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The human urotensin II receptor (2-UTR) is a member of the family of rhodopsin-like G-protein-
coupled receptors (GPCRs) involved in the modulation of the functionality of many tissues
and organs. Recently the urotensin-II (UII) neuropeptide, which is a potent vasoconstrictor in
mammals and it is postulated to play a central role in cardiovascular homeostasis, has been
identified as an agonist of the UII receptor. To elucidate the receptor’s molecular recognition,
a h-UTR model was constructed by homology modeling using the 2.6 A crystal structure of
bovine rhodopsin as a template and subsequently refined by molecular dynamics simulations.
The molecular recognition of A~-UTR was probed by automated docking of P5U, a potent UII
peptide agonist, as well as of the non-peptide compounds 1—4. We believe that this new model
of the A-UTR provides the means for understanding the ligand’s potency and for facilitating

the design of novel and more potent UII ligands.

Introduction

Urotensin II (UII), a urophysial peptide, was first
characterized biologically by Bern et al. in 1967.!
Although this cyclic dodecapeptide (AGTADCFWKYCV)
had initially been isolated from the goby Gillichthys
mirabilis, the cDNA encoding its precursor has now
been sequenced from many species, including humans.2~4
The composition of UII ranges from 11 amino acids in
humans to 14 amino acids in mice, always with the
conserved cysteine-linked macrocycle CFWKYC, which
is essential for the biological activity.’ In situ hybrid-
ization and immunohistochemistry have revealed that
human UII is not only localized to the medulla oblon-
gata of the brain and the spinal cord in the central
nervous system but is also present in such tissues as
adrenal glands, kidney, and spleen, suggesting neuro-
hormonal or hormonal properties.2¢ UII appears to be
the most potent vasoconstrictor known up to now,”*
causing concentration-dependent contraction of isolated
arterial rings of rats and humans with an EC5¢ value
of less than 1 nM, which means it is about 10 times
more potent than endothelin 1. However, the in vivo
effects of UII can be tissue- and species-specific, and
sometimes contradictory. Recent studies, in fact, de-
scribe how human UII has potent vasodilator and
cardiostimulant responses in human tissues.!®11 In
addition, this peptide has been recently reported to
induce hypertrophy in cardiomyocytes!? and prolifera-
tion of smooth muscle cells,!® which suggests a possible
involvement in heart failure and atherosclerosis.

Recently, it has been shown that human UII is the
endogenous ligand of a G-protein-coupled receptor
(GPCR),? which was isolated from a human genomic
library® and which possessed high sequence similarity
to GPR14, an orphan receptor identified in rat'* and
currently referred to as the UT receptor. The human
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UII receptor (h-UTR) belongs to class A, the rhodopsin-
like family, of the peptide subfamily of GPCRs and is
comprised of 389 residues (386 for the rat UII receptor).?
A schematic representation of the A-UTR is given in
Figure 1. The receptor possesses two potential N-
glycosylation sites in the N-terminal domain (Asn29 and
Asn33) and two cysteine residues in the first and second
extracellular loop, which are thought to participate in
disulfide bonding. Intracellular portions contain the Glu/
Asp-Arg-Tyr motif, which is well-conserved among
GPCRs, and potential phosphorylation sites are found
in the cytoplasmic tail.

Thus, the UII/UTR biological system exhibits a re-
markable potential for the development of novel thera-
peutic strategies, especially those related to the treat-
ment of cardiovascular diseases. Such developments
require a precise knowledge of the pharmacophoric
elements within UII essential for the affinity and the
activity of this peptide.

Structure—activity relationship (SAR) studies re-
vealed that the cyclic portion (Cys5—Cys10) of the
peptide is crucial for biological activity, and the se-
quence Trp7-Lys8-Tyr9 has been shown to be the most
important for 2-UTR occupation and activation.!5:16 The
replacement of Lys8 with Orn8 leads to the identifica-
tion of the low potency UTR partial agonist [Orn8]UIL.17
In addition, replacement of Cys5 with penicillamine in
the octapeptide UII(4—11) generated [Pen®]UII(4—11)18
(P5U in Chart 1), which behaves as a potent UTR
agonist and shows higher affinity (EC5¢ = 0.2 nM) than
human UII at cloned ~A-UTRs as well as higher activity
in the rat thoracic aorta assay.

