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ABSTRACT 

 
The role of transmembrane domain six (TMD6) of the angiotensin II type 1 receptor, which is 

predicted to undergo conformational changes following 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 125I-[Sar1, Ile8] AngII to the F249C, H256C, T260C and V264C mutant receptors, 

suggesting that these residues orient themselves within the water-accessible binding pocket of 

the AT1 receptor. Interestingly, this pattern of acquired MTSEA sensitivity was altered for 

TMD6 cysteines engineered in a constitutively active AT1 receptor. Indeed, mutant F249C was 

insensitive to MTSEA treatment while the sensitivity of mutant V264C decreased. Under these 

conditions, one other mutant, F261C, was found to be sensitive to MTSEA treatment. Our results 

suggest that constitutive activation of the AT1 receptor causes TMD6 to pivot. This movement 

moves of the top (extracellular side) of TMD6 towards the binding pocket and simultaneously 

distancing the bottom (intracellular side) away from the binding pocket. Using this approach, we 

identified key elements within TMD6 that contribute to the activation of class A GPCRs through 

structural rearrangements. 
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INTRODUCTION 

The octapeptide hormone angiotensin II (AngII) is the active component of the renin-angiotensin 

system. It exerts a wide variety of physiological effects, including vascular contraction, 

aldosterone secretion, neuronal activation, and cardiovascular cell growth and proliferation (de 

Gasparo et al., 2000). Many of the known physiological effects of AngII are produced through 

the activation of the AT1 receptor, which belongs to the G protein-coupled receptor (GPCR) 

superfamily (Burnier, 2001; Miura et al., 2003). 

 

Like other GPCRs, the AT1 receptor undergoes spontaneous isomerization between its inactive 

state (favored in the absence of agonist) and its active state (induced or stabilized by the agonist) 

(Gether and Kobilka, 1998). Movement of TMD helices through translational or rotational 

displacement is believed to be essential to achieve the active state (Dunham and Farrens, 1999; 

Ghanouni et al., 2001; Rasmussen et al., 1999). For the AT1 receptor, it has been proposed that 

TMD3, TMD5, TMD6, and TMD7 participate in the activation process by providing a network 

of interactions through the AngII-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; 

Javitch et al., 2002) is an ingenious approach for systematically identifying residues in a TMD 

that contribute to the binding-site pocket of a GPCR. Consecutive residues within TMDs are 

mutated to cysteine, one at a time, and the mutant receptors are expressed in heterologous cells. 
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If ligand binding to a cysteine-substituted mutant is unchanged compared to the wild-type 

receptor, it is assumed that the structure of the mutant receptor, especially around the binding 

site, is similar to that of wild-type and therefore that the substituted cysteine lies in a similar 

orientation to that of the wild-type residue. In TMDs, the sulfhydryl of a cysteine oriented 

toward the binding-site pocket should react more quickly with a positively charged sulfhydryl 

reagent like methanethiosulfonate-ethylammonium (MTSEA) than sulfhydryls facing 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: (i) the reaction with MTSEA alters binding irreversibly and (ii) the 

reaction is retarded by the presence of ligand. We previously used this approach to identify 

residues in TMD7 and TMD3 that line the surface of the binding-site pocket in the wild-type 

AT1 receptor and in the constitutively active N111G-AT1 receptor (Boucard et al., 2003; Martin 

et al., 2004). It had been demonstrated that substitution of Asn111 for a residue of smaller size 

(Ala or Gly) confers constitutive activity on the AT1 receptor, thereby establishing a reliable 

model of a receptor in an active state (Balmforth et al., 1997; Feng et al., 1998; Groblewski et al., 

1997). Here, we report the application of SCAM to probe TMD6 in the wild-type receptor and in 

a constitutively active AT1 receptor. 

