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The molecular basis for recognition of peptide ligands endothelin-1, -2 and -3 in endothelin receptors is poorly understood.
Especially the origin of ligand selectivity for ETp or ETg is not clearly resolved. We derived sequence-structure-function
relationships of peptides and receptors from mutational data and homology modeling. Our major findings are the dissection of
peptide ligands into four epitopes and the delineation of four complementary structural portions on receptor side explaining
ligand recognition in both endothelin receptor subtypes. In addition, structural determinants for ligand selectivity could be
described. As a result, we could improve the selectivity of BQ3020 about 10-fold by a single amino acid substitution, validating
our hypothesis for ligand selectivity caused by different entrances to the receptors’ transmembrane binding sites. A narrow
tunnel shape in ET, is restrictive for a selected group of peptide ligands’ N-termini, whereas a broad funnel-shaped entrance in
ETg accepts a variety of different shapes and properties of ligands. Copyright (¢) 2009 European Peptide Society and John Wiley
& Sons, Ltd.
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Introduction

The endothelin receptors belong to the rhodopsin-like family |
(class A) of GPCRs with seven transmembrane-spanning helices
and a short extracellular N-terminus. Out of the endothelin selec-
tive receptors [1-4], two receptor subtypes have been extensively
studied: endothelin receptor subtype A (ETa) and B (ETg). Acti-
vation of these receptors is induced following binding of one of
the endothelin isopeptides. The induced conformational changes
of the receptor’s transmembrane helices (TMHs) and intracellular
loops lead subsequently to activation of G proteins and intracellu-
larsignaling processes. Both receptorsareinvolvedin avastarray of
physiological processes, such as vasoconstriction/vasodilatation,
bronchoconstriction, proliferation and hypertrophy of vascular
smooth muscle cells, stimulation of astrocyte proliferation and
modulation of neurotransmitter release [5-7].

ETa and ETg demonstrate different preferences in the recogni-
tion of the endothelin isopeptides endothelin-1 (ET-1), -2 (ET-2)
and -3 (ET-3). ETa binds ET-1 and ET-2 with similar affinities, but
ET-3 with 100-fold lower affinity [8]. In contrast, ETg recognizes all
endothelin isoforms with similar affinities. A unique feature of ETg,
not shared by ETp, is the quasi-irreversible binding of ET-1 based
on the formation of a super-stable complex. As a consequence,
this complex remains intact even in the presence of 2% SDS, an
acidic environment, or the late endosomes and lysosomes [9,10].

Apart from ET-1, ET-2 and ET-3, sarafotoxins (Sfx6a, Sfx6b, Sfx6c,
Sfx6d) being isolated from snake venom of Atractaspis engaddensis
represent further naturally occurring agonists. All of the naturally
occurring peptide ligands comprise 21 amino acids.

Structural information on two native peptide ligands is available
at the Protein Data Base (PDB) [11]: an NMR structure of Sfx6b

(entry: 1srb) as well as NMR and X-ray data of ET-1 (entries: 1edn,
ledp, 1vé6r) [12-15]. These data for ET-1 and Sfx6b show the
ligand’s N-terminal stretch (residues 1 to 7) linked to the central
helix (residues 11 to 15) in an anti-parallel orientation. This is
achieved by two disulfide bridges (Cys1-Cys15 and Cys3-Cys11)
aswellaslinking residues 8to 10. The C-terminus (residues 16 to 21)
does not seem to have a fixed structure. X-ray crystallographic data
of ET-1 (PDB entry: Tedn) report a helical structure for the ligand’s
C-terminal chain. As the crystal structure shows a parallel dimer
along the C-terminal helices, the formation of this fold might
be induced by the particular crystal measured. NMR-structures
provide different conformations for the C-terminal chain. For ET-1
(PDB entry: 1v6r) an extended B-structure is reported, orienting
hydrophobic residues Leu17 and lle19 toward the central helix
by forming a hydrophobic core around side chain Tyr13 [16]. In
other NMR structures of ET-1 (PDB entry: 1edp) the C-terminus
is not completely solved indicating some flexibility in this region
(Figure 1). This is in agreement with Sfx6b (PDB entry: 1srb), where
a flexible C-terminus is provided. Here, this might be because of
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Figure 1. Overview on the structure of endothelin receptor selective peptide ligands. (a) Ensemble of NMR-structures of Sfx6b shows the restricted
conformation of the N-terminal stretch and the flexible nature of the C-terminal residues in these peptides. (b) The N-terminus is restrained to the central
helix via two disulfide bridges. (b, c) Dissected regions in peptide ligands are shown in color-coding (1- - orange, 2" — magenta, 3- - green, 4- - blue, see
also Table 2), visualized in structure as well as in cartoon. Images of molecular structures created with VMD [93].

the exchange of Leu17Asn impeding the hydrophobic interaction
around Tyr13in ET-1.