The first non-peptide UTR agonist reported in the
literature, compound AC-7954 (1, Chart 2), has been
identified by high-throughput screening of a combina-
torial library of small organic molecules and showed an
ECs0 of 300 nM at the A-UTR.1® Later on, the dihydro-
pyrazole 2 turned out to have agonist activity toward
h-UTRs (ECsp = 4.0 uM) when tested with the functional

© 2005 American Chemical Society

Published on Web 02/22/2005



Architecture of the Human Urotensin II Receptor Journal of Medicinal Chemistry, 2005, Vol. 48, No. 7 2481

Figure 1. Serpentine model of the 2-UTR sequence. The black lines represent the boundaries of the membrane. Filled circles
indicate the residues highly conserved among the GPCRs superfamily. The TM helices are denoted by roman numerals. The
arabic numbers indicate the position of the residues inside the TM domain. The glycosilation site on the ELII is also shown. IL

= intracellular loop and EL = extracellular loop.
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mammalian cell-based R-SAT assay.?’ In the same
study, the dihydrobenzothiazepine 3 and the dihydro-
pyrimidinone 4 have also been found to be active on the
h-UTRs with ECso values of 6.3 and 5.0 uM, respec-
tively.

In addition to the SARs of the UII ligands, structural
knowledge of their target receptor protein is important
in facilitating drug design. Recently, the ground-state
X-ray structure of bovine rhodopsin (5-Rho) with 2.8-A
resolution?! has advanced our understanding of the
structure and activation of GPCRs. This crystal struc-
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ture can be used as a structural template to model the
transmembrane domain of other family A GPCRs.22
Ballesteros et al.?? demonstrated that GPCRs maintain
their general folding characteristics by means of struc-
tural mimicry, despite the possible low homology be-
tween these receptors. This structural mimicry also
enables localized variations within the binding sites of
the receptors that are responsible for the selectivity of
a receptor toward a diverse group of ligands. However,
Ballesteros and co-workers emphasize that substantial
modifications of the initial template may be required
to refine the particular conformation of the binding site
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Figure 2. Pairwise alignment of A~-UTR and 5-Rho (1F88). The conserved key residues used to align the sequences are shown
in red boxes. In all sequence alignment figures, an asterisk (¥) indicates an identical amino acid; quotation marks indicate a
“conserved” amino acid, which meets the criteria for either highly conservative substitutions or semiconservative substitutions,

as defined by CLUSTALW.

for the exploration of specific ligand—receptor interac-
tions. A study by Bissanz and co-workers?* demon-
strated that comparison (or homology) models of GPCRs
can also be used as suitable targets for protein-based
virtual screening of chemical databases.

In the present work, with the aim of gaining a better
understanding of the ligand/A-UTR interactions and, in
particular, to outline specific UII agonists binding mode,
a theoretical model of the A-UTR, developed by com-
parative modeling from the crystallographic structure
of b-Rho,?! is presented. This model, refined on the basis
of the actual knowledge derived from site-directed
mutagenesis experiments and the biophysical data
obtained from rhodopsin-like receptors, has been em-
ployed for extensive docking studies of peptide and non-
peptide UII agonists (Charts 1 and 2). The results are
compared with SARs data to identify key ligand/receptor
interactions involved in the molecular recognition pro-
cess. The correct overlay of these interactions will
provide a steady basis for rational design of new UII
agonists.

Results and Discussion

The three-dimensional model of the transmembrane
domain of the A-UTR (Figure 1) was constructed by
computer-aided model-building techniques from the
transmembrane domain of the recently reported crystal
structure of b-Rho?! (PDB entry code 1F88), a mem-
brane protein belonging to the GPCRs superfamily.
Conserved residues Asn55 (residue number in the PDB
file of 5-Rho) and Asn69 (residue number in the 2-UTR
sequence), Asp83 and Asp97, Argl35 and Argl48,
Trpl61 and Trpl74, Pro215 and Pro223, Pro267 and
Pro273, and Pro303 and Pro312 were employed in the
alignment of b-Rho and A-UTR transmembrane se-

quences. The sequence alignment of 2-UTR and 6-Rho,
shown in Figure 2, highlights a significant sequence
identity in the transmembrane (TM) regions of the two
proteins. The percentage identities (and similarity—
identical plus conservative substitutions) for each of the
seven transmembrane regions are TMI, 24% (60%);
TMII, 23% (58%); TMIII, 17% (63%); TMIV, 22% (61%);
TMV, 20% (68%); TMVI, 27% (54%); and TMVII, 12%
(69%).