 

MATERIALS AND METHODS 

Materials - Bovine serum albumin, bacitracin and soybean trypsin inhibitor were from Sigma 

Chemical Co. (St.-Louis, MO, USA). The sulfhydryl-specific alkylating reagent MTSEA 

(CH3SO2-SCH2CH2NH3
+) was from Toronto Research Chemicals, Inc. (Toronto, ON, Canada). 
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The cDNA clone for the human AT1 receptor subcloned in the mammalian expression vector 

pcDNA3 was kindly provided by Dr. Sylvain Meloche (Université de Montréal). 

LipofectAmine2000 and culture media were from Life Technologies (Gaithersburg, MD, 

USA). 125I-[Sar1,Ile8]AngII (specific radioactivity ~1500 Ci/mmol) was prepared using Iodo-

GEN (Perbio Science, Erembodegem, Belgium) according to the method of Fraker and Speck 

(Fraker and Speck, 1978) and as previously reported (Guillemette and Escher, 1983).  

Numbering of residues in TMD6 - Residues in TMD6 of the human AT1 receptor were given two 

numbering schemes. First, residues were numbered according to their positions in the human 

AT1 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 TMD6, Pro255 is the most conserved residue and was designated Pro255(6.50). Ile254(6.49) and 

His256(6.51) are respectively the adjacent N-terminus and C-terminus residues of Pro255(6.50). This 

indexing scheme simplifies the identification of aligned residues in different GPCRs of the same 

class. 

Oligodeoxynucleotide site-directed mutagenesis - Site-directed mutagenesis was performed on 

the wild-type AT1 receptor using the overlap PCR method (Expand High Fidelity PCR System; 

Roche Diagnostics, Laval, QC, Canada). Briefly, forward and reverse oligonucleotides were 

constructed to introduce cysteine mutations between Lys240(6.35) and Leu265(6.60). PCR products 

were subcloned into the HindIII-XbaI sites of the mammalian expression vector pcDNA3.1. Site-

directed mutations were then confirmed by automated DNA sequencing by aligning the AT1 

sequence with multiAlin (Corpet, 1988). 
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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 into 100-mm culture dishes at a density of 2 x 106 cells/dish. When cells were at 

~90 % confluence, they were transfected with 4 µg of plasmid DNA and 15 µl of 

LipofectAmine2000. After 24 h, transfected 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 µg/ml streptomycin before MTSEA treatment and binding assay were performed. 

Binding experiments - COS-7 cells were grown for 36 h post-transfection in 100-mm culture 

dishes, washed once with PBS, and subjected to one freeze-thaw cycle. Broken cells were then 

gently scraped into washing buffer (25 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM MgCl2), 

centrifuged at 2500 g for 15 min at 4oC, and resuspended in binding buffer (25 mM Tris-HCl, pH 

7.4, 100 mM NaCl, 5 mM MgCl2, 0.1% BSA, 0.01% bacitracin, 0.01% soybean trypsin 

inhibitor). Saturation binding experiments were done by incubating broken cells (20-40 µg of 

protein) for 1 h at room temperature with increasing concentrations of 125I-[Sar1, Ile8]AngII in a 

final volume of 500 µl. Non-specific binding was determined in the presence of 1 µM unlabeled 

[Sar1, Ile8]AngII. Bound radioactivity was separated from free ligand by filtration through GF/C 

filters pre-soaked for at least 3 h in binding buffer. Receptor-bound radioactivity was evaluated 

by γ counting. 

Intracellular IP Accumulation Measurement - Inositol phosphate accumulation was determined 

as described previously (Lanctot et al., 1999). Briefly, basal production of inositol phosphates 

was measured following 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 µCi/ml myo-

[3H]inositol (Amersham Pharmacia Biotech). Cells were washed twice with PBS/0.1%(w/v) 
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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). Water-soluble inositol phosphates were 

then extracted with an equal volume of a 1:1 (v/v) mixture of 1,1,2-trichlorotrifluoroethane and 

tri-N-octylamine. The samples were mixed vigorously and centrifuged at 2500 g for 30 min. The 

upper phase containing inositol phosphates was applied to an AG1-X8 resin column (Bio-Rad). 

