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ABSTRACT 

We previously reported the crystal structures of endothelin-1 (ET-1)-bound, ligand-free, and 

antagonist bosentan-bound forms of the thermostabilized ET type-B receptor (ETB). Although 

other agonist-bound structures of ETB have been determined, the interactions for high-affinity 

binding and ETB receptor activation, as well as the roles of rearrangement of the hydrogen-bond 

network surrounding the ligand in G protein activation, remain elusive. ET-1, a 21 amino acid 

residue-long peptide, plays fundamental roles in basal vascular tone, sodium balance, cell 

proliferation, and stress-responsive regulation. We studied the interactions between the ET-1(8-

21) peptide and ETB in the ligand binding and activation of ETB using a series of Ala-substituted 

ET-1(8-21) and the mutated ETB. We found that while D8, L17, D18, I20, and W21 were 

responsible for high-affinity binding and potent G protein activation, Y13 and F14 in the helical 

region of ET-1 are prerequisites for the full activation of ETB via interactions near the extracellular 

side. Furthermore, we introduced the mutation into the residues around the ET-1 binding pocket 

of ETB. The results showed that while S1843.35, W3366.48, N3787.45, and S3797.46 in a conserved 

polar network are required for full activation, N1191.50, D1472.50, and N3827.49 are essential for G 

protein activation via direct interactions after rearrangement upon ET-1 binding. These results 

demonstrate that both interactions near the extracellular side and within the transmembrane helices 

with ET-1 play crucial roles in the full activation of the ETB receptor. 
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INTRODUCTION 

Endothelins (ETs), composed of three isopeptides, ET-1, -2, and -3, are ubiquitously expressed 

peptide hormones with unique cyclic structures via two intramolecular disulfide bonds1. They exert 

a number of physiological functions, including the regulation of vascular tone and cell proliferation, 

as well as the development of pathophysiological conditions, such as cardiovascular disease, heart 

failure, and cancer2. They act through ET receptors, subtypes ETA and ETB, which are β-subfamily, 

class-A G protein-coupled receptors (GPCRs).  

GPCRs mediate cellular responses to a diverse array of molecules outside the cell, including 

lipids, nucleosides, neurotransmitter, hormones, and proteins. Ligand binding triggers structural 

changes of GPCRs and initiates signal transmission. The molecular basis of peptide agonist-

mediated GPCR activation is of great interest for the understanding of how the binding of a peptide 

agonist causes intracellular helical rearrangements, compared to those of relatively small rigid 

ligands, such as adrenalin and adenosine3,4. There are more than 100 peptide-binding GPCRs in 

classes A and B, which bind various sizes of peptide ligands, ranging from pentapeptides to 

proteins of more than 100 amino acid residues3. Among these, structures of chemokine, 

neurotensin, endothelin, apelin, μ-opioid, and angiotensin receptors bound to endogenous peptide 

agonists or their derivatives have been determined by X-ray or cryo-EM in class A GPCRs, which 

provides new insight into peptide ligand binding and the activation of GPCRs3,5-8. However, how 

peptide ligands interacting with various portions of GPCRs proceed conformational changes 

remains elusive. 

We previously determined the crystal structures of ET-1-bound, ligand-free, and antagonist 

bosentan-bound forms of the thermostabilized ETB receptor9,10. In the ET-1-bound structure, 

multiple well-arranged interactions mediate ET-1-ETB binding over a wide surface area of ETB, in 
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which the central region (8-17) of ET-1 forming a helical structure interacts with the N-terminal 

tail, extracellular loops (ECLs), and transmembrane helices of ETB, and the C-terminal region (18-

21) in an extended conformation that penetrates the transmembrane region of the receptor with the 

C-terminal tryptophan located most deeply, while the N-terminal region (1-7) is anchored to the 

helical region by two disulfide bonds.  

Single mutations of ETB involved in these interactions with ET-1 decrease affinities, but the 

reduction in affinities is within less than one-tenth of the wild-type9. Therefore, interactions in 

which high-affinity binding and receptor activation are ascribed are not clear. To investigate the 

roles of ET-1-ETB interactions, we utilized a series of alanine-substituted ET-1(8-21) analogs and 

examined their binding affinities for ETB and Gi activation efficiencies via ETB. Furthermore, to 

confirm their interactions between ETB and ET-1 that are responsible for full activation, the Gi 

activation of mutant receptors was examined using mammalian cell membranes co-expressing 

mutant receptors and the αi subunit of G protein11. The results reveal previously unappreciated 

interactions between Y13 and F14 in the α-helical region of ET-1, and P93N-term and I94N-term in 

the N-terminal tail and L3617.28 and L3647.31 [superscripts indicate Ballesteros-Weinstein 

numbers12] in the TM7 of ETB, respectively, which are important for full activation. These 

interactions induce inward movements of the N-terminal tail and the extracellular side of TM7, 

propagating the transmembrane helices.  

In addition, a comparison of the ET-1-bound ETB structure with ligand-free and antagonist-

bound structures suggests the helical movements of the transmembrane 1 (TM1) outward, and 

TM2, TM6, and TM7 inward on the extracellular side of the receptor upon binding of ET-1 (Figure 

S1B). Coupled with these movements, rearrangements of the conserved water-mediated hydrogen-

bond network were observed around the ligand-binding pocket in various GPCR crystal 
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structures13,14. Furthermore, we studied how the conserved residues forming a polar network 

around the transmembrane ET-1 binding pocket contributed to ETB activation by the Gi coupling 

of mutant receptors. The results suggest that the formation of the conserved polar network is 

important for the full activation of ETB and, in particular, the direct interactions between N1191.50 

and D1472.50 and between D1472.50 and N3827.49 after the exclusion of a water molecule are crucial 

for G protein activation.  