The loop search algorithm available within SYBYL25
was used to search the binary protein database in this
program package for suitable protein fragments. The
templates for each of the extracellular loops (ELs) were
identified according to the following criteria: (1) the
sequence in the template protein had to be of a length
comparable to that of the target loop, (2) the template
structure had to be a loop structure, (3) the template
structure had to form a loop between two antiparallel
helical elements, (4) the distance between the ends of
the loop in the template structure had to differ by no
more than 1 A from the distance between the TM
segment to be connected in the target protein, and (5)
the sequence identity of the template protein with the
target protein had to be =20%. For each loop only one
potential template structure was identified in the PDB
that met these stringent criteria. The templates used
were as follows: ELI was modeled on 1JTB, which is a
lipid transfer protein structure;2® ELII was modeled on
1BVP, which is a viral structure;2” ELIII was modeled
on 1NAL, which is a N-acetylneuraminate lyase struc-
ture.28 All loop regions used were checked to confirm
that the loops were well ordered (low B factors and full
occupancies) in the template structure.

Most GPCRs of the rhodopsin family have a disulfide
bridge between TMIII and ELIL.2? In 5-Rho, this bridge
draws the ELII loop down so that the loop covers the
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ligand-binding site and, thus, is involved in ligand
recognition. In 2-UTRs, this particular disulfide bridge
is hypothesized between the highly conserved Cys123
in ELI and the Cys199 in ELII, respectively. Accord-
ingly, the present model includes this disulfide linkage,
which is located near the ligand-binding site.

The molecular dynamics (MD) simulation of the
h-UTR model was stable, as there was no drift in the
energy or temperature. The root-mean-squared devia-
tion (rmsd) of the protein backbone was monitored over
the simulation time for the 2-UTR model after a least-
squares fit to the initial structure. Even though the
deviation increases to about 2 A, the receptor structure
remained stable.

It is a well-known fact that 5-Rho was crystallized in
its inactive state, that conformationally differs from the
activated state.?! Therefore, it may be assumed that the
initial ~2-UTR model is closer to its inactive form than
to its activated, agonist-bound state. Until now, there
is only a crude picture of the conformational changes
that occur during receptor activation. Recent studies
based on electron paramagnetic resonance and fluores-
cence spectroscopy?® suggest an outward movement of
the cytoplasmic end of TMIII and TMVI,3132 as well as
an anticlockwise rotation of TMVI around its helical axis
when viewed from the extracellular side. Other helices
probably adjust their positions upon activation as well.
Moreover, in a UV absorption study,?? it was suggested
that when rhodopsin is activated, the aromatic residue
Trp265 in TMVI (corresponding to Phe271 in A-UTR)
is proposed to undergo a rotameric shift of the y1 torsion
angle from gauche™ to trans. Thus, the intramolecular
contact network might be destabilized, facilitating the
conformational change to activate the receptor. Very
recently Nikiforovich and Marshall proposed a three-
dimensional model for meta-II rhodopsin featuring a
similar change to the conformation of Trp265.3* Inter-
estingly, this rotamer switch was also confirmed in the
present study. Before the MD simulation, Phe271
(Trp265 in b-Rho) was in the gauche™ y1 configuration,
as in the rhodopsin template. During the MD simulation
of the A-UTR model, the rotamer of Phe271 shifted from
gauche™ y1 to trans y1. For our purposes, although we
do not wish to neglect this dynamical feature of the
GPCR structure, in the absence of a crystal structure
of a representative GPCR, we prefer not to let our
results become biased by a purported structure that may
turn out to be inaccurate. For example, in the study
proposing homology models in the activated state,?*
there was a need to expand the size of the ligand-
binding pocket to accommodate agonists. Even if fea-
sible, there is no evidence to support such a decision.
In any case, it has been shown that, while there are
indeed certain conformational adjustments to the struc-
ture, both in the backbone and in side chains, there are
only very few changes in the residues that actually
participate in ligand recognition.?? This further justifies
our choice of a knowledge-based docking approach
where experimental facts concerning the ligand moieties
and the residues involved are used, rather than a
method based on a molecular mechanical force field. The
latter requires an accurate structure for the receptor
and not one that has been adjusted according to purely
qualitative criteria.
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To validate the reliability of the calculated model, the
program PROCHECK,3%37 which automatically checks
the stereochemical accuracy, packing quality, and fold-
ing reliability, was employed. Using a Ramachandran
plot, ¢ and v angles were compared with the rhodopsin
crystal structure. All amino acids in the a-helices were
located in the favored region of the right-handed a-helix
in the Ramachandran plot. From calculated w angles,
there were no cis peptide bonds in the calculated 2-UTR
model as well as in 5-Rho structure. All Ca atoms except
Cys displayed S-chirality. For the packing quality, there
were no bump regions in the calculated 2-UTR model.
Figure 3 presents the final 2-UTR model compared with
the b-Rho crystal structure. The secondary structures
were assigned as implemented by SYBYL. As expected,
deviations from the ideal o-helical structure were
located in the respective TM regions of both the recep-
tors.