Functional studies of interactions of peptide ligands with
chimera receptors combining ETa and ETg revealed that the C-
terminal peptide region binds to TMH4 through TMH6, whereas
the N-terminus interacts with TMH1, TMH2, TMH3 and TMH7
[17]. Already short peptide constructs of residues from 16 to 21
are sufficient to inhibit the endothelin receptors [18-20]. The
hydrophobic C-terminal residues lle20 and Trp21 as well as the
negatively charged residue Asp18 and the carboxyl group at the C-
terminus are pivotal points in signal transduction [21,22]. Mutation
or deletion of Trp21 abolishes the interactions with the receptors
[23,24]. Similarly, amidation of the C-terminal carboxyl group
(Trp21) represses ligand-receptor interactions [18]. In photo-
labeling studies with endothelin receptor ligands TTA-386 and
IRL1620 an orientation of the C-terminus of peptide ligands toward
TMH5 was suggested [25].

The sequences of both receptor subtypes in their respective
transmembrane regions reveal a high degree of similarity. Only few
differences are found, which could contribute to ligand selectivity
or other receptor subtype specific properties [26]. Substitutions
at position 2.53 in TMH2 of ETa (Tyr129Phe) and ETg (His150Tyr)
resulted in unaltered affinities for ET-1 and ET-2 [27,28]. In contrast,
substitution Tyr129His in ET, resulted in an increased affinity of
ET-3 and Sfx6c, although still 10-fold to 10 000-fold less active than
in ETg [27-29]. Ligand binding sensitive mutations are reported
for charged residues in TMH2 (Asp2.50, Asp2.57, Lys2.64) and
TMH7 (Asp7.35) [30-34]. However, data on these mutants do not
explain the high selectivity in the binding of peptide ligands in
endothelin receptor subtypes. Thus, it has been suspected that
the extracellular regions, such as the N-terminus and the three
extracellular loops (ECLs) might contribute to ligand selectivity
[35].

The molecular basis explaining ligand selectivity in ETa and ETg
is poorly understood. In addition, the apparent binding affinities
of peptide ligands such as ET-1 (0.01-0.06 nM) are remarkably an
order of magnitude higher than those of small molecules such
as Bosentan (4.7 nM) [34-37]. A detailed molecular description of
peptide ligand recognition, binding and initial receptor activation
has, therefore, a vital importance in understanding the molecular
mechanisms in endothelin receptor action as well as in the design
of new ligands with binding affinities comparable to ET-1.

Here, we assemble the existing experimental dataonligandsand
receptors and provide a systematic sequence-structure—function
study of endothelin receptor peptide ligands and the counterpart
sites in both endothelin receptor subtypes. We present molecular

determinants for ligand selectivity in ETpo and ETg as well as
an improved ETg-selective agonist. In addition, we describe
molecular properties involved in the discrimination of agonists
and antagonists at these receptors.

Material and Methods

Preparation of Peptides

Peptides were synthesized automatically (ABI 433A) by the
solid-phase method using Fmoc [N-(9-fluorenyl)methoxycarbonyl]
chemistry in a batch-wise mode as described previously for the
synthesis of corticotropin releasing factor (CRF) analogs [38]. After
final cleavage/deprotection using trifluoroacetic acid/H,0 (9/1),
crude peptides were purified by preparative HPLC to give final
products of 95% purity according to HPLC analysis. For cyclization
(disulfide formation) linear peptide (1 mg/ml) was dissolved in
sodium bicarbonate buffer at pH 8.5 (for acceleration 10-15
vol% dimethylsulfoxide may be added), and the mixture was
stirred exposed to air for 2-3 days. After reduction of volume by
lyophilization the product was purified by preparative HPLC and
characterized by mass spectrometry, which gave the expected
masses (Table 1).

125|.Ligand Displacement Binding Experiments

Radioligand experiments were performed as described earlier
[10]. In brief, membranes (0.1-0.5ug) derived from HEK 293
cell clones either expressing the ETp or the ETg receptor were
incubatedin 200 ul of Tris/bacitracin/aprotinin/MgCl,/EGTA buffer
containing 50 pM '%I-ligand (ET-1, BQ3020 derivative) without or
with increasing concentrations of unlabeled ligand (1 x 107'3 to
1 x 10~* M) for 3 h at 25 °C in a shaking water bath. The samples

Table 1. Analytical characterization of peptide ligands synthesized
by mass spectrometry and analytical HPLC (uv 220 nm)
[M+H]*

[M+H]t calc. found/purity [%]
ET-1 2401.04 2401.4/99.3
Cy3-ET-1 31423 3142.4/88.5
BQ3020 2005.9 2006.0/94.8
Cy3-BQ3020 2657.3 2657.5/91.6
BQ3020(Lys9Glu) 2006.9 2007.1/93.0
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were then transferred to GF/C filters (Whatman) pretreated with
0.1% (w/v) polyethylenimine. The filters were washed twice with
PBS using a Brandel cell harvester and transferred into 5-mL vials.
Radioactivity was determined using a gamma counter. Data were
analyzed with RadLig Software 4.0 (Cambridge, UK), and graphs
were generated with Prism Software 2.01 (GraphPad, San Diego,
CA, USA).

Generation of Receptor Models

The endothelin receptors of different species sorted by their
subtypes ETa and ETg and in alignment with bovine rhodopsin
were analyzed using SeqglLab (Wisconsin Package Version 10.2,
Accelrys Inc. San Diego, CA, USA).