Here, we report the identification of residues Y13 and F14 of ET-1, responsible for the inward 

movement of the N-terminal tail and the extracellular side of TM7, which could provide insights 

into the requirements for agonists of the ETB receptor and shed light on the mechanism of 

activation. In particular, the C-terminal region of ET-1 is responsible for high affinity binding and 

introduces compact helical interactions in the ETB via rearrangement of the hydrogen-bond 

network. However, the binding of residues Y13 and F14 in the helical region of ET-1 is a 

prerequisite for its full activation. Both interactions collaborate to reorganize the polar network 

and shift the structural equilibrium to active conformation of the ETB receptor.   
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EXPERIMENTAL PROCEDURES 

Materials ET-1 (NH2-CSCSSLMDKECVYFCHLDIIW-COOH with two disulfide bonds 

between C1-C15 and C3-C11) was purchased from the Peptide Institute (Osaka). Peptide analogs 

were purchased from Eurofins. N-acetyl-[Ala11,15]-ET-1(8-21), in which the sequence corresponds 

to the 8-21 of ET-1 and the disulfide-forming cysteines at positions 11 and 15 are substituted to 

alanine, was used as a template wild-type ET-1(8-21). The mutated peptide residues at positions 

8, 9, 10, 12, 13, 14, 16, 17, 18, 19, 20, and 21 of ET-1 were replaced with alanine individually 

(Table S1). Peptides were dissolved in 0.1% acetic acid with sonication and mixing and quantitated 

with the molar absorption coefficient at 280 nm of 5,500 for Y13A, 1,400 for W21A, and 6,900 

for others and ET-115.   

Reconstitution of F6hNETBR into HDL (high-density lipoprotein) particles Wild-type 

F6hNETBR and mutant constructs containing an amino-terminal Flag-epitope tag followed by a 

hexa-histidine tag, were expressed in Sf9 insect cells using the Bac-to-Bac baculovirus system 

(Thermo Fisher Scientific) in 300~700 ml medium, as described9. Cells were solubilized in 1% 

digitonin and flag-ETBRs were purified using Flag-M2 resin (Sigma-Aldrich) and subsequent 

TALON Metal affinity resin (Takara Bio) in 0.1% digitonin, 20 mM Tris-HCl (pH 7.5), 0.3 M 

NaCl, and 100 mM imidazole. Recombinant apolipoprotein A-I (apoA-I), named membrane 

scaffold protein1 (MSP1) using the MSP1E3D1 construct (Addgene) was expressed in Escherichia 

coli and purified with Ni-NTA affinity resin (Quiagen)16. Flag-ETBRs were reconstituted into HDL 

particles according to the published methods17,18, in which  monomeric GPCRs were incorporated 

per reconstituted HDL particle, surrounded by a dimer of apoA-I. In brief, flag-ETBRs containing 

50-100 pmol ligand binding activity in 200 μl volumes were incubated with 60-78 μM MSP1 and 

7.5 mM POPC:POPG (3:2 molar ratio) for 1 h at 4°C. Detergent was removed via BioBeads 
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(BioRad) overnight at 4°C, and receptor-containing HDL particles were further isolated using 

Flag-resin (Figure S3).  

Radioligand binding assay Peptide competition binding was initiated by the addition of 

HEK293 cell membranes containing the wild-type (6hNETB) receptor (~1.2 fmol) to the assay 

mixture composed of 0.1% bovine serum albumin (BSA), 0.04-0.05 nM [125I]ET-1 (2,200 Ci 

mmol-1, PerkinElmer Life Sciences), and eight concentrations of unlabeled peptides (ranging from 

10 pM to 30 μM) in 50 mM HEPES-NaOH, pH 7.5, 10 mM MgCl2 (Mg-HEPES). Binding 

reactions of 50 μl were incubated at 37°C for 1 h and were terminated by dilution with cold Mg-

HEPES, then were filtered onto glass fiber filters in 96-well plates (multiscreen HTS FB, Merck 

Millipore) to separate the unbound [125I]ET-1. After three washes with cold Mg-HEPES, the 

radioactivity captured by the filters was counted using a γ-counter. Filters were pretreated with 

0.1% BSA in Mg-HEPES. The results were analyzed by non-linear regression, using GraphPad 

Prism 6 software. 

In the saturation binding assays, membranes or reconstituted HDL particles (rHDLs) containing 

ETB receptors were incubated with eight different concentrations of [125I]ET-1 ranging from 2.0 

to 200 pM in 50 μl of Mg-HEPES buffer containing 0.1% BSA at 37°C for 2 h. The receptors were 

isolated from the unbound [125I]ET-1 and washed, and the amount of receptor-bound [125I]ET-1 

was measured as described above. The non-specific binding of [125I]ET-1 in each reaction was 

assessed by including 100 nM ET-1 in the same reaction. The results were analyzed by fitting to a 

one-site binding equation, total and non-specific using the GraphPad Prism 6 software. Each 

experiment was performed two to four times. The Bmax values obtained were used as the 

concentration of ETB receptors.  
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GTPγS binding assay Wild-type and mutant ETB receptors in the rHDLs at 0.5~0.7 nM were 

preincubated with ~200 nM Gαi1 (purified from E. coli) and ~140 nM Gβ1γ2 subunits (purified 

from Sf9 cells) at 4°C for 1 h in 20 mM HEPES-NaOH, pH 8.0, 1 mM EDTA, 100 mM NaCl, 10 

mM MgCl2 1 mM dithiothreitol, and 1 µM GDP, as described previously9. Under these conditions, 

the receptor concentrations of 0.25~1.5 nM, were in the linear range of [35S]GTP-γS binding 

activity. The mixtures were divided into 20 µl aliquots and further incubated with different 

concentrations of Ala-substituted N-Ac-ET-1(8-21) peptides or ET-1 (ranging from 10 pM to 30 

µM) for 5 min at 30°C. The exchange reactions then began by adding [35S]GTP-γS at 110 nM and 

incubating for 5 min at 30°C. [35S]GTP-γS (1,250 Ci mmol−1, PerkinElmer Life Sciences) was 

used after diluting with unlabeled GTP-γS to 113.6 Ci mmol−1. The reactions were terminated by 

adding ice-cold stopping buffer containing 100 µM GTP in 20 mM Tris-HCl, pH 8.0, 25 mM 

MgCl2, and 100 mM NaCl, and filtered onto cellulose-mixed ester filters in 96-well plates 

(multiscreen HTS HA, Merck Millipore), to isolate the G proteins from the unbound [35S]GTP-γS. 