Network of Hydrogen Bonds. 5-Rho Compared
to h-UTR. The transmembrane region of b-Rho is
stabilized by a number of interhelical hydrogen bonds
and hydrophobic interactions, most of which are medi-
ated by highly conserved residues in GPCRs.2! For
example, in the case of the unoccupied A-UTR, the
carboxylate group of Asp97 (TMII) interacted with
Asn69 (TMI) and Asn311 (TMVII), as was observed in
b-Rho, which had interhelical hydrogen bonds between
the highly conserved Asn55 (TMI) and the backbone
carbonyl groups of Asn299 (TMVII) and Asp83 (TMII).
Another Asn residue, Asn78 (TMII), in b-Rho formed
hydrogen bonds to Ser127 (TMIII), Thr160 (TMIV), and
Trpl61 (TMIV). The corresponding amino acid in the
h-UTR, Asn92 (TMII), showed the same hydrophilic
interactions with Thr140 (TMIII), Thr173 (TMIV), and
Trpl74 (TMIV). With respect to the highly conserved
(D/E)R(Y/W) motif in GPCRs, the carboxylate of Glu134
(TMIII) in b-Rho formed a salt bridge with the guani-
dinium group of the adjacent Argl135 (TMIII). An
analogous interaction occurred in the A-UTR, i.e., the
salt bridge of Arg148 (TMIII) with Glu147 (TMIII). For
the NPXXY motif in the TMVII of GPCRs, the hydroxyl
group of Tyr306 (TMVII) was close to Asn73 (TMII) in
b-Rho, which was also highly conserved among GPCRs.
The same result appeared with the calculated UTR
structure, i.e., the OH group of Tyr315 (TMVII) was
located in proximity to the side chain of Asn92 (TMII).

Other important interhelical hydrogen-bonding in-
teractions for highly conserved sequences took place in
h-UTR. Table 1 details the interhelical hydrogen bonds
computed over the minimized average structure of the

protein. In this table, residues highly conserved in
GPCRs are in bold.

Hydrophobic Interactions. The seven-helical bundle
is stabilized by a network of m-stacking interactions
involving a number of residues highly conserved in
GPCRs, such as Phe267 (TMVI), Trp268 (TMVI), Phe271
(TMVI), Phe274 (TMVI), Trp275 (TMVI), and Tyr305
(TMVII). Phe271 in helix VI corresponds to Trp265 in
b-Rho, which is highly conserved within the large group
of the rhodopsin-like receptors, and it appears likely to
play a crucial role in receptor activation for many
GPCRs. Consequently, in A-UTR, the aromatic amino
acid Phe271 might be able to fulfill the same role as
tryptophan. Among hydrophobic interactions, the con-
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Figure 3. h-UTR model compared with the 6-Rho crystal structure. Secondary structure coding: a-helix, red (h-UTR)/green
(b-Rho); -sheet, magenta; other, cyan (A-UTR)/white (b-Rho): (a) ~-UTR model and (b) A-UTR model superimposed with 6-Rho.

Table 1. Geometries of the Interhelical Hydrogen Bonds in the Model of A-UTR

residue® acceptor® (A) residue® donor?® (D) H-Ac (A) D—H-A“ (deg)
Val112 (TMII) (6] Thr56 (TMI) O’H 2.1 151
Glu147 (TMIII) Ot Tyr89 (TMII) O"H 1.8 170
Asn92 (TMII) 01 Lys167 (TMIV) NH 2.3 133
Asn92 (TMII) 0ot Trpl74 (TMIV) N¢H 2.2 133
Thr140 (TMIII) 001 Asn92 (TMII) NoZH 2.3 125
Asp97 (TMIID) 092 Thr133 (TMIII) O"H 1.8 173
Asp97 (TMII) 001 Asn69 (TMI) No2H 2.4 165
Asp97 (TMII) 01 Asn311 (TMVII) No2H 2.8 158
Asp130 (TMIII) 001 Tyr305 (TMVII) O"H 1.8 144
Asp130 (TMIII) 092 Tyr100 (TMII) O"H 1.6 159
Glul147 (TMIII) O¢l Tyr165 (TMIV) O’H 1.6 170
Thr173 (TMIV) or Asn92 (TMII) NoH 2.4 163
Ser103 (TMII) or Arg166 (TMIV) N<H 1.9 160

@ Residues highly conserved in GPCRs are in bold. ® Atom names of the amino acids are based on IUPAC nomenclature. ¢ H—A is the

hydrogen—acceptor distance. ¢ D—H—A is the donor—acceptor angle.

served Phe271 was typically surrounded by hydrophobic
residues from TMs III, VI, and VII, as was observed for
another GPCR, the thyrotropin-releasing hormone re-
ceptor.3® Those hydrophobic amino acids near Phe271
were Met134 (TMIII), Phe267, Trp268, Phe274, Trp275,
and Tyr305.