Inositol phosphates were eluted sequentially by the addition of an ammonium formate/formic 

acid solution of increasing ionic strength. Fractions containing inositol phosphates were collected 

and measured in a liquid scintillation counter. 

Treatment with MTSEA - The MTSEA treatment was performed according to the procedure of 

Javitch et al. (Javitch et al., 1994), with minor modifications. 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 

mM to 6 mM) in a final volume of 0.2 ml. The reaction was stopped by washing the cells with 

ice-cold phosphate-buffered saline (PBS). Intact cells were then incubated in binding medium 

(DMEM, 25 mM HEPES, pH 7.4, 0.1% BSA) containing 0.05 nM 125I [Sar1, Ile8]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 γ 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 [Sar1, Ile8]AngII - Transfected cells grown in 12-well plates were 

washed once with PBS and incubated in the presence or absence of 100 nM [Sar1, Ile8]AngII for 

1 h at 16oC (to avoid internalization of receptors). The cells were washed to remove excess 
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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, 50 mM acetic acid, pH 3.0) to dissociate bound 

ligand. They were then incubated for 3 h at 16oC in binding medium (DMEM, 25 mM HEPES, 

pH 7.4, 0.1% BSA) containing 0.05 nM 125I-[Sar1, Ile8]AngII. The percentage of protection was 

calculated as [(inhibition in the absence of [Sar1, Ile8]AngII) – (inhibition in the presence of 

[Sar1, Ile8]AngII)/(inhibition in the absence of [Sar1, Ile8]AngII)] x 100. 

Data analysis - Results are presented as means ± SD. Binding data (Bmax and Kd) were analyzed 

with GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego CA, USA), 

using a one-site binding hyperbola nonlinear regression analysis. 

 

RESULTS 

Binding properties of mutant receptors bearing cysteines in TMD6 - To identify the residues in 

TMD6 that face the binding-site pocket of the AT1 receptor, we mutated 26 consecutive residues 

between K240(6.35) and L265(6.60) to cysteine, one at a time (see 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 describing the equilibrium 

binding of the radiolabeled competitive ligand 125I-[Sar1, Ile8] AngII such as Kd and Bmax were 

determined (Table 1 and Fig. 2). All mutant AT1 receptors exhibited high binding affinity for 

125I-[Sar1, Ile8] AngII (similar to that of the wild-type AT1 receptor) except for mutants 

P255C(6.50) and D263C(6.58), which did not demonstrate any detectable binding activity and were 

not used for the SCAM analysis. Bmax values for all detectable receptors ranged from 577 

fmol/mg to 2.63 pmol/mg. 
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Effect of extracellularly added MTSEA on the binding 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 mM and 6 

mM. We had previously verified whether the wild-type AT1 receptor, which contains ten 

endogenous cysteines (Fig. 2), 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 AT1 receptor, indicating that the 

endogenous cysteines made a relatively small contribution to the binding-site pocket (Boucard et 

al., 2003). 

When the AT1 mutant receptors were treated with the alkylating agent we found that a 3-min 

treatment with 2 mM MTSEA (Fig. 3) strongly inhibited the binding of F249C(6.44) (binding 

inhibition of 51%), H256C(6.51) (binding inhibition of 56%), T260C(6.55) (binding inhibition of 

37%), and V264C(6.59) (binding inhibition of 67%). This binding inhibition was also observed at a 

lower concentration of MTSEA (0.5 mM). The mutant receptor A244C(6.39) was relatively 

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 

F249(6.44), H256(6.51), T260(6.55), and V264(6.59). 