After three washes with ice-cold stopping buffer without GTP, the radioactivity of the bound 

[35S]GTP-γS was measured, using a liquid scintillation counter. The assays were repeated six times. 

The data analyses were performed by normalizing the radioactivity counts (cpms) to values when 

0 and 100% represent basal and maximal responses of ET-1(8-21), respectively. Dose-response 

curves were calculated by non-linear regression in GraphPad Prism 6 software. The EC50 and Emax 

values of the mutant K9A peptide in the G protein activation assay could not be determined, due 

to the low solubility (Table 1). Since the aforementioned G protein activation assay required at 

least one order of higher magnitude concentration to prepare the reaction mixtures, compared to 

those in the competitive ligand-binding assay. The K9A peptide solution could only be prepared 

at a lesser micromolar range.  
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For the G protein activation assay for mutant ETB receptors, GDP/[35S]GTP-γS exchange assays 

were performed with membrane preparations from HEK293T cells coexpressing the wild-type or 

mutant ETB receptors and the rat αi2 subunit of G protein using the pcDNA3.1 vector by 

transfecting equal amounts of DNA10,19. The receptor expression levels (Bmax) and Kd values were 

determined in the saturation binding with [125I]ET-1. The similar expressions of αi2 proteins among 

wild-type and mutant receptor-expressing membranes were confirmed by immunoblotting with 

the anti-Giα 1-2 antibody (Upstate) (Figure S4). The exchange assays were carried out at 30℃ for 

30 min in 100 µl of 20 mM HEPES-NaOH, at pH 7.5, and with 1 mM EDTA, 100 mM NaCl, 10 

mM MgCl2, 1 mM dithiothreitol, 10 µM GDP at the receptor concentration of 0.7 nM (membrane 

proteins 30~45 µg/ml) and eight different concentrations of ET-1 (1 pM to 1 µM). After the 

addition of 0.1 nM [35S]GTP-γS (1,250 Ci/mmol, PerkinElmer Life Sciences), incubation 

continued for 30 min at 30℃. The reactions were stopped through the addition of ice-cold stopping 

buffer filtered onto glass fiber filters and measured as described above. The assays were repeated 

six times. The data were analyzed using GraphPad Prism 6 software as above after normalizing 

responses.  
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RESULTS 

Alanine scan of N-acetyl [Ala11,15]-ET-1(8-21) Peptide To investigate the interactions 

responsible for the high affinity binding and receptor activation, we used the N-acetyl-[Ala11,15]-

ET-1(8-21) peptide as the wild-type and its analogs, in which the residues 8–21 were substituted 

by alanine individually (Table S1), instead of using mature ET-1. Owing to the two disulfide bonds 

between Cys1–Cys15 and Cys3–Cys11, chemical syntheses of mature ET-1 and its analogs are 

extremely difficult. Most of the interacting receptor residues were mapped into 8–17 helical parts 

to the C-terminal end 21 of ET-1 in the ET-1-bound ETB structure (Figure S1)9. Furthermore, the 

linear peptide, [Ala11,15]-ET-1(8-21), could bind to the ETB receptor with an affinity of one order 

of lower magnitude, and functioned as an agonist (Figure S2, Table S2)20,21. We decided to select 

the linear peptide as the template for mature ET-1. The affinities of these peptides for ETB were 

examined by competitive binding for [125I]ET-1, as shown in Table 1. The results showed that 

substitutions to alanine of D8, L17, D18, and I20 decreased the affinities significantly by more 

than two orders of magnitude, and W21 substitution caused the most severe affinity reduction of 

more than 1,000, suggesting the importance of D8 and the C-terminal region in the high affinity 

binding of ET-1 (Table 1).  

In the G protein activation, D8, F14, L17, D18, and I20 substitutions revealed a highly reduced 

pEC50 value, which could reflect both their binding affinities and efficacies for the ETB receptor 

(Table 1, Figure 1). The reduction in pEC50 value of the F14A analog appears to depend on the 

reduced efficacy more than the affinity, as its reduction in affinity is relatively moderate compared 

to those of the D8, L17, D18, and I20 analogs. Furthermore, while V12 substitution showed a 

moderate but significant reduction in pEC50 value, H16A resulted in an increase, which might be 

related to its binding rate to ETB because the assay was employed for only 5 min for binding, and 
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H16 has been suggested to maintain the appropriate structural flexibility of the C-terminal region 

(17-21) of ET-122.  

 

Table 1. Competitive binding for [125I]ET-1 and stimulation of GTPγS binding by ET-1(8-21) and 
analogs. 

Values are means ± S.E.M. (standard errors of the mean) from indicated times of independent 
experiments (n). Potency (EC50 and pEC50) and efficacy (Emax, percent of ET-1(8-21)) values were 
analyzed from GTPγS binding assays, as shown in Figure 1. Statistical analyses were performed 
by one-way analysis of variance with Dunnett’s multiple comparison post hoc test. *; p<0.05, **; 
p<0.01, ***; p<0.001, ****; p<0.0001. n; repeated times of experiments. N.D.; not determined. 