Docking Studies. To investigate the ligand recogni-
tion site of the A-UTR, we undertook docking studies of
the highly active peptide P5U (Chart 1) and non-peptide
compounds 1—4 (Chart 2) using the above-described
h-UTR model. Since the receptor structure is only a
homology model and the currently available docking
programs may not work very well for peptide com-
pounds, manual docking was conducted for P5U. For

docking experiments, the conformation in solution of the
cyclic ligand as experimentally determined by NMR and
subsequent molecular dynamics (MD) in solvent was
used.!® The following criteria were employed to achieve
meaningful docking modes: (i) No steric clashes could
happen between any atom. (ii) SAR data of Ull-related
peptides had to be well-interpreted by the docked
structure. (iii) The positively charged amino group of
Lys8 had to be close to and pointing in the direction of
the carboxylate group of Asp130, which is conserved in
many GPCRs and positioned in the TMIII region.
Accordingly, mutation of this aspartate has been shown
to diminish the binding of various protonated amine
ligands in other receptor systems.39:40
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Figure 4. Results of MD simulations of 2A-UTR complexed with P5U. Graphics show plots of the monitored distance, in the
complex, between the protonated N¢ of Lys8 in P5U and the O? of Asp130 (a), the OH oxygen of Tyr9 in P5U and the backbone
CO oxygen of Ala281 (b), the Tyr9 phenolic ring center of mass of P5U and the Trp227 indole ring center of mass, (¢) and the N¢

of Trp7 and backbone CO oxygen of Tyr298 (d).

To assess the stability of the P5U/A-UTR complex and
to analyze the potential ligand/receptor interactions,
energy minimization and MD simulations of 400 ps at
a constant temperature of 300 K were run. During the
MD simulation, the ligand and the amino acid side
chains were allowed to relax, while the protein backbone
was held frozen. The distances between the peptide and
the key receptor residues were monitored along the
complete 400 ps MD trajectory (Figure 4).

To inspect the variations in the ligand conformation,
rmsd with respect to the starting structure was calcu-
lated. Interestingly, the rmsd of P5U backbone atoms
turned out to be really stable throughout all the MD
simulations (0 < rmsd < 0.6), indicating that the peptide
settles into the receptor-binding site in a stable confor-
mation.

As shown in Figure 5A, the hypothetical binding site
of P5U is located among TMV, TMVI, TMVII, ELI, ELII,
and ELIII. The binding mode of the peptide is deter-
mined mainly by the following interactions.

(i) An important feature of the P5U/A-UTR complex
is the occurrence of a tight charge-reinforced hydrogen-
bonding network involving the carboxylate group of
Asp130 (TMIII) and the protonated e-amino group of
Lys8 of P5U, whose side chain is oriented along the
receptor helical axis (Figure 5B). Such an interaction,
which we assumed to be an anchoring point of the ligand
to h-UTR, remained stable during the whole production
run, as suggested by the trajectory plot in Figure 4a. It
is worth noting that the protonated amino group of Lys8
forms another hydrogen bond with the backbone CO of
Asp130, contributing to further stabilize the hydrogen-
bonding pattern. Moreover, the above-mentioned net-
work is further consolidated by two additional hydrogen
bonds between the carboxylate of Asp130 and the OH
group of both Tyr100 (TMII) and Tyr305 (TMVII) side
chains. Inspection of the docked peptide ligand also
reveals the presence of two other hydrogen bonds
involving the indole NH of Trp277 and the backbone
CO of both Lys8 and Trp7, respectively, of P5U. These

