gether and Kobilka, 1998; Seifert and
Wenzel-Seifert, 2002). We thus verified the accessibility of
TMD6 residues to MTSEA within the structural background
of the N111G-AT; receptor. We compared the pattern ob-
tained with that of the wild-type receptor and found that the
Cys-substituted residues His256°-°Y and Thr260¢-*® main-
tained their sensitivity to MTSEA. Two additional Cys-sub-
stituted residues [Trp253¢*® and Phe261¢-5®] were found
to be sensitive to MTSEA. It is noteworthy that, in the
N111G-AT, background, the sensitivity of Phe249¢** to
MTSEA was completely abolished and the sensitivity of
Val264©-°? was greatly diminished compared with the basal
state. Thus, in the active state of the receptor, Phe249/¢-4%
which is located more toward the bottom of the TMD, would
be displaced from the binding pocket. In the protection assay
for the N111G-AT; receptor background, the competitive li-
gand [Sar! Ile®]Angll offered effective protection to the sen-
sitive mutants [His256¢-*Y and Thr260¢-°>] against the al-
kylating effect of MTSEA, suggesting that these residues are
located in the binding pocket.

The divergence in the sensitive Cys-substituted residues
between the wild-type AT, receptor and the N111G-AT; re-
ceptor (Fig. 7) suggests that the accessibility of residues in
TMD6 and their spatial proximity within the binding pocket
were altered as a result of the single substitution of Asn111
for Gly in TMD3. Our results point to a significant structural

change during the process of activation of the receptor. Be-
cause His256°Y and Thr260°-°>, which are located in the
middle of the TMD, were still MTSEA-sensitive in the N111G
background, we may have expected that Trp253, which is
located on the same helical face, would become MTSEA-
sensitive in the constitutive receptor background, as dis-
cussed above. Using MPA, we had previously identified
Trp253©4® in the binding pocket of the basal state of the
receptor (Clément et al., 2005). Here, the gain in sensitivity
to MTSEA of Trp253©*® could be explained by the rotamer
toggle switch mechanism previously reported for rhodopsin
(Lin and Sakmar, 1996; Schwartz et al., 2006; Smit et al.,
2007) and the B2-adrenergic receptor (Shi et al., 2002). In
rhodopsin, this conserved residue, which is found in numer-
ous class A GPCRs, undergoes a conformational transition
when the receptor goes from the ground state to the active
state. This is due to a disruption of hydrogen bond networks
formed through Asp@®?®, Asn“*®, and water molecules,
which shifts the orientation of Trp253©+® from pointing
toward TMD7 to pointing toward TMD5 upon receptor acti-
vation (Ruprecht et al., 2004). Thus, the nonreactivity of
W253C in the basal state could be due to similar intramolec-
ular interactions of the introduced cysteine with residues of
other TMDs, rendering it inaccessible to MTSEA, whereas in
the N111G constitutively active receptor background, reori-
entation of the side chain of this residue would make it more
susceptible to alkylation by MTSEA.

We therefore propose that the middle portion of TMD6 does
not move extensively during the activation of the AT; recep-
tor. In the N111G-mutant background, F261C*®, which is
near the top of TMDG6, became MTSEA-sensitive. This resi-
due is located at the periphery of the helical face formed by