 

 

n EC50 (nM) pEC50 n

ET-1(8-21) 3 12.3 7.91 ± 0.06 16

D8A 4 1060 5.98 ± 0.07 **** 6

K9A 4 N.D. N.D. -

E10A 6 22.6 7.65 ± 0.08 6

V12A 4 49.3 7.31 ± 0.06 **** 6

Y13A 5 26.9 7.57 ± 0.10 6

F14A 6 1600 5.80 ± 0.09 **** 5

H16A 2 1.81 8.74 ± 0.10 **** 6

L17A 3 494  6.31 ± 0.17 **** 5

D18A 3 263  6.58 ± 0.09 **** 5

I19A 3 13.0 7.89 ± 0.12 4

I20A 4 5790****  5.24 ± 0.09 **** 8

W21A 2 N.D. N.D. -

Competitive binding for [125I]ET-1 [35S]GTPγS binding (%)

IC50 (nM)   (pIC50) E max

             6.62  ( 8.20 ± 0.09 ) 96.8 ± 2.9

          520**   ( 6.29 ± 0.05 ) 87.1 ± 2.9

             3.45  ( 8.47 ± 0.04 ) N.D.

           51.4  ( 7.32 ± 0.08 ) 95.5 ± 3.9

           18.0  ( 7.64 ± 0.07 ) 91.2 ± 2.4

           84.5  ( 7.07 ± 0.01 ) 72.1 ± 3.1 ****

         229  ( 6.65 ± 0.03 ) 81.7 ± 4.0 *

             6.21  ( 8.21 ± 0.002 ) 96.5 ± 4.5

         720***  ( 6.15 ± 0.05 ) 83.4 ± 5.8

         916****  ( 6.06 ± 0.09 ) 66.5 ± 2.4 ****

           35.9  ( 7.45 ± 0.04 ) 100.1 ± 5.4

       1690****  ( 5.79 ± 0.08 ) 72.7 ± 4.7 ****

  > 10000  ( > 5.00 ) N.D.
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Figure 1. Stimulation of GTPγS binding in reconstituted HDL particles by ET-1(8-21) peptide 

analogs. The assays were performed with ETB in HDL at 0.7 nM, excess amounts of αi and βγ 

subunits of G protein (Figure S3), and various concentrations of peptides, as described in 

experimental procedures. (A) Dose response curves by ET-1(8-21), D8A, E10A, and V12A 

peptide analogs are shown. (B) Dose response curves by ET-1(8-21), Y13A, F14A, and H16A. 

(C) Dose response curves by ET-1(8-21), L17A, D18A, I19A, and I20A. Symbols and error bars 

represent means and S.E.M.  

 

In the maximal G protein activation, Y13, F14, D18, and L20 substitutions showed significantly 

reduced Emax values compared to that of the wild-type ET-1(8-21), suggesting that their lack of 

interactions reduces the efficacies of ET-1 in G protein activation by the ETB receptor (Figure 1). 

Although the roles of C-terminal W21 were not explored because of its severe binding defect, the 

D18, I20, and W21 in the C-terminal region of ET-1 are considered to trigger structural changes 

via many interactions in the transmembrane binding pocket, which propagate to the cytoplasmic 

side of ETB in the late step of activation. On the other hand, Y13 and F14 in the helical region of 

ET-1 interact more with the extracellular side of the receptor (Figure 2A). Y13 interacts with P93N-

ter and I94N-ter in the N-terminal tail and Y247 in the ECL2, and F14 interacts with L3617.28, 

L3647.31, and L3657.32 at the extracellular side of TM7, both of which appear to trigger the inward 

movements of the N-terminal tail and TM7 required for full activation.  

 

G protein activation by mutant ETB receptors To verify the contributions of Y13 and F14, 

the potency and efficacy of G protein activation by mutant ETB receptors were examined using 

mammalian cell membranes co-expressing the mutant ETB receptor and αi2 subunit of G 
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protein11,19. The mutant ETB-expressing cell membranes were compared to the wild-type 

expressing membrane prepared in the same set of transfection. The Bmax values obtained in the 

saturation binding of the membranes were used as the receptor concentrations (Table 2). The 

expression levels of the αi2 subunit were similar to one another among the wild-type and mutants, 

which was confirmed by immunoblotting (Figure. S4). To verify the interaction with Y13, the G 

protein activation abilities of P93AN-ter, I94AN-ter, 93/94A, and 93/247A mutant receptors were 

explored (Figure 2B). All of these mutant receptors showed G protein activation reduced to 

60~70% of that of the wild-type, with similar or slightly higher pEC50 values, as the Y13A showed 

reduced efficacy (Figure 1). For the interaction with F14, to which L3617.28, L3647.31, and L3657.32 

bind, the 361/364A double mutant was examined, due to the poor expression of triple mutant, 

361/364/365A. Although the defect was only moderate, it presented a lower pEC50 value, 

suggesting a reduced potency (Figure 2C). Collectively, with the results of peptide analogs 

depicted in Figure 1, interactions between the Y13 of ET-1 and the N-terminal P93N-ter and I94N-

ter, and between F14 and L3617.28/L3647.31 are important for the formation and/or conformational 

equilibrium of the active state of the ETB receptor.  

 

Table 2. G protein coupling of wild-type (wt) and mutant ETB receptors in HEK293T cell 
membranes.  