results are in agreement with the SARs data indicating
the importance of Lys8 in the receptor binding. In fact,
Flohr et al. reported that replacement of this residue
with Ala results in a peptide 6000-fold less active than
the endogenous agonist UIL.16 (ii) A large hydrophobic
pocket consisting of His208 (ELII), Leu212 (TMV),
Trp277 (TMVI), Ala281 (TMVI), GIn285 (ELIII), and
Val296 (ELIII) side chains hosts the aromatic ring of
Tyr9 of P5U. The phenolic OH of this residue is close to
hydrogen-bonding distance with the backbone CO of
Ala281, which remains stable along the 400 ps MD
trajectory (Figure 4b). In addition, the phenyl ring of
Tyr9 appears to be optimally oriented for a n-stacking
interaction with the aromatic indole system of Trp227.
As shown in Figure 4c, the planes of the two aromatic
rings are fairly parallel and separated by a distance
ranging between 3.4 and 5.3 A. The importance of Tyr9
in receptor binding has been underscored by SARs data.
In fact, the exchange of Tyr9 by Ala resulted in a
compound with no activity.® Moreover, Kinney et al.
replaced this tyrosine with Phe to give rise a still active
analogue, which suggests that the phenolic OH is not
involved in receptor binding.#! Still, substitution of Tyr9
with 2-Nal remarkably improved the affinity toward
h-UTR, thus corroborating the idea that this residue
interacts with the receptor through hydrophobic inter-
actions. (iii) The indole system of Trp7 in P5U is sited
in a large cleft made up by GIn53 (ELI), Ile54 (TMI),
Gly55 (TMID), Tyr298 (TMVII), Leu299 (TMVII), Thr301
(TMVII), and Cys302 (TMVII) side chains. Within this
pocket, the backbone CO of Tyr298 engages a hydrogen
bond with the indole NH of Trp7. The trajectory plot of
the analyzed complex in Figure 4d displays that this
hydrogen bond turned out to be quite stable throughout
the MD simulation. Our docking model is in accordance
with the SAR data, which suggest that Trp7 interacts
with the receptor with polar rather than hydrophobic
interactions. In fact, the exchange of Trp7 by Ala or
2-Nal residues led to dramatic loss of potency and
efficacy of the corresponding peptide.164! (iv) For P5U,
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Figure 5. (A) Stereoview of the transmembrane domain of 2-UTR. A translucent, reduced surface of the potent agonist P5U is
displayed in white, indicating the region of the putative ligand-binding site. Receptor backbones are represented in green and
labeled. The disulfide linkage between Cys123 in ELI and Cys199 in ELII is shown in yellow. (B) View of P5U within the binding
pocket of A-UTR. The ligand is displayed in white, and key binding site residues are shown in magenta. Hydrogen bonds are

represented with dashed yellow lines.

the Phe6 side chain points toward the external region
of the receptor inserting between ELI and ELII to
contact Val296 and GIn53 residues. This result still
agrees with the SARs studies indicating that Phe6 plays
a minor role in receptor binding, since its substitution
with Ala results in a still full agonist peptide.16 (v) The
exocyclic carboxylate group of Asp4 in P5U, lying at the
interface between ELII and ELIII, appears involved in
a hydrogen-bonding network. Particularly, an oxygen
of the carboxylate establishes a hydrogen bond with the
backbone NH of Trp203 (ELII), while the other one
forms two charge-reinforced hydrogen bonds with the
guanidinium group of Arg294 (ELIII). In addition, the
protonated N-terminal group of Asp4 engages two
additional hydrogen bonds with the backbone CO of
Pro201 and Leu200, respectively. All of the mentioned

interactions are lost after 100 ps of MD simulations,
thus explaining why the removal of the exocyclic Asp4
results in a still active compound.*2 (vi) The C-terminal
Valll of P5U is embedded within a hydrophobic cavity
made up by the side chains of Phe131 (TMIII), Val184
(TMIV), Ala207 (ELII), Tyr211 (TMV), Leu212 (TMV),
and Leu215 (TMV). Moreover, the negatively charged
C-terminal group of Valll establishes a salt bridge with
the protonated guanidinium moiety of Arg206 (ELII).

As concerns the ligands 1—4, docking experiments
were carried out using the version 3.0.5 of the AutoDock
program, which has been shown to successfully repro-
duce experimentally observed binding modes.*®%* As
shown in Table 2, the 50 independent docking runs
performed for each ligand usually converged to a small
number of different clusters (“clusters” of results dif-
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Table 2. Result of 50 Independent Docking Runs for Each Ligand®
ligand Ntot focc AC;bind
(R)-1 11 15 —8.49

surrounding residues

Val108 (TMII), Phe118 (ELI), Leu126 (TMIII), Phe127 (TMIII), Asp130 (TMIII), Phe131 (TMIII),
His208 (ELII), Leu212 (TMV), Phe274 (TMVI), Trp277 (TMVI), GIn278 (TMVI), Arg294 (ELIII),
Val296 (ELIID), Thr301 (TMVII), Cys302 (TMVIID), Tyr305 (TMVII)

Tyr100 (TMII), Phe118 (ELI), Leul26 (TMIII), Phe127 (TMIII), Asp130 (TMIII), Phe131 (TMIID),
Met134 (TMIII), His208 (ELII), Leu212 (TMV), Phe274 (TMVI), Trp277 (TMVI), GIn278 (TMVD),
Ala 281 (TMVI), GIn282 (TMVI), Val296 (ELIID), Tyr298 (ELIID), Thr301 (TMVII),