 

Altered accessibility to TMD6 reporter cysteines in the constitutively active N111G-AT1 receptor 

- We made use of the constitutively active N111G-AT1 receptor to assess and map the potentially 

altered accessibility of MTSEA to the engineered cysteines. We first determined the 

pharmacological properties of the 26 cysteine-substituted mutant receptors. Within the N111G-
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AT1 receptor background, 24 cysteine-substituted mutants conserved a high binding affinity for 

the competitive ligand 125I-[Sar1, Ile8]AngII (Table 2 and Fig. 1), while one mutant (F249C(6.44)-

N111G-AT1) displayed a moderate 4-fold decrease in binding affinity. The P255C(6.50)-N111G-

AT1 receptor did not show any detectable binding activity and was not used for the SCAM 

analysis. Interestingly, however, the D263C(6.58) mutation, which exhibited a dramatic loss of 

binding in the wild-type receptor background, maintained its binding affinity when engineered in 

the N111G-AT1 receptor background. Bmax values for all detectable receptors ranged from 251 

fmol/mg to 1.35 pmol/mg (Table 2). 

Figure 4 shows that, like the wild-type receptor, the N111G-AT1 receptor was relatively 

insensitive to a 3-min treatment ranging from 0.5 mM to 2 mM MTSEA, again indicating the 

relatively low contribution of the endogenous cysteines in the binding-site pocket. Cysteine-

substituted N111G-AT1 receptor mutants were treated with increasing concentrations of MTSEA 

and their binding properties were assessed with 125I-[Sar1, Ile8]AngII. Figure 4 summarizes the 

effect of the MTSEA treatment on the cysteine-substituted N111G-AT1 receptor mutants. As 

observed in the wild-type background, 0.5 mM MTSEA decreased the binding activity of the 

H256C(6.51)-N111G-AT1 mutant by 51%, the T260C(6.55)-N111G-AT1 mutant by 29%, and the 

F249C(6.44)-N111G-AT1 mutant by 23%. Interestingly, the W253C(6.48) and F261C(6.56) mutants, 

which were insensitive to MTSEA in the wild-type background, had reduced binding activity 

(32% and 27%, respectively) in the N111G-AT1 background following a treatment with 2 mM 

MTSEA. On the other hand, F249C(6.44)-N111G-AT1, which exhibited a significant reduction in 

binding in the wild-type background, was insensitive to MTSEA in the N111G-AT1 background. 

Lastly, V264C(6.59)-N111G-AT1, which also exhibited a significant reduction in binding in the 
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wild-type background (64%), had its binding inhibited by 23% when treated with 2 mM 

MTSEA. 

 

Protection against MTSEA by a pretreatment with [Sar1, Ile8]AngII - To confirm that reporter 

cysteines accessible to MTSEA were indeed located within the binding pocket, receptor mutants 

were incubated with the competitive ligand [Sar1, Ile8]AngII prior to 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 pre-incubation with the ligand protected mutant receptors F249C(6.44), H256C(6.51), T260C(6.55), 

V264C(6.59), N111G-H256C(6.51), and N111G-T260C(6.55) from the inhibitory effect of MTSEA, 

with protection levels ranging from 35% to 79%. 

 

Functional properties of wild-type, N111G and MTSEA-sensitive mutant receptors - The 

functional properties of wild-type, N111G and mutant AT1 receptors were evaluated by assessing 

the basal production of IPs in transiently 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 receptor. 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 AT1 receptor, thereby demonstrating the constitutive activity of all receptors 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 AT1 receptor or the 

constitutively active N111G-AT1 receptor. 
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DISCUSSION 

The rationale of this study, which relied on SCAM analysis, was to gain an insight into the 

orientation of TMD6 of the AT1 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 information with which to infer a structural change 

underlying AT1 receptor activation. It is important to mention that the [Sar1, Ile8]AngII used in 

our study is an antagonist on the wild-type AT1 receptor. Interestingly it has been demonstrated 

by us (Clement et al., 2006) and others (Ellis et al., 2006; Le et al., 2003) that [Sar1, Ile8]AngII is 

a full agonist on the constitutively active N111G AT1 receptor. Thus, [Sar1, Ile8]AngII does not 

act as inverse agonist (as do many antagonists on their cognate receptor) on the N111G AT1 

receptor but would rather act to maintain the receptor in its active state thereby justifying its use 

herein. 