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



 14 

n

wt 7

P93A 6

I94A 6

93/94A 6

93/247A 6

wt 6

361/364A 6

Saturation binding [35S]GTPγS binding

K d (pM) B max  (nM) pEC50 E max

22.8 ± 1.9 56.4 ± 2.0 9.55 ± 0.05 99.8 ± 2.6

26.6 ± 5.1 61.7 ± 5.7 9.88 ± 0.09 *** 54.6 ± 2.6 ***

22.6 ± 0.3 69.1 ± 1.8 9.67 ± 0.08 58.9 ± 2.6 ***

30.5 ± 1.2 55.1 ± 2.7 9.86 ± 0.14 *** 57.7 ± 4.3 ***

38.3 ± 7.6 97.2 ± 8.7 9.10 ± 0.10 *** 91.2 ± 4.6 

26.9 ± 3.1 53.1 ± 0.4 9.58 ± 0.06 68.3 ± 2.4 ***

22.2 ± 2.0 85.0 ± 0.7 9.55 ± 0.04 99.8 ± 2.1

 

HEK293T cell membranes coexpressing ETB receptors and αi protein were quantified by [125I]ET-
1 saturation binding. Values for Kd and Bmax are means ± S.E.M. of two to four separate assays. 
Values for pEC50 and Emax were analyzed from GTPγS binding assays shown in Figure 2. Statistical 
analyses were performed by one-way analysis of variance with Dunnett’s multiple comparison 
post hoc test. ***; p<0.0001. n; number of times an experiment was repeated.  

 

Figure 2. Stimulation of GTPγS binding by mutant ETB receptor in HEK293T cell membranes. G 

protein signaling was measured by stimulation of [35S]GTPγS binding in HEK293T cell 

membranes, coexpressing ETB receptors, and αi subunit of G protein. (A) The ET-1-bound ETB 

receptor structure around the N-terminal tail. Mutated residues in the N-terminal and TM7 are 

shown as green and blue sticks, respectively. The helical region of ET-1 is shown in orange. The 
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interacting residues are also shown as sticks. The ETB receptors with mutations in the N-terminal 

tail, P93A, I94A, 93/94A, and 93/247A (B), and in the extracellular side of TM7, 361/364A (C), 

were compared to the wild-type (wt) receptor. The receptor concentration was 0.7 nM based on 

the Bmax values of each membrane. 

 

Roles of hydrogen-bond networks in the ETB receptor The water-mediated hydrogen bond 

networks are widely observed among conserved polar residues in the transmembrane domain in 

class A GPCRs, and their rearrangements are also observed between the inactive and active 

structures4,13,14. In addition, Na+ often binds to them as a negative modulator to stabilize the 

inactive conformation23. Although Na+ was not observed in the hydrogen bond network of the 

ligand-free and antagonist-bound ETB structures, the hydrogen bond network observed in the ET-

1-bound structure is distinct from those observed in the ligand-free or antagonist-bound structures. 

To dissect how the observed hydrogen bonds contributed to ETB activation, we examined the well-

conserved polar residues rearranged by activation; N1191.50, D1472.50, S1843.35, W3366.48, N3787.45, 

and N3827.49 (Figure 3A), using HEK293T cell membranes co-expressing mutant receptors and 

the αi2 subunit of G protein. The ET-1 binding affinities and concentrations of mutant receptors 

were confirmed by [125I]ET-1 saturation binding (Table 3). The GDP/[35S]GTPγS exchange assay 

showed that investigated mutations reduced G protein activation efficacy and, in particular, defects 

of N1191.50, D1472.50, and N3827.49 mutations were severe (Figure 3B,C). The results suggest that 

the hydrogen bond network formed among these residues is important for the full activation of 

ETB, and the direct interactions among N1191.50, D1472.50, and N3827.49 are fundamental for 

activating G protein, contributing to the compact interactions of TM1, TM2, and TM7. The 

T188A3.39 mutation could not be evaluated by the low expression of the mutant receptor. 
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Table 3. ETB receptors with polar-network mutations in HEK293T cell membranes. 

n

wt 7

N119A1.50 6

D147A2.50 6

W336A6.48 6

N378A7.45 6

N382A7.49 6

wt 7

S184A3.35 6

S379A7.46 625.9 ± 4.4 52.4 ± 1.5 9.42 ± 0.05   73.3 ± 2.2 ***

22.8 ± 1.9 56.4 ± 2.0 9.67 ± 0.05 97.3 ± 2.5

21.6 ± 2.7 50.8 ± 1.4 9.58 ± 0.06      65.2 ± 2.0 ***

29.0 ± 1.3 125 ± 6.6 9.65 ± 0.07 71.0 ± 2.8 ***

31.2 ± 2.4 96.3 ± 0.8 9.27 ± 0.09 43.2 ± 2.0 ***

31.8 ± 0.3 90.9 ± 7.6 9.22 ± 0.18 21.9 ± 2.0 ***

26.5 ± 3.9 85.0 ± 2.2 9.54 ± 0.07 69.5 ± 2.7 ***

21.2 ± 4.6 108 ± 0.8 9.60 ± 0.03 99.3 ± 1.7

35.4 ± 1.1 41.9 ± 2.3 9.27 ± 0.11 36.0 ± 2.1 ***

Saturation binding [35S]GTPγS binding

K d (pM) B max  (nM) pEC50 E max

 

HEK293T cell membranes coexpressing ETB receptors and αi protein were quantified by [125I]ET-
1 saturation binding. Values for Kd and Bmax are means ± S.E.M. of two to three separate assays. 
Values representing means ± S.E.M. for pEC50 and Emax were analyzed from GTPγS binding assays 
shown in Fig. 3. Statistical analyses were performed by one-way analysis of variance with 
Dunnett’s multiple comparison post hoc test. ***; p<0.0001. n; number of times an experiment 
was repeated.  

 

Figure 3. Stimulation of GTPγS binding by ETB receptors with polar-network mutations in 
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HEK293T cell membranes. Stimulation of [35S]GTPγS binding in HEK293T cell membranes 

coexpressing ETB receptors and αi subunits of G protein was measured. (A) The ET-1-bound ETB 

receptor structure around the polar network. All mutated residues are shown as green sticks. 