Structure models of human endothelin receptor subtypes ETx
and ETg are based on the structure of bovine rhodopsin entry Thzx
provided by the PDB [11,39]. The models were generated by side
chain substitutions in the homologous transmembrane regions
using SYBYL6.8 (Tripos Inc., St. Louis, MS, 63144, USA). Short loops
were added by best fit and best homology using fragments of
other proteins provided by LOOP SEARCH tool implemented in
SYBYL6.8.

The models were generated with the following characteristics:

e The models comprising residues Cys69 to Cys386 in ETa and
Cys90 to Cys403in ETg

e The extracellular N-terminus is linked by a disulfide bridge to
ECL3 (Cys69-Cys341 in ETa and Cys90-Cys358 in ETg)

e The conserved disulfide bridge in rhodopsin-like GPCRs
between TMH3 and ECL2 has been kept (Cys158-Cys239 in
ETa and Cys174-Cys255 in ETg)

e Owing to helix-forming motifs, helices TMH5, TMH6 and TMH7
were extracellularly extended

e Analogous to the intracellular extension observed in the crystal
structure of bovine rhodopsin from PDB entry 1gzm [40], TMH5
and TMH6 were intracellularly extended

e Introduction of a proline kink in TMH2 based on a more
homologous structure fragment of the sixth transmembrane
helix of sensory rhodopsin Il, from PDB entry 1jgj [41], altered
the extracellular orientation of TMH2 to about 20° outward
compared to the structure of bovine rhodopsin.

Resulting structures have been refined by optimization of
side chain interactions and checked using Ramachandran plots.
Endothelin receptor structure models have been optimized by
steepest descent energy minimization using Amber4.1 force field
with Amber95-Protein-ALL charges in SYBYL6.8 and a complete
PROCHECK scan [42,43]. The particularities of rhodopsin-like
GPCRs, such as the cysteine-bridge connecting TMH3 and ECL2,
as well as the D(E)RY and NPxxY motifs, have been taken into
consideration.

Ligand Docking

In the assembly of ligand-receptor complexes a docking protocol
has been invented using an initial ligand docking step followed
by a stability checking simulation in Amber7 [44] using ff99
force field. Owing to the nature of endothelin ligand/endothelin
receptor interaction, which is rather a protein/protein interaction,
the available ff02 force field that adds polarizable dipoles to atoms
has not been applied. ET-1 (PDB entry: 1v6r) and Sf6b (PDB entry:
1srb) have been docked in ETx and ETg. In addition, IRL1038 has
been docked in ETg.

In the initial docking step (in vacuo simulation for 200 ps), the
structure of receptor TMHs was kept by application of harmonic
potential restraints on C, carbons (5 kcal x mol~') whereas the
loops were free to move. Dihedral restraints (5 kcal x mol~') were
applied in peptide ligands to the central helix (residues Cys11 to
Cys15) and side chains involved in disulfide linkage (Cys1-Cys15
and Cys3-Cys11). The ligand was positioned 10 A above the
receptor and pulled into the binding site using restraints (5 kcal
x mol~") to experimentally known functional sensitive residues.
These residues were considered as anchor points for interactions
with the important ligand portions Asp18, Trp21 and the C-
terminal carboxyl group. The procedure has been applied to each
ligand-receptor complex five times to identify the most suitable
docking poses. All structures have undergone a stability checkin a
2-ns simulation without any restraints in a water—vacuum-water
box [45]. The overall C, RMSD remained below 1.8 nm, indicating
stably formed ligand -receptor complexes.

The docking poses, showing best agreement with known
experimental data from literature, have been selected for further
observations. Docking restraints derived from literature data,
resulting in these final docking poses, are tabulated (Table 2).

Results
Structural Differences Between ET, and ETg

The most striking sequence difference between ETp and ETg
is an insertion of a mostly hydrophilic stretch of five amino
acid residues (Asp149-His150-Asn151-Asp152-Phe153 in human)
into the first ECL in ETa. In addition, in ETp the sequence of
the N-terminus in close proximity to ECL1 displays a remarkably
hydrophilic region as potential counterpart (His66-Asn67-Tyr68-
Cys69-Pro70-GIn71-GIn72-Thr73-Lys74-1le75-Thr76-Ser77) in con-
trast to the rather hydrophobic residues at the corresponding site
in ETg (Pro87-Pro88-Pro89-Cys90-GIn91-Gly92-Pro93-1le94-Glu95-
l1e96-Lys97-Glu98). As a consequence and in contrast to ETg,
additional interactions between the hydrophilic residues in the
larger ECL1 and the hydrophilic region in the N-terminus can be
built up in ETa. Additional conformational differences may re-
sult from different locations of a proline residue in ECL2 in ETp
and ETg, which is found either prior to (Pro228 in ETa) or after
(Pro259 in ETg) the central cysteine (Cys239 in ETa and Cys255
in ETg), and two additionally inserted residues (Thr263-Ala264)
in ETg. According to our comparative molecular models, these
sequence and structure differences in endothelin receptor sub-
types provide strong support for differently shaped entrances
to the transmembrane binding cleft: a narrow, tunnel-shaped
entrance in ETp and a broad, funnel-like entrance in ETg (Fig-
ure 2).