Fig. 7. A and B, helical wheel representation of TMD6 reporter cysteines and their pattern of reactivity to MTSEA. Positions in TMD6 of
MTSEA-alkylated cysteines affecting ligand binding are shown in a helical wheel representation viewed from the extracellular side (A) for receptors
with no additional mutation in TMD3 and (B) for receptors in which Asn111%-*® had been mutated to Gly in addition to the reporter cysteine in TMD3.
The gray and black circles indicate mutant receptors for which binding activities were slightly reduced (gray) or significantly reduced (black) after the
treatment with MTSEA. White circles indicate those mutant receptors that had no effect on ligand binding when reacted with MTSEA or positions
that resulted in little or no detectable binding when substituted for cysteines. C, proposed structurally related activation mechanisms for AT, receptor.
Positions of TMDs as viewed from the extracellular side, based on the model described for bovine rhodopsin (Palczewski et al., 2000). Residues that
were sensitive to MTSEA treatment in TMDs 3, 6, and 7 are indicated. The dark gray and black circles indicate mutant receptors for which binding
activities were slightly reduced (gray) or significantly reduced (black) after treatment with MTSEA. Asn'!! in TMD3 is shown in light gray. Arrows
depict the proposed movements of each TMD during the activation process. In the present study, we suggest that TMD6 undergoes a pivot movement,
bringing the top of the TMD closer to the binding crevice while the bottom part would move away from the binding crevice.
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the MTSEA-sensitive V264C©*9 T260C¢-*> H256C->V),
and F249C¢** residues identified in the ground state (see
Fig. 7). Such a gain in sensitivity may signify that, upon
activation, the top of TMD6 may rotate clockwise, thereby
enabling F261C©-°® to enter the binding pocket and be alky-
lated. The significant reduction of sensitivity of V264C¢-5® to
MTSEA in the N111G constitutively active receptor back-
ground compared with the wild-type basal state also suggests
that, although it remains in the binding pocket, both the
position/orientation of V264C¢*® and the top of TMD6
change in the activation process.

For residues located deeper in TMD6, we observed that
Phe249¢4% was highly sensitive in the ground state and
became nonsensitive in the N111G background. One possi-
bility is that along with the rotation of the top of TMDG6, the
bottom of the helix may independently undergo a pivoting
action away from the lower part of the pocket. Another sim-
pler alternative to explain our results could be that, during
the process of AT, receptor activation, TMD6 undergoes in-
tegral pivoting (without additional movements in the top or
bottom of the TMD), bringing the top of the TMD toward the
binding pocket and pushing the bottom away from the bind-
ing pocket. This straightforward pivoting movement would
expose Phe261%°® to the binding pocket and extrude
Phe249¢4% out of the binding pocket (Fig. 8). This explana-
tion would go along with the four proposed simple but varied
types of movements (pivoting, rotation, translation, piston
movement) that TMD «-helices can undergo in a lipid bilayer
(Matthews et al., 2006).

In conclusion, our data comparing the ground state to the
activated state of the AT, receptor point toward a pivoting
movement of TMDG6 that exposes Phe261¢5® and alters the

GROUND STATE ACTIVATED STATE
_‘ I_./V:{--.___f_-. . S| ch:rl. _ 3
(v I — | 1

Fig. 8. Proposed structurally related activation mechanisms for the AT,
receptor. An extracellular view of the seven TMDs of the AT, receptor
based on the model described for bovine rhodopsin (Palczewski et al.,
2000). The water-accessible crevice forming the binding pocket is sug-
gested to be located between TMDs 1, 2, 3, 5, 6, and 7. In the ground state,
constraining intramolecular interactions help maintain the receptor in a
basal state where functional coupling with the G-protein is kept to a
minimum. During the process of activation (after agonist binding), in-
tramolecular interactions are broken and the receptor goes through a
series of conformational rearrangements involving the different TMDs.
We recently provided data suggesting that TMD7 can be excluded from
the water-filled binding crevice by a translational movement (Boucard et
al., 2003) and that TMD3 rotates slightly on its axis during activation of
the AT, receptor (Martin et al., 2004). In addition, we now suggest a
pivoting movement of TMD6. Such a movement of the intracellular seg-
ment of TMD6 is functionally coupled to an opposite movement of the
extracellular segment of TMD6 (i.e., toward the ligand-binding pocket).
The white arrows indicate the inward movement of the extracellular
segments of TMDG6, and the gray arrows indicate the outward movement
of the intracellular segments of the helices.
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exposure of Val264¢5® to a water-accessible crevice. The
outward movement of the bottom of TMD6 would shift
Phe249¢4% away from the binding pocket. This movement
would contribute to the structural relaxation of the activated
receptor and would facilitate the flexibility of the third cyto-
plasmic loop, enabling binding and/or activation of the cog-
nate G protein as recently suggested for rhodopsin (Salom et
al., 2006). The pivoting movement of TMD6 upon activation
of the AT, receptor is reminiscent of the inward movement of
the extracellular segment and outward movement of the
intracellular segment of TMD6 recently observed with the
Bs-adrenergic receptor (Elling et al., 2006). This particular
movement may thus be a structural feature common to nu-
merous rhodopsin-like GPCRs.
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