 

As previously reported, the insensitivity of the wild-type receptor to MTSEA suggests either that 

endogenous cysteines 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 AT1 receptor essentially exposed only the extracellular 

ligand-accessible side of the receptor to MTSEA. The robustly sensitive residues that we 

identified with the SCAM approach lie in the middle (H256C(6.51), T260C(6.55)) to top portion of 

TMD6 (V264C(6.59)) (Fig. 2). In addition, TMD6 possesses one robustly sensitive residue 

(F249(6.44)) that is located in the middle of the TMD but more proximal to the cytoplasmic side. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 19, 2007 as DOI: 10.1124/mol.106.033670

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #33670 

 14

The sensitivity of residue V264(6.59) to MTSEA would delineate the top of the binding pocket 

whereas residue F249(6.44) would delineate the bottom of the water-accessible binding pocket of 

the AT1 receptor. Along with these residues, two other residues, H256(6.51) and T260(6.55), would 

lie on the same α-helix face in the ground state of the receptor, with appreciable exposure to a 

potential hydrophilic pocket. Alkylation with MTSEA would hamper the binding of the ligand in 

a mechanism involving steric hindrance, electrostatic 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 [Sar1, 

Ile8]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(6.39) 

mutant did show sensitivity, we did not consider this residue to be in the binding pocket because 

(1) it was at the limit of being detectable 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 AT1 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 AT1 receptor (Clement et al., 2005). Indeed, residues F261(6.44), W265(6.48), 

and Y268(6.51) are thought to be contact points with retinal in the crystal structure of bovine 

rhodopsin (Palczewski et al., 2000) while the SCAM approach was used to show that residues 

F382(6.44), W386(6.48), F389(6.51), H393(6.55), and I397(6.59) are located in the binding pocket of 

dopamine D2 receptor (Javitch et al., 1998). Moreover, using another approach (MPA), we 

identified several residues in TMD6 (positions F249(6.44), W253(6.48), H256(6.51), and T260(6.55)) 
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that react with the carboxy-terminus of the photoreactive ligand. These studies showed that 

position 6.48, a well-conserved tryptophan residue found in many (40%, see Table 3) class A 

receptors, is located in the binding pocket. The present SCAM study identified W253(6.48) in the 

N111G-AT1 receptor background but not in the ground state, which may be explained by the 

toggle switch mechanism (see further). 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 AT1 receptor undergoes structural changes 

during the transition from its inactive to its active state, we took advantage of the constitutively 

active N111G-AT1 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 constitutively 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-AT1 receptor. We compared the pattern obtained with 

that of the wild-type receptor and found that the Cys-substituted residues H256(6.51) and T260(6.55) 

maintained their sensitivity to MTSEA. Two additional Cys-substituted residues (W253(6.48) and 

F261(6.56)) were found to be sensitive to MTSEA. Interestingly, in the N111G-AT1 background, 

the sensitivity of F249(6.44) to MTSEA was completely abolished and the sensitivity of V264(6.59) 

was greatly diminished compared to the basal state. Thus, in the active state of the receptor, 

F249(6.44), which is located more toward the bottom of the TMD, would be displaced from the 

binding pocket. In the protection assay for the N111G-AT1 receptor background, the competitive 

ligand [Sar1, Ile8]AngII offered effective protection to the sensitive mutants (H256(6.51) and 
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T260(6.55)) against the alkylating 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 AT1 receptor and 

the N111G-AT1 receptor (Fig. 7) suggests that the accessibility of residues in TMD6 and their 

spatial proximity within the binding pocket were altered due to 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. Since H256(6.51) and T260(6.55) , which are located in the middle of the 