Hydrogen bond interactions are indicated as yellow dotted lines. The current resolution does not 

allow the observation of water molecules at the site. The ETB receptors with mutations of a 

conserved polar network12,13, N119A1.50, D147A2.50, W336A6.48, N378A7.45, and N382A7.49, in 

panel (B) and S184A3.35 and S379A7.46 in panel (C) were compared to the wild-type (wt) receptor. 

The receptor concentration employed was 0.7 nM, based on the Bmax values of each membrane. 

 

To confirm these results, D147A2.50, W336A6.48, N378A7.45, and N382A7.49 mutant receptors 

were also evaluated in the in vitro reconstitution assay using HDL particles (Figure 4). The 

N119A1.50 HDL particles could not be prepared sufficiently due to its low expression and stability 

during purification. The mutant receptors in the HDL particles were quantified by [125I]ET-1 

saturation binding and their G protein activation activities were measured in the presence of excess 

amounts of αi1 and β1γ2 subunits of G protein (Table 4). The results show reduced activities of 

mutant receptors, similar to those observed in the Gαi-coexpressing membranes, with more 

significant defects in the N382A7.49 and D147A2.50 receptor HDLs, compared to the wild-type. 

Therefore, the hydrogen bond network formed in the transmembrane region plays an important 

role in the activation of ETB. The HDL reconstitution assay and the assays using the Gαi-

coexpressing membranes (Figure 3) provided comparable results, although the Gαi-coexpressing 

membranes have limitations in the amount of available G protein. 
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Table 4. Mutant ETB receptors in the reconstituted HDL particles. 

n

wt 8

D147A2.50 4

W336A6.48 8

N378A7.45 6

N382A7.49 728.3 ± 5.0 18.0 ± 0.2 9.38 ± 0.41 10.5 ± 1.8 ***

24.4 ± 4.6 577 ± 66 9.20 ± 0.13 67.2 ± 4.1 ***

28.8 ± 5.5 30.4 ± 5.2 9.35 ± 0.11 77.3 ± 4.1 ***

27.6 ± 5.6 450 ± 24.1 9.13 ± 0.07 98.6 ± 3.5

28.9 ± 5.6 5.4 ± 0.7 N.A. N.A.

Saturation binding [35S]GTPγS binding

K d (pM) B max  (nM) pEC50 E max

 

Values for Kd and Bmax are means ± S.E.M. of two to three separate saturation binding assays. 
Values and means ± S.E.M. for pEC50 and Emax were analyzed from GTPγS binding assays, as 
shown in Figure 4. Statistical analyses were performed by one-way analysis of variance with 
Dunnett’s multiple comparison post hoc test. ***; p<0.0001. n; number of times an experiment 
was repeated. N.A., no detectable stimulation. 

 

 

Figure 4. GTPγS binding in reconstituted HDL particles of the mutant ETB receptor. (A) Mutant 

ETB receptors reconstituted in HDL particles visualized by silver staining after SDS-10-20 % 

PAGE. Purified ETB proteins associated with the recombinant apoA-I proteins in HDLs. M, 

molecular markers; lane 1, N119A1.50 (17.5%/46.2%); lane 2, D147A2.50 (23.8%/47.7%); lane 3, 
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W336A6.48 (34.2%/63.3%); lane 4, N378A7.45 (31.5%/66.6%); lane 5, N382A7.49 (29.4%/59.8%); 

lane 6, WT (21.6%/67.1%). The percentages in parentheses represent the approximate ratios of 

band intensities for the ETB proteins and apoA-I in total intensities in each lane, respectively, 

which were analyzed by CS analyzer 3.0 using the image captured by the LuminoGraph WSE-

6100 equipped with the ImageSavor 6 (ATTO).  (B) Stimulation of GTPγS binding in mutant HDL 

particles. The assays were performed with wt and mutant ETB receptors in HDLs at 0.5 nM, excess 

amounts of Gi, and various concentrations of ET-1. 

 

 

DISCUSSION 

In this study, we investigate the roles of the interactions between ET-1(8-21) and ETB receptors 

in high affinity binding and the ability to activate G protein, based on the ET-1-bound ETB 

structure. The investigation of a series of alanine-substituted peptides indicated that D8, Y13, F14, 

L17, D18, I20, and W21 of ET-1 are important for the ETB activation, particularly D8, L17, D18, 

I20, and W21 for a high affinity binding, and Y13, F14, D18, and I20 for a full activation of the 

ETB receptor. In previous structure activity relationship studies on the in vitro ETA receptor binding 

affinity and the vena cava contractile activity, an alanine scan of ET-1 indicated that D8, Y13, F14, 

L17, and W21 are of major biological significance24. The comparison of ETB structures in the 

agonist-bound, ligand-free, and antagonist-bound forms allows us to examine how the interactions 

between ET-1 and ETB contribute to ligand binding and receptor activation. Furthermore, we 

studied the roles of the polar interaction network within the transmembrane domain rearranged in 

ETB activation, which was suggested by the structural comparison. The results indicated that the 

rearranged polar interactions play fundamental roles for the full activation of ETB receptor. 
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This study shows that interactions of Y13 and F14 are required for the full activation of ETB 

(Figures 1, 2), in addition to the binding of the C-terminal region to the transmembrane orthosteric 

site. In the ET-1 bound structure, Y13 and F14 of ET-1 interact with ETB near the extracellular 

side, P93N-term and I94N-term, and L3617.28, L3647.31, and L3657.32, respectively, resulting in the 

inward movement of the N-terminal tail and the extracellular side of TM79. These structural 

changes are transmitted to the transmembrane region, in which D18, I20, and W21 in the C-

terminal region of ET-1 bind to the ligand binding pocket and change helical interactions of ETB 

further. In particular, the D18 side chain interacts with R3436.55 and D3687.35, leading to the 

formation of an electrostatic interaction network that includes the C-terminal carboxylate, K1823.33, 

and K2735.38, which results in the inward shift of TM6 and TM7, and tight packing of the helical 

core of TM3, 5, 6, and 79 (Figure S5). Similarly, the side chain of I20 interacts with I1572.60 and 