Cys302 (TMVII), Tyr305 (TMVII)

(4R,5S)-2 6 44 872

(R,R)-3 14 25 —858 Phell8 (ELI), Leul26 (TMIII), Phe127 (TMIII), Asp130 (TMIII), Phe131 (TMIII), Met134 (TMIII),
His208 (ELIT), Phe274 (TMVI), Trp277 (TMVI), GIn278 (TMVI), GIn285 (ELIIT), Val296 (ELIID),
Thr301 (TMVII), Cys302 (TMVID), Tyr305 (TMVII)

(R)-4 5 34 —7.78 Phell8 (ELI), Leul26 (TMIII), Phe127 (TMIII), Asp130 (TMIII), Phe131 (TMIII), Met134 (TMIII),

His208 (ELII), Leu212 (TMV), Leu215 (TMV), Phe271 (TMVI), Phe274 (TMVI), Trp277 (TMVI),
GIn278 (TMVI), Ala 281 (TMVI), GIn282 (TMVI), Val296 (ELIII), Tyr298 (ELIII),
Thr301 (TMVII), Cys302 (TMVID), Tyr305 (TMVII)

@ Niot is the total number of clusters; the number of results in the top cluster is given by the frequency of occurrence, focc; AGpind is the
estimated free energy of binding for the top cluster results and is given in kcal/mol. The last column shows the contacting residues for the
binding mode of the top cluster. Only residues within 4 A from any atom of the docked ligands are shown. Highly conserved residues are
highlighted in bold.

fering by less than 1.5 A rmsd). Generally, the top (A)
clusters (i.e. those with the most favorable AGyping) were
also associated with the highest frequency of occurrence,
which suggests a good convergence behavior of the
search algorithm. Although the predicted free energy
of binding is a useful descriptor of ligand/receptor
complementarity, the choice of the “best” docking model
was ultimately dictated also by its agreement with the
SARs data.

For compound 119 (Chart 2), no clear information are
available about the absolute configuration at the C-3
carbon of the bicyclic isochromane-based ring system.
Moreover, such a system contains a nonaromatic six-
membered ring adopting an envelope conformation with
the C-3 carbon placed above or below the plane of the
ring. According to our calculations, both 3-substituents
in 1 can adopt pseudoequatorial and pseudoaxial posi-
tions, resulting in two different isoenergetic conformers.
Therefore, we decided to subject to docking calculations (B)
both conformers of (R)-1 and (S)-1. As noted above, the
SARs indicated that the protonated nitrogen of the
ligand had to establish a salt bridge with the Asp130
carboxylate group, but none of the docking experiments,
using the conformers with the ethylamine function in
pseudoequatorial disposition of both (R)-1 and (S)-1,
produced any ligand orientation with salt bridge motifs LN

in agreement with SAR data. Similarly, for compound
/ g L )
T

Phel18

Ala281

Gln27g | 1277

Leu212

Phel118

—
(S)-1 having the ethylamine in the pseudoaxial position, _—
AutoDock did not converge toward to a highly populated
cluster. On the other hand, most of the results had an
unfavorable free energy of binding, thus suggesting that .
this conformer was not able to find a stable position in Ala281 . \

the binding site. More encouraging results were achieved Gazg, 17

for compound (R)-1, displaying the ethylamine in the
pseudoaxial position. In fact, the solution with the
lowest free energy of binding (AGping = —8.49 kcal/mol)
was found 15 times out of 50. As illustrated in Figure

Thr301

Leu212

Aspl30

6A, the positively charged ethylamine moiety of the
ligand establishes a salt bridge with the negatively
charged carboxylate group of Asp130. Furthermore, the
p-chlorophenyl ring in position 3 is embedded within a
hydrophobic cleft, corresponding to that of P5U TyrS,
which is formed by His208 (ELII), Leu212 (TMV),
Trp277 (TMVI), GIn278 (TMVI), and Ala281 (TMVI),
where it engages a m-stacking interaction with the
indole ring of Trp277. This charge-transfer interaction

Figure 6. Docked structures of agonists 1 (A) and 2 (B) in
the A-UTR. The ligands are displayed in white, and key
binding site residues are shown in magenta. Hydrogen bonds
are represented with dashed yellow lines.

is further stabilized by a hydrogen bond involving the
indole NH¢ hydrogen of Trp277 and the ester oxygen
atom of the isochromanone ring. In addition, the car-
bonyl oxygen of this ring accepts an additional hydrogen
bond from Thr301 (TMVII). Moreover, the benzo-fused
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ring of (R)-1 forms a T-shaped interaction with the
Phel18 (ELI) aromatic ring.