Delineation of Peptide Ligands into Four Epitopes

In sequence-structure-function relationship studies, available
functional data have been combined with ligand-receptor com-
plex models and sequence alignment investigations of peptide
ligands in relation to endothelin receptor specificity and effects
on receptor stimulation. The following peptides, showing either
common or selective preference for endothelin receptor subtypes,
were examined: Endothelins ET-1, ET-2, ET-3, modified endothe-
lins Ala"13ET-1, Al>""ET-1, Ala'31VISET-1, Ala'"3ET-1(6-21),
Ala""15ET-1(8-21), Ala'""°ET-1(10-21), sarafatoxins Sfx6b, Sfx6c
and peptide derivatives BQ3020, IRL1620 (all agonists) as well

J. Pept. Sci. 2009; 15: 479-491
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Table 2. Data from site-directed mutagenesis experiments on endothelin receptors taken from literature and used as restraints in MD supported
ligand docking. The effects on binding of these mutants are listed as increased (+), unchanged (£) or reduced (—)
Ballesteros’ Mutation Sites Effects on Ligand Binding
Numbering inETa in ETg ET-1 ET-2 ET-3 Restraint to Ligand Property
1.49 Gly97Ala [31] - - -
2.53 Tyr129Ala [27-28] + + +
Tyr129Ser [27-28] + + +
Tyr129Thr [28] + - +
Tyr129Asn [27] + + +
Tyr129GIn [27] + + +
Tyr129His [27] + + +
Tyr129Lys [27,28] + + +
Tyr129lle [28] + - +
Tyr129Phe [27,28] + + +
Tyr129Trp [28] + - +
His150Ala [27] + + +
His150Tyr [27] + + +
2.64 Lys140lle [31-33] — Asp18
Lys161lle [32] -
3.26 Lys159GIn [31] —
3.32 GIn165Asp [31] — C-term.
3.33 Lys182Arg [79] + — — C-term.
Lys182Ala [79] + - -
Lys182Met [79] + — —
Lys182Asp [79] + — —
Lys182Glu [79] + — —
5.40 Trp257Ala [80] +
Trp257Phe [80] +
Trp275Ala [80] +
Trp275Phe [80] +
5.41 Trp258Ala [80] +
Trp276Ala [80] +
Trp276Cys [80] +
5.46 Tyr263Phe [31] +
6.31 Arg319Trp [81,82] +
6.44 Phe315Leu [31] — Trp21
6.55 Arg326GIn [31] +
7.35 Arg351Asn [31] +

as the peptide antagonists IRL1038 and PD142893 (Table 3). We
delineated four epitopes to the endothelin receptor peptide lig-
ands: two selectivity providing regions 1- (hydrophilic residues 1
to 7) and 2% (charged residues 8 to 10); the affinity increasing 3"
region (hydrophobic residues 11 to 15); as well as the minimal
ligand comprising 4 region (residues 16 to 21). Moreover, the
separation of the N-terminal part into two selectivity providing
regions, 1- and 2%, additionally allows the explanation of agonism
and antagonism.

Identification of Four Ligand-Sensitive Portions on Receptor
Side

Our ligand-receptor complex models provided an assignment of
distinct interaction sites for all four ligand epitopes at the receptor
counterparts in ETa and ETg using complementary shapes and
properties: a purely hydrophilic portion (AR); a charged, edge-like
portion (BR); a hydrophobic portion (C?); and a transmembrane
binding cleft (D). The residues and locations comprising the

different ligand-sensitive portions on receptor side are tabulated
in Tables 4 and 5.

Ligand-Receptor Interactions at the Binding Site

Interaction between ligands and receptors resulted in the
following differences at four interfaces:

1L~ AR: The receptors’ AR portions comprise the tunnel-shaped
entrance in ETa and the funnel-like entrance in ETg (Figure 2(e),
(f)). AR in ET, operates as selector for the 1' epitope of peptide
ligands. The narrow shape and the coated properties force the
ligand into a defined orientation, where the small side chains
of the 1% epitope of ET-1 point between the N-terminal tail and
ECL2/ECL3in ETa (Figure 3(a), (c)). In contrast, ARinETg accepts
peptide ligands with a large N-terminal variety of sequence
and structure (Figure 3(b), (d)).

2L-BR: In molecular docking simulations the charged residues
of 2" epitopes of agonists ET-1 and Sfx6b caught BR, a region of
complementary charged residues in both receptor subtypes. In

www.interscience.com/journal/psc  Copyright (©) 2009 European Peptide Society and John Wiley & Sons, Ltd.

J. Pept. Sci. 2009; 15: 479-491



LIGAND BINDING DETERMINANTS IN ENDOTHELIN RECEPTOR SUBTYPES

(a:l N-terminus ECL3

MN-terminus ECL3

(Receptor

‘Receptor

Journal of

Peptide

N-terminus ECL3 (b)

ECL1 ECL2

ECL1 ECL2

Figure 2. Schemes and models of ETA/ETg differences: Owing to sequence differences in ECL1, the structures of this loop vary between ET4 and ETg. As
a result, ETa shows more interactions between ECL1 and the N-terminus (black arrows) than ETg (a, b). These conformations result in different shapes
of the extracellular entrances to the binding sites in both receptor subtypes. A narrow, restrictive tunnel-shaped entrance in ET, (c) and a widened,
funnel-like entrance in ETg are formed (d) being responsible for differences in binding and selectivity of ligand peptides. The complete binding sites
can be distinguished into four structural regions with different functions (e, f) shown in color-coding similar to the ligands (AR - pale orange, B? - pale
magenta, CR - pale green, DR - pale blue). Images of molecular structures created with VMD [93].