P1783.29, and its backbone amide and carbonyl form hydrogen bonds with N1582.61 and Q1813.32, 

respectively, contributing to the inward shift of TM2 and tight association of TM2 with TM3. In 

addition, the side chain of W21 interacts directly with K1823.33 and W3366.48 in the CWxP motif, 

which is considered a signal transmission switch in class A GPCR. Therefore, the interactions of 

D18, I20, and W21 contribute to changed helical interactions of TM2, 3, 5, 6, and 7 of ETB in 

receptor activation. The interactions of ET-1(18-21) with the transmembrane ligand binding 

pocket of ETB appear to correspond to the orthosteric binding of small endogenous agonists, such 

as adrenalin or adenosine25,26. Nonetheless, these are not sufficient, and the additional interactions 

by Y13 and F14 of ET-1 near the extracellular side play auxiliary roles for the full activation of 

ETB. 

The reduced efficacy patterns of Y13A/ P93AN-ter and I94AN-ter correspond to the “affinity-

dominant” and those of F14A/L361A7.28/L364A7.31 resembled the “efficacy-dominant” partial 
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agonist-type27. While both interactions may affect the conformational equilibrium of ETB, their 

detailed functions in ETB activation do not appear to be the same. P93N-ter and I94N-ter were 

originally located at the extracellular end of TM1(93-127) in the ligand-free and antagonist-bound 

structures (Figure S1B) 9,10. Upon ET-1 binding, the α-helical structure of this region (93-97) of 

TM1 collapses and P93N-ter and I94N-ter move inward, while the new end of TM1, E981.29, moves 

outward by approximately 4.4 Å to accommodate the inward movement of TM29. P93 not only 

interacts with Y13, but also may facilitate the helical collapse of TM1 to increase the flexibility of 

the N-terminal tail. In the ET-3-bound ETB structure, the side chain of P93N-ter does not appear to 

directly interact with Y1328, suggesting its structural role. F14 interacts with L3617.28, L3647.31, 

and L3657.32 at the extracellular side of TM7. Because all interactions with F14 could not be 

excluded by the receptor mutations due to the low expression level of the triple mutant receptor, 

the extent of the defects in the pEC50 value of L361/364A in the G protein activation assay is 

moderate (Figure 2). However, the reduced potencies (pEC50) of both the L361/364A mutant 

receptor and F14A peptide analog suggest that the inward movement of the extracellular side of 

TM7 is essential for a full activation of the receptor. In addition, the movements of the N-terminal 

tail and TM7 were further stabilized by a disulfide bond between C90 N-term and C3587.25 and, thus, 

propagated to the transmembrane helical region in an early step of receptor activation.  

Upon ET-1 binding, the inward movements of the N-terminal tail, TM2, TM6, and TM7, of ETB 

lead to the rearranging of the network of polar interactions among the transmembrane helices, 

including water molecules. These polar networks are formed among conserved polar residues and 

the backbone, observed in a number of GPCR crystal structures13,14. In ETB, the lack of hydrogen 

bonds by mutations of the residues, S1843.35, W3366.48, N3787.45, and S3797.46 resulted in reduced 

efficacy (Figures 3, 4), suggesting that the full activation of ETB requires coordinated 
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rearrangements of the polar network upon agonist binding. These findings correspond with the 

structure of IRL1620, a partial agonist-bound ETB, in which rearrangement of the polar interaction 

network is partly incomplete and water-mediated interactions between D1472.50 and W3366.48 are 

preserved28. Furthermore, the residues N1191.50, D1472.50, and N3827.49 form direct hydrogen 

bonds with one another via the inward shift of the cytoplasmic side of TM7 and play central roles 

in G protein activation (Figures 3, 4). The replacement of D2.50 has also been shown to lose 

signaling activity in ETB and other class A GPCRs29-31. These results suggest that the inward shift 

of the cytoplasmic side of TM7 is an important driving force for receptor activation, featured as 

the outward movement of the cytoplasmic side of TM64.   

The coordinated movements between the N-terminal tail and the extracellular side of TM7 might 

be a common part of the early activation process in class A GPCRs for mid-sized endogenous 

agonists. In the angiotensin II type 1 and type 2 receptors (AT1R and AT2R), partial agonist 

[Sar1,Ile8]AngII-bound structures showed that the N-terminus of [Sar1,Ile8]AngII was close to the 

N-terminal tail of the receptor, and the second arginine interacted with the extracellular side of 

TM76,7. In the neurotensin receptor, the modified peptide agonist NTS8-13 (RRPYIL) also 

interacted with the N-terminal tail and the extracellular side of the TM7 in the complex 

structures8,32. The N-terminal tail of the apelin receptor interacts with the 17 amino acid residue-

long modified peptide agonist closely33. The viral chemokine receptor, US28, interacts with the 

chemokine CX3CL1 more extensively, using the exterior N-terminal tail and extracellular domain 

(site 1) and the transmembrane binding pockets (site2), consistent with a two-site model34,35. In 

contrast, the modified peptide agonist, DAMGO (H-Tyr-D-Ala-Gly-N(Me)Phe-Gly-OH), does not 

interact with the N-terminal tail or the extracellular side of TM7 of the µ-opioid receptor in the 

active conformation5. While ligand size influences the activation mechanism, interactions near the 
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extracellular side by relatively large agonists could provide efficacious activation modes, which 

could be developed as an allosteric site in drug design in addition to the transmembrane orthosteric 

interactions.  