TMD, were still MTSEA-sensitive in the N111G background, we may have expected that W253, 

which is located on the same helical face, would become MTSEA-sensitive in the constitutive 

receptor background, as discussed above. Using MPA, we had previously identified W253(6.48) in 

the binding pocket of the basal state of the receptor (Clement et al., 2005). Here, the gain in 

sensitivity to MTSEA of W253(6.48) 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 β2-adrenergic receptor (Shi et al., 2002). In rhodopsin, this conserved residue, 

which is found in numerous 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 D(2.50), N(7.45), and water molecules, which shifts the orientation 

of W253(6.48) from pointing toward TMD7 to pointing toward TMD5 upon receptor activation 

(Ruprecht et al., 2004). Thus, the non-reactivity of W253C in the basal state could be due to 

similar intramolecular interactions of the introduced cysteine with residues of other TMDs 

rendering it inaccessible to MTSEA while in the N111G constitutively active receptor 
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background, reorientation 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 AT1 receptor. In the N111G-mutant background, F261C(6.56), which is near the 

top of TMD6, became MTSEA-sensitive. This residue is located at the periphery of the helical 

face formed by the MTSEA-sensitive V264C(6.59), T260C(6.55), H256C(6.51), F249C(6.44) residues 

identified in the ground state (see figure 7). Such a gain in sensitivity may signify that, upon 

activation, the top of TMD6 may rotate clockwise thereby enabling F261C(6.56) to enter the 

binding pocket and be alkylated. The significant reduction of sensitivity of V264C(6.59) to 

MTSEA in the N111G constitutively active receptor background when compared to the wild-

type basal state also suggests that, although it remains in the binding pocket, both the 

position/orientation of V264C(6.59)and the top of TMD6 change in the activation process.  

 

For residues located deeper in TMD6, we observed that F249(6.44) was highly sensitive in the 

ground state and became non-sensitive in the N111G background. One possibility is that along 

with the rotation of the top of TMD6, the bottom of the helix may independently undergo a 

pivoting action away from the lower part of the pocket. Another simpler alternative to explain 

our results could be that, during the process of AT1 receptor activation, TMD6 undergoes 

integral 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 binding 

pocket. This straightforward pivoting movement would expose F261(6.56) to the binding pocket 

and extrude F249(6.44) out of the binding pocket (Fig. 8). This explanation would go along with 
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the four proposed simple but varied types of movements (pivoting, rotation, translation, piston 

movement) that TMD α−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 AT1 receptor 

point toward a pivoting movement of TMD6 that exposes F261(6.56) and alters the exposure of 

V264(6.59) to a water-accessible crevice. The outward movement of the bottom of TMD6 would 

shift F249(6.44) 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 cytoplasmic 

loop, enabling binding and/or activation of the cognate G protein as recently suggested for 

rhodopsin (Salom et al., 2006). The pivoting movement of TMD6 upon activation of the AT1 

receptor is reminiscent of the inward movement of the extracellular segment and outward 

movement of the intracellular segment of TMD6 recently observed with the ß2–adrenergic 

receptor (Elling et al., 2006). This particular movement may thus be a structural feature common 

to numerous rhodopsin-like GPCRs. 
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FIGURE LEGENDS 

 
Fig. 1. Schematic representation of the human AT1 receptor. The numbers indicate the 

positions of cysteines and other residues in the receptor. The grey closed circles represent 

cysteines that are thought to be linked via disulfide bridges, and the black closed circles represent 

cysteines whose side chains do not form a disulfide bridge. Mutated TMD6 residues are located 

between Lys240 and Leu265 inclusively. Asn-glycosylation sites (N4, N176, N188) are indicated. 

Asn111 in TMD3 is also shown in grey. 