J. Pept. Sci. 2009; 15: 479-491

contrast, the antagonist IRL1038 lacking the N-terminal portion
including the charged 2' sequence did not catch B® and
slid deeper into the transmembrane binding cleft. Resulting
from the different AR portions in ETy and ETg, the ligands
bind in different orientations. This is supported by different
localization of the charged residues of BR in both receptor
subtypes (Figures 2, 3, Table 4).

Our ligand-receptor complex models identified potential
interaction partners within ECL2 in BR in ETp for the
conserved 2- epitope (Asp8-Lys9-Glu10) of ETa-selective
peptides. Comparison of the 2" epitopes of ETs- and ETg-
selective peptide ligands suggested position 9 with its large,
positively charged side chain (Lys9) as the most suitable
candidate in 2" for our hypothesis of B? determining ligand
selectivity in ETa/ETg. Ligand binding experiments of ETa- and
ETg-selective peptides, where the photo-label Cy3 has been
attached to the amino group of Lys9, demonstrated the large

side chain being well accepted in both receptor subtypes
(Table 6). The interaction site of Lys9 in our ligand-receptor
complex models, which is more on the extracellular rim of the
binding pocket, tolerates Cy3’s volume because of a slightly
solvent-exposed positioning of Lys9.

However, a shorter, negatively charged side chain in position
9 is found in the two most ETg-selective agonists IRL1620 and
Sfx6¢c (Table 3), suggesting a contribution to ETg selectivity.
To answer the question, if interactions between 2t and Bf
contribute to receptor selectivity, we intended to increase the
selectivity of BQ3020 [46] for ETg. BQ3020 is an ETg-selective
agonist but contains the 2t epitope conserved in ETs-selective
ligands (Asp8-Lys9-Glu10) comprising a positive charge in
position 9. Introducing the 2" epitope of ETg-selective IRL1620
(Asp8-Glu9-Glu10) containing a negative charge in position 9
into BQ3020 (BQ3020:Lys’Glu) should result in improved

|
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Table 4. Residues within the regions AR, BR and C® forming the
entrance to DR, the transmembrane binding cleft, in ETp and ETg;
the residues are based on our ligand -receptor complex models after
stability checking MD simulations

AR BR cR
INETA InETg  InETa InETg InETa InETg

Table 5. Interaction partners for the C-terminal epitope 4" in agonists
(e.g. endothelins, sarafotoxins) in both endothelin receptor subtypes;
residues have been identified after stability checking MD simulations

N-terminus Cys69  Cys90 Glu95  Lys74
Pro70  GIn91 Glu9os
GIn71  Gly92
GIn72  Pro93
lle94
Glu9s
Lys97
ECL1 Phe148 Glu165 Asn151 Glul6e5 Ala143 Trp167
Asp149 Asp166 Asp166 Gly144 Pro168
Trp167 Arg145 Phe169

Trp146 Gly170
Phe148 Ala171

His150
Phe153
ECL2 GIn235 Val260 Glu230 Asp246 Arg232 Tyr247
Thr244 GIn261 Arg232 Lys248 Gly233 Lys248
Ser245 GIn235 GIn261 Thr244 Tyr251
Lys246 Leu252
Phe259
Val260

ECL3 Met336 Arg357
Asp337 Cys358

Subtype-
Interaction Partner at  Ballesteros— Specific
—————————  Weinstein _ Differencein
Peptide Residue  ETa ETg Numbering [91]  ETA/ETg
His16 Asn83 Asn104 1.35 -
Tyr352 Tyr369 7.36 -
Leul7 Gly154  Gly170 3.21 -
Val155 Ala171 3.22 X
Leu157  Met173 3.24 X
Cys158  Cys174 3.25 -
Asp18 Lys80 Lys101 1.32 -
Lys140  Lys161 2.64 -
lle19 Phel61 Val177 3.28 X
Pro162 Pro178 3.29 -
lle20 Leu322  Leu339 6.51 -
lle355 1le372 7.39 -
Ala358 Ala375 7.42 -
Trp21 (indole Phe264  Phe282 5.47 -
moiety) Trp319  Trp336 6.48 -
Trp21 Lys166 Lys182 3.33
(carboxyl
group)

ETg selectivity. Indeed, ligand binding experiments using
BQ3020:Lys’Glu showed decreased affinity for ETa, whereas
that for ETg was not affected (Table 7). As a consequence,
BQ3020:Lys°Glu has a 10-fold increased selectivity for ETg
compared to BQ3020 (Table 7) and confirms the interactions
between 2" and BR as decisive and important selectivity filter.
3L—C®: The hydrophobic CR portion, which is located at
the junctions of ECL1T with TMH2 and TMH3 as well as in
ECL2 (Figures 2(e), (f), 3(a), (b)), interacts with hydrophobic
residues 12 to 14 of 3% (in ET-1: Val12-Tyr13-Phe14). These
interactions, especially m-stacking contacts of the involved
aromatic residues, seem to provide energy benefits for high
affinity binding.