Since the stereochemistry of the major isomer of 2 was
confirmed through NOESY experiments as having an
anti configuration,2? we decided to consider for docking
only the (4R,5S)- and (4S,5R)-isomers. As regards the
(4R,5S)-stereoisomer, automated docking revealed the
preference for a single position in the binding pocket:
the result with the top binding energy (—8.72 kcal/mol)
was found 44 times out of 50. As shown in Figure 6B,
the protonated amino group of (4R,5S)-2 forms a salt
bridge with the negatively charged carboxylate group
of Aspl30 in TMIII. Moreover, the p-chlorophenyl
moiety fits into the same cleft of Tyr8 of P5U, making
hydrophobic interactions. In particular, this ring is
optimally oriented for a favorable z-stacking interaction
with Trp277 (TMVI). Such an interaction is further
strengthened by the electron-withdrawing chlorine atom
in position 4. In addition, the phenyl ring in position 3
makes contact with the receptor through a T-shaped
interaction with Phe118 (ELI). This presents a plausible
mode of interaction and could eventually explain the
high potency of compound 2 observed experimentally.
The preference for a single binding position is even clear
in case of the (4S,5R)-isomer. In fact, the top-ranked
cluster had a binding free energy of —8.73 kcal/mol and
it was found 18 times out of 50. However, this result
was discarded, since the positively charged amino group
of 2 was too far away for a significant interaction with
the Asp130 carboxylate group.

For benzothiazepine 3, the anti stereoisomer was
synthesized and its potency was evaluated.2? Since the
benzothiazepine ring can exist in two interconverting
conformers with the dietylaminoethyl moiety in pseudo-
axial or pseudoequatorial position, both conformers of
(R,R)-3 and (S,S)-3 were subjected to the automatic
docking calculations. None of the investigated conform-
ers showed the crucial interaction between the positively
charged amino group and the negatively charged car-
boxylate of Asp130 in the docked binding modes, with
the exception of (R,R)-3 holding the diethylaminoethyl
moiety in the pseudoaxial conformation (Figure 7A). In
the most frequently occurring and most favorable result
(reported in Table 2), the ligand has its p-chlorophenyl
system placed in the same hydrophobic cleft of Tyr8 of
P5U, still establishing a z-stacking charge-transfer
interaction with the indole ring of Trp277. In addition,
the Tyr118 side chain contacts the pendant phenyl ring
in position 4 of the ligand via a w-stacking interaction,
thus contributing to further stabilize the ligand/receptor
complex.

Since the pyrimidinone derivative 4 was synthesized
as racemic mixture,2’ both (R)- and (S)-enantiomers
were subjected to the automated docking calculations.
As regards the (R)-isomer, the most favorable result,
which has an estimated AG of —7.83 kcal/mol, places
the positively charged amino group near the negatively
charged carboxylate of Asp130, thus establishing a salt
bridge (Figure 7B). The p-chlorophenyl ring in position
4 is properly positioned in a hydrophobic cleft formed
by the His208, Leu212, Ala281, Trp277, and GIn278 side
chains, where it forms an aromatic—aromatic interac-
tion with the Trp277 indole ring. The pendant phenyl
ring in position 6 is involved in a T-shaped interaction
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Figure 7. Docked structures of agonists 3 (A) and 4 (B) in
the A-UTR. The ligands are displayed in white, and key
binding site residues are shown in magenta. Hydrogen bonds
are represented with dashed yellow lines.

with the Phe118 aromatic ring in ELI. For the S-isomer,
a well-defined binding position is also predicted by
AutoDock (AGping = —7.78 kcal/mol) but, as occurs for
the dihydropyrazole derivative 2, it is characterized by
the absence of the crucial interaction between the
protonated amino nitrogen and the Asp130 carboxylate

group.
Conclusions

A three-dimensional model of the transmembrane
domain of A-UTR was carefully built using the crystal-
lographic structure of 5-Rho as a template to obtain
information on the receptor/ligand interactions at the
putative ligand binding site and, thus, to facilitate the
design of novel lead compounds for current UII drug
discovery. The model was thoroughly validated using
MD analyses simulations, obtaining results about struc-
tural features that are consistent with experimental
information. In future studies, this model could be
embedded in a phospholipid bilayer*> to explore, by
means of an extensive MD simulation, the allowed
conformation and to gain insight into the mechanism
of activation.
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Asp130