 

Fig. 2. Binding properties of AT1 cys-mutant and AT1-N111G cys-mutant receptors. Mutant 

receptors were expressed in COS-7 cells and their binding properties were determined by 

saturation binding experiments as indicated in ''Materials and Methods''. The results are 

representative of three independent experiments, the mean ± S.D. values of which are reported in 

Tables 1 and 2.  

 

Fig. 3. Effects of MTSEA on AT1 receptor mutants bearing a reporter cysteine in TMD6.  

Intact COS-7 cells transiently expressing wild-type or mutant AT1 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 125I-[Sar1, Ile8] 

AngII. The percentage of binding inhibition was calculated as indicated in 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 AT1 receptor. The white bars indicate mutant receptors for which binding activities 

were not appreciably reduced compared to the wild-type receptor after treatment with MTSEA. 
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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 ± SD of data from at least three independent experiments. 

 

Fig. 4. Effect of MTSEA on N111G-AT1 receptor mutants bearing a reporter cysteine in 

TMD6. Intact COS-7 cells transiently expressing the mutant N111G-AT1 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 

125I-[Sar1, Ile8]AngII. The percentage of binding inhibition was calculated as indicated in 

Materials and Methods. The vertical line represents 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-AT1 receptor. The white bars indicate mutant receptors for which binding 

activities were not appreciably reduced compared to that of the N111G-AT1 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 ± SD of data from at 

least three independent experiments. 

 

Fig. 5. [Sar1, Ile8]AngII protection of MTSEA-sensitive receptor mutants. Intact COS-7 cells 

transiently expressing the indicated MTSEA-sensitive mutant AT1 receptors were pre-incubated 

for 1 h at 16oC in the absence or presence of 100nM [Sar1, Ile8]AngII. The cells were then 

incubated for 3 min at 16oC in the continued absence or presence of [Sar1, Ile8]AngII with 

optimal MTSEA concentrations to achieve maximal binding inhibition of each receptor. The 

MTSEA concentrations were as follows: 0.5 mM for F249C-AT1, H256C-AT1, T260C-AT1, 
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V264C-AT1, H256C-N111G-AT1, and T260C-N111G-AT1. The cells were then washed with 

ice-cold PBS and incubated for 3 h at 16oC with 0.05 nM 125I-[Sar1, Ile8]AngII. Protection was 

calculated as described in Materials and Methods. Each bar represents the mean ± SD of data 

from at least three independent experiments. 

 

Fig. 6. Basal level of IPs in cells expressing the wild type and mutant AT1 receptors. 

Transfected COS-7 cells were loaded for 16–24 h with 10 µCi/ml of myo-[3H]-inositol in 

inositol-free M199 medium. IP levels (sum of InsP2, InsP3 and InsP4) were determined as 

described in the Methods. These results represent the means ± SDs of one experiment (done in 

triplicate with comparable results) where IP production was normalized.  

 

Fig. 7. (A, 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(3.35) 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 AT1 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. 
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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. Asn111 in 

TMD3 is shown in light grey. 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.  

 

Fig. 8. Proposed structurally related activation mechanisms for the AT1 receptor. An 

extracellular view of the seven TMDs of the AT1 receptor based on the model described for 

bovine rhodopsin (Palczewski et al., 2000). The water-accessible crevice forming the binding 

pocket is suggested 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 

(following agonist binding), intramolecular 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 AT1 receptor (Martin et al., 2004). In addition, we now suggest a pivoting 

movement of TMD6. Such a movement of the intracellular segment 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 