4-—DR: Our ligand docking studies provide evidence for the
above-suggested ability of the C-terminal ligand residues to
adopt varying spatial orientations. The C-terminal flexibility
of endothelin receptor peptide ligands allows to bind the
ligand 4" epitope within the transmembrane binding cleft DF,
despite the different orientations of the other ligand portions
(14, 2, 34) enforced by the different entrances AR in ETs and
ETg (Figures 1, 3).

DR, which is located between TMHs 2, 3, 5, 6 and 7, is large
and contains overlapping antagonistic and agonistic binding
sites. The potential 4-—DF interaction partners are tabulated
(Table 5). The difference between agonistic and antagonistic
ligand actions is determined by the presence and absence
of the charged 2- epitope (see 2--BR above). In agonists,
4L remained restrained in a position within D® closer to the
extracellular surface, where its C-terminal residues lle20 and
Trp21 enforced reorientations of nearby receptor side chains

J. Pept. Sci. 2009; 15: 479-491

Table 6. Binding data of peptide ligands ET-1 and BQ3020 as well as
their Lys9-Cy3 labeled derivatives in both endothelin receptor subtypes

K; for Binding in

ETa ETg
Mean £+ SD (n = 3) Mean £+ SD (n = 3)
ET-1 0.057 £ 0.021 nM 0.035 4+ 0.006 nM
Cy3-ET-1 0.045 4+ 0.027 nM 0.036 = 0.011 nM
BQ3020 49 +£17 nM 0.155+0.161 nM
Cy3-BQ3020 36 +26 nM 0.79 £ 0.44 nM

(e.g. Trp6.48, Figure 4(a)). In contrast, 4~ of antagonists slid
deep into the internal membrane region of DF, adopting
similar orientation in endothelin receptors as 11-cis-retinal
in the inactive structure of bovine rhodopsin (Figure 4(b),
(c)). The induced side chain orientations (especially Phe5.47,
Trp6.48), being different to those of agonists, most likely
constrain the inactive state of the receptor.

To facilitate the comparison of different GPCRs, we used the
Ballesteros—Weinstein nomenclature [47] for residues in the
transmembrane helix bundle.

Discussion

Since the first citation of ET-1 in 1988, several investigations on
the endothelins and sarafotoxins as well as their derivatives were
made [48]. Whereas N-terminal modifications in these peptides
generally affected the binding to ETa more, modifications in
the C-terminus reduced or abolished interactions with both
receptor subtypes. Out of this, Menziani etal. concluded that
the C-termini of peptide ligands are ‘highly important in

Copyright (© 2009 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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in position 9 of peptide agonists

K; for Binding in

Table 7. Binding data of BQ3020 and its derivative BQ3020:Lys’Glu in ETx and ETg demonstrates the increase of ETg selectivity by a negative charge

ETg-Specificity

ETa
Mean £+ SD (n = 3)

ETg
Mean £ SD (n = 3)

BQ3020
BQ3020(Lys9Glu)

49 £17nM
412 £192nM

0.155+0.161 nM
0.191 £ 0.050 nM

~100-fold
~1000-fold

Figure 3. Ligand binding in endothelin receptor subtypes. Ligands and receptors have been dissected each in four different regions, which are
color-coded (see Figure 1, 2 and Table 3). The interactions appear in both receptors between 1L-AR 2L_BR 3L_CR and 4--DR. The large differences
between receptor subtypes are the shapes of the entrances and the properties in the receptors’ AR regions. In ET, (a) the tunnel-like entrance results in
well-defined interactions of 1- epitope and AR region and a very restrictive binding mode. In ETg (b) the broad and funnel-like entrance allows several
interactions at AR, which tolerates peptides with more different N-termini by nonselective ligand interactions. Color-coded structure models of ET-1 in
ETa and Sfx6b in ETg, being the result of MD simulations, are shown in (c) and (d), respectively. Images of molecular structures created with VMD [93].

receptor recognition and signal transduction’ by interaction
with the transmembrane binding cleft, whereas the N-termini
‘might bind to residues located at the entrance of the binding
cleft conferring high affinity and selectivity to the peptide’
[35]. Following the classical principle of receptor—hormone
interactions via ‘address’ and ‘message’ epitopes suggested
earlier [49], we dissect here the sequence of native peptide
ligandsinto four epitopes based on sequence-structure—function
relationships (Table 3, Figure 1). In addition, the receptor binding
sites in ETpo and ETg can be delineated into four structural
portions, which are complementary in shape and properties to
the ligand regions (Figure 2). Our data further provide strong
evidence of structural differences in the extracellular entrance
portions in ETp and ETg (Figure 2(a)-(f), sequence alignment
provided in Supporting Information, Figure S1) resulting in
different participation of extracellular receptor portions in ligand
recognition (Figure 3(a), (b)). Similar evidence has been shown
recently by using Endothelin-derived photoprobes [50].

Owing to the high sequence similarity within the serpentine
domains of both receptor subtypes as well as the recently
shown irrelevance of ETg’s N-terminus in ligand binding [51],

we propose a more conserved mechanism in ligand recognition
by a cooperative participation of transmembrane helices and
juxtaposed extracellular loops. Therewith, our models of ETa and
ETg are different to the models between ET-1 and ET, described
earlier [52,53].