Class B GPCRs also bind to the peptide hormones that comprise around 27–45 amino acid 

residues and are essential for physiological processes. They contain a characteristic large 

extracellular N-terminal domain (NTD) and a transmembrane helical domain, both of which are 

involved in ligand-binding, as reported by extensive biological and structural studies (36-41). In 

contrast to ETB, the NTD interacts with the C-terminus of the peptide ligand for initiating peptide 

recognition, and the transmembrane helical domain forms the N-terminus of the peptide-binding 

pocket to activate the receptor. Furthermore, the interactions of the stalk region between the NTD 

and TM1, ECL1, and ECL2 with a peptide agonist are implicated in a full activation of the receptor 

by studying the partial agonists of the glucagon-like peptide-1 (GLP-1) and comparing the inactive 

and active structures of the calcitonin receptor, glucagon receptor, and GLP-1 receptor (GLP-1R) 

(37-40). The structural comparison in class B GPCRs suggested that agonist binding induced the 

outward shifts of TM6 and TM7 and an inward shift of TM1 on the extracellular sides of GLP-1R 

and calcitonin receptor, which are different from those observed in the ETB receptor and other 

class A GPCRs with a tendency to narrow the ligand-binding pocket (9, 39-42). Therefore, the 

extracellular sides of the class B GPCRs receptor also play crucial roles in interaction with the 

peptide ligand and the full activation of the receptor, and their signal propagation mechanisms 

within the transmembrane helical bundle diverge from the class A GPCRs, although the final 

outward movements of TM6 in the cytoplasmic side with the active conformation interacting with 

a G protein have been also observed in the class B GPCRs (39-41) .   
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In conclusion, we found that the endogenous peptide agonist ET-1 shifts the conformational 

equilibrium of the ETB receptor towards the active state efficiently via both interactions with the 

N-terminal tail and extracellular side of TM7, and within the transmembrane binding pocket 

accompanied by precise rearrangements of the polar interaction network. The results provide an 

activation mechanism of ETB by mid-size peptide agonist ET-1 and a clue for optimization of ETB 

receptor agonists.  
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Supplemental Data 

 

Characterization of Critical Residues in the Extracellular and Transmembrane Domains of the 
Endothelin Type-B Receptor for Propagation of the Endothelin-1 Signal 
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1Department of Biophysics, Graduate School of Science, Kyoto University, Kyoto 606-8502, 
Japan 
2Graduate School of Medicine, Mie University, 2-174 Edobashi, Tsu, Mie 514-8507, Japan 
 

 

 

Figure S1. The ET-1-ETB receptor interactions and structural comparison of the ETB receptors. 
(A) Cutaway surface representation of the ETB receptor in a complex with ET-1. Residues of the 
ET-1 are represented as cyan- (N-terminal region; 1-7), orange- (Helical region; 8-17), and 
magenta-colored sticks (C-terminal region; 18-21). The receptor residues that interact with the N-
terminal, helical, and C-terminal regions of ET-1 are colored in marine, light orange, and salmon, 
respectively. (B) Extracellular views of the ET-1-bound (green) and ligand-free (cyan) ETB 
receptor. Red and green arrows indicate the ET-1-induced movements of the TM helices and the 
N-terminal part, respectively. Double arrow heads indicate that ET-1 induced the secondary 
conformational change in the N-terminal of the receptor.  
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Table S1. Amino acid sequence of ET-1 and peptide analogues 
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Figure S2. Stimulation of GTP-γS binding in reconstituted HDL particles by ET-1 and ET-1(8–
21) 

The assays were performed with ETB in 0.7 nM HDL and excess amounts of αi and βγ subunits of 
G protein (Figure S3), as described in the experimental procedures. The analyzed values for EC50 
and Emax are summarized in Table S2.  

 

 

 

Table S2. Binding affinity and stimulation of GTP-γS binding by ET-1 and ET(8-21) 

 

The experiments were performed as described in the experimental procedures, Table 1 and Figure 
S2. 
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Figure S3. Reconstituted wild-type ETB receptors in HDL particles (A) and purified Gi proteins 
(B). (A) The HDL particles containing wild-type ETB (lane 1) were visualized by silver staining 
after 10-20% SDS-PAGE. (B) Purified αi subunit (lane 1) and βγ subunits (lane 2) were visualized 
by C.B.B. staining.  
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Figure S4. G protein αi2 subunit proteins co-expressed with ETB receptors in HEK293T cell 
membranes analyzed by immunoblotting. Each αi2 protein in the wild-type or mutant receptor-
expressing membranes were at a similar level to one another. (A) The cell membranes assayed in 
Figure 2, containing wild-type or mutant ETB receptors at 0.6 pmol based on their Bmax (25~40 µg 
proteins per lane), were analyzed in the same order as specified in Table 2. Lane 1, purified αi1 
subunit ~80 ng; lane 2, purified αi1 subunit ~40 ng; lane 3, wild-type ETB; lane 4, P93A; lane 5, 
I94A; lane 6, 93/94A; lane 7, 93/247A; lane 8, wild-type ETB; lane 9, 361/364A; lane 10, 
untransfected cell membranes containing 25 µg protein. (B) The cell membranes assayed in Figure 
3 containing wild-type or mutant ETB receptors in the same amounts as in A were analyzed in the 
same order as specified in Table 3. Lane 1, purified αi1 subunit ~80 ng; lane 2, purified αi1 subunit 
~40 ng; lane 3, wild-type ETB; lane 4, N119A; lane 5, D147A; lane 6, W336A; lane 7, N378A; 
lane 8, N382A; lane 9, wild-type ETB; lane 10, S184A; lane 11, S379A; lane 12, untransfected cell 
membranes containing 25 µg protein.  
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Figure S5. The ET-1 bound ETB receptor structure with critical residues for interactions. Color 
codes of the ET-1 are the same as in Figure S1A. Color codes of the receptor residues are the same 
as in Figures 2A and 3A. Gray spheres of the ETB receptor represent the residues interacting with 
the C-terminal region of ET-1. 
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