TMD6, and the gray arrows indicate the outward movement of the intracellular segments of the 

helices. 
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Table 1 

Binding properties of cysteine-substituted mutant hAT1 receptors 
 

WT  1.1 ± 0.4 1643 ± 1075 6 
L265C 0.6 ± 0.2 1233 ± 457 3 
V264C 0.8 ± 0.2 983 ± 329 3 
L262C 1.1 ±0.4 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 
I258C 0.8 ± 0.2 2457 ± 284 3 
Q257C 3.4 ± 1.3 903 ± 252 3 
H256C 1.1 ± 0.2 1967 ± 72 3 
I254C 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 ± 0.5 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 0.9 ± 0.1 577 ± 248 3 
I245C 0.9 ± 0.2 1503 ± 540 3 
A244C 0.6 ± 0.2 790 ± 516 3 
M243C 0.7 ± 0.2 1200 ± 576 3 
I242C 0.5 ± 0.1 1293 ± 539 3 
I241C 0.7 ± 0.2 1240 ± 519 3 
K240C 0.7 ± 0.1 1440 ± 357 3 

Cells transfected with the appropriate receptor were assayed as described in Materials and 
Methods. Binding affinities (Kd) and maximal binding capacities (Bmax) are expressed as 
the means ± SD of values obtained in n independent experiments performed in duplicate. 
Mutants D263C and P255C did not demonstrate any detectable binding. 
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Table 2 

 
Binding properties of cysteine-substituted mutant hAT1 receptors bearing the Asn111Gly 

mutation 
 Kd (nM) Bmax (Fmol/mg) n 

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 0.9 ± 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 0.4 ± 0.1 805 ± 983 3 
I258C 0.7 ± 0.1 489 ± 460 3 
Q257C 2.3 ± 1.3 451 ± 404 3 
H256C 1.0 ± 0.3 574 ± 400 3 
I254C 0.4 ± 0.1 688 ± 438 3 

W253C 0.8 ± 0.1 588 ± 376 3 
S252C 0.6 ± 0.2 1175 ± 1098 3 
F251C 0.9 ± 0.5 704 ± 499 3 
F250C 1.8 ± 0.6 661 ± 375 4 
F249C 3.9 ± 1.2 744 ± 517 4 
F248C 0.3 ± 0.0 1513 ± 892 3 
L247C 0.7 ± 0.2 968 ± 502 3 
V246C 0.7 ± 0.1 1001 ± 571 3 
I245C 1.3 ± 0.2 1076 ± 256 3 
A244C 1.2 ± 0.3 1201 ± 893 3 
M243C 1.0 ± 0.2 1346 ± 638 3 
I242C 1.0 ± 0.1 1161 ± 306 3 
I241C 1.1 ± 0.6 951 ± 371 3 
K240C 1.1 ± 0.3 1122 ± 653 3 

Cells transfected with the appropriate receptor were assayed as described in Materials and 
Methods. Binding affinities (Kd) and maximal binding capacities (Bmax) are expressed as 
the means ± SD of values obtained in n independent experiments performed in duplicate. 
Mutant N111G-P255C did not demonstrate any detectable binding. 
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Table 3 
Homology of the TMD6 AT1 side chain among rhodopsin-like GPCRs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AT1 

Residue 

Frequency of 

Occurrence 

(%) 

Conserved 

Residue 

Frequency of 

Occurrence 

(%) 

L265 (6.60) 16.7   

V264 (6.59) 11.0   

D263 (6.58) 7.2   

L262 (6.57) 22.3   

F261 (6.56) 10.1   

T260 (6.55) 4.1   

F259 (6.54) 13.1   

I258 (6.53) 16.1   

Q257 (6.52) 5.4 F or H 25.6 

H256 (6.51) 2.9 F or Y 43.1 

P255 (6.50) 76.7   

I254 (6.49) 9.0   

W253 (6.48) 40.2   

S252 (6.47) 8.7 C 36.8 

F251 (6.46) 5.5 L or I or S 48.6 

F250 (6.45) 14.1   

F249 (6.44) 42.7   

F248 (6.43) 3.6 T or A or V or L 

or I 

68.5 

L247 (6.42) 12.3   

V246 (6.41) 28.9   

I245 (6.40) 13.1   

A244 (6.39) 11.0   

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/). 
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