1L - AR Interaction Is the Main Selectivity Filter

The anti-parallel N-terminal stretch 1% in native peptide ligands
is the most variable region in endothelin receptor agonists.
1t plays a pivotal role in selective binding to ETa and ETg as
several lines of evidence support. Comparison of peptide ligand
sequences to their endothelin receptor selectivity (Table 3) shows
that differences of the three N-terminal residues to the ET-1
sequence lead to decreased affinity for ETa and result in increased
selectivity for ETg. Peptides lacking the N-terminal stretch 1%, such
as the mainly «-helical IRL1620 [54], are ETg-selective ligands.
They bind to ETg with similar affinity as native peptide ligands,
whereas their affinity for ET, is 100-fold to 10 000-fold lower than
the affinity of ET-1. We hypothesize that any ET-1-like peptide
sequence without an anti-parallel orientation of the N-terminal
stretch 1- to the central helix portion is generally structured as

www.interscience.com/journal/psc  Copyright (©) 2009 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 4. Comparison of interactions in 4-~DR as derived from MD simulations. The last two C-terminal residues 1le20 and Trp21, which are known
to be essential for receptor binding, are shown. (a) Agonistic peptides: residues lle20 and Trp21 (green) are restrained — by the 2" —BF interaction (not
shown) —in a location between TMH3 (lll), 6 (VI) and 7 (VII) closer to the extracellular surface. As a consequence, Trp21 causes changes in side chain
orientation of Trp6.48 and nearby side chains (Leu6.51, His6.52), which subsequently leads to a dispersion of helix TMH6 (VI) compared to the inactive
conformation. The change in side chain orientation of Trp6.48, which is highlighted in red in (a) and (b), is based on a rotamer toggle. (b) Antagonistic
peptides: Owing to the missing 2 -BR interaction, antagonists slide differently into the binding cleft orienting Ile20 and Trp21 in a position between
TMH3-6 (Ill, IV, V, VI) deep inside the internal membrane region. As a result, Trp21 preserves the orientation of Trp6.48 side chain in the inactive
receptor state. (c) X-ray structure of bovine rhodopsin (dark state, inactive receptor): The relative spatial location and orientation of the S-ionone ring of
11-cis-retinal (orange) and Trp6.48 of rhodopsin match the identical location and mutual orientation of the antagonist’s Trp21 indole-ring toward Trp6.48

in endothelin receptors supporting the antagonist model in (b). Images of molecular structures created with MOE [94].

straight a-helix. This structure does not find optimal interactions
in the narrow, tunnel-like AR region in ET, resulting in reduced
affinity in this receptor subtype. On the contrary, the broad, funnel-
like AR in ETg easily tolerates such modifications. As a result, such
peptides are ETg-selective ligands [55-571].

2! -BR Interaction Provides Additional Features for Selectivity

The ligand’s 2" epitope is contained in endothelin receptor
agonists and connects the N-terminal stretch 1- with the central
helix 3'. Peptides stimulating ETa share a conserved Asp8-Lys9-
Glu10 motif (Table 3). But ETg-selective peptides often contain
an acidic residue in position 9 (Table 3). Literature data from
site-directed mutagenesis experiments at this position in ET-1
reported no significant affinity changes in ETp and ETg for the
substitution to leucine [8]. However, the substitution of ET-1's
Lys9 to alanine and glutamate has been described as relevant for

receptor subtype selectivity [58]. Owing to this, the existence or
absence of a long (Lys9) or bulky (Leu9) side chain might, besides
charge interactions, be another selectivity providing feature. This
further explains why attaching the Cy3 chromophor to the side
chain of Lys9 does not result in significant changes in receptor
affinity, despite removing the residue’s positive charge.

2" -BR Interaction Separates the Agonists from the
Antagonists

The 2" epitope is a common ligand portion to all endothelin
receptor agonists, but not receptor antagonists PD142893 and
IRL1038 (Table 3). Modifications of Asp8 or Glu10 in ET-1 to amino
acids with comparable length but altered electrostatic properties
result in loss of function (Asp8Asn, Asp8Lys, Glu10GlIn, Glu10Lys)
[8,58,59]. However, replacements of these residues to alanine
decrease peptide activity but not affinity and suggest that the

J. Pept. Sci. 2009; 15: 479-491
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observed loss of function is not based on abolished receptor
interaction [23]. These alanine scans further demonstrated Asp8 as
most important residue within 2, determining agonist properties.
Ligands with Asp8Ala bind with wt-affinity but rather act as
antagonists (stimulatory effect 1/100 of wt-peptide).

3L -CR Interaction Generates Certain Energy Gain Necessary
for High Affinity Binding

The naturally occurring endothelin receptor agonists and their
peptide derivates share the hydrophobic 3" epitope. Variations in
the amino acid sequence of this region are very small and only
of conservative nature. The replacement of Cys11 and Cys15 by
alanine dramatically reduces the binding in ETa but not in ETg,
which is most probably based on the formation of 1' (see 1--AR).
It is notable that all investigated peptide ligands centrally display
a helical structure [12-15,46,55-57,59]. Thus, the residues 12, 13
and 14 (in ET-1: Val12-Tyr13-Phe14) are optimally oriented for
interactions with the mainly aromatic, hydrophobic residues in
CR at the receptor’s extracellular junction of TMH2 and TMH3. As
a consequence, modifications in this ligand region, altering the
hydrophobicenvironment, lead to complete loss of ligand binding,
as found for alanine replacements of Val12, Tyr13 or Phe14 [8,23].
We, therefore, conclude that the interactions between 3% and
CR lead to important energy benefits in binding. We further
hypothesize that these energy benefits may be responsible for
high affinity in peptide ligand-endothelin receptors interactions.

4" _DR Interaction Modulates Receptor Activation and
Inhibition

The 4! epitope of peptide ligands is highly conserved in agonists
and antagonists (Table 3). Owing to the size of the peptide ligands,
the 4- epitope interacts in our structure models within the ‘classic’
GPCR binding site of small ligands consisting of TMH3-6 [60-65]
as well as in the recently described binding site between TMH2,
-3 and -7 [66-68]. This orientation is in agreement with data on
the interaction of peptide ligands in endothelin receptors [17].
The negative charge of C-terminal carboxyl group anchors the
ligand on Lys3.33 in both receptor subtypes, which is consistent
with experimental data where removal of the C-terminal negative
charge by amidation resulted in abolished ligand interaction [18].

According to our models, the molecular differences of peptide
ligand-induced receptorinhibition and activation can be explained
by the absence and existence of negative charges in the 2" epitope
of peptide ligands as a counterpart of the BR region in receptors
(see above).

Ourcomputational models on receptorinhibition by assembling
ETg with the antagonist IRL1038 show the C-terminal residues
lle20 and Trp21, which have been described as crucially relevant
in receptor activation [23], deep inside the membrane region in
DR. The residues match comparable interaction partners in ETg
as 11-cis-retinal in rhodopsin (Figure 4(b), (c)). In addition, Trp21
shows comparable location and orientation regarding Trp6.48 as
the B-ionone ring of 11-cis-retinal in the inactive dark state of
rhodopsin. Owing to this, we suggest the interactions of 1120
and Trp21 in antagonists to be restraining the inactive state in
endothelin receptors, which explains the antagonistic nature of
the C-terminal hexapeptide [35].

On the contrary, our investigations on agonist-receptor
complexes revealed lle20 and Trp21 to be oriented closer to the
extracellular surface and shifted to TMH3, -6 and -7 within DR. This

caused a change in side chain orientation of Trp6.48 (Figure 4(a)),
very likely driving TMH6 apart. The reorientation provoked by
Trp21 is based on m-stacking contacts as experimental data of
Trp21 mutation to nonaromatic residues abolished the interaction
[23] but mutations to aromatic amino acids were tolerated [58].
Observed changes in side chain conformations at TMH6 are
in agreement with a ‘rotamer toggle switch’, which has been
recently reported in other GPCRs for the conserved Trp6.48 during
activation [69,70]. This similarity indicates the orientation of lle20
and Trp21 within D® closer to the extracellular surface to be
necessary in endothelin receptor activation. It further suggests the
interaction of 2- and BR as a discriminator for agonists to be true.

Evaluation of Our Models Regarding Existing Structural Data

Reported low RMSD values between backbones of the transmem-
brane helices of the rhodopsin structure and the recently solved
X-ray structures of B1- and B2-adrenergic receptor (PDB entry
codes: 2R4R, 2RH1) as well as A2A adenosine receptor (PDB entry
code:3EML) support the reliability of our ETa/s-TMH models, which
are based on rhodopsin structure [71-75].

The major structural difference in X-ray crystallographic data
concerns ECL2. However, out of the current structure templates
only rhodopsin provides an ECL2 structure with high sequence
similarity in sequence length and side chain properties to the ECL2
sequences of ETa and ETg. In addition, specific cysteines in ECL2
(two additional cysteines in B1-and S2-adrenergic receptor and
four in A2A adenosine receptor) form additional cysteine bridges
stabilizing a helical fold in ECL2 of these receptors. Neither in ETa
nor ETg such cysteine residues are included. As a consequence,
we kept a rhodopsin-like S-hairpin structure and location of ECL2
also in our ETp/g models. Additionally, the rhodopsin-like ECL2
conformation is consistent with results of diverse studies at other
GPCRs [76-78]. Moreover, the different tunnel- and funnel-like
entrance shapes for ETp g occur irrespective of the used templates,
which are based on the interaction of two hydrophilic sequence
epitopesin ETa thatare not presentin ETg. The conserved nature of
these differences of sequences suggests structural and functional
importance. Although modeling of reliable loop structures in
proteins is very difficult, we think that the significant differences
between the extracellular entrances are modeled according to the
currently available closest structural template.

Conclusion

Takentogether, systematic sequence-structure—function analysis
on peptide ligands and endothelin receptor subtypes ETp and ETp
provides complementary molecular patterns resulting in better
understanding of recognition mechanisms in peptide binding
and receptor subtype selectivity. Moreover and apart from the
activation mechanism, we suggest here a novel mode of action for
peptide antagonists on the molecular level.

Supporting information
Supporting information may be found in the online version of this
article.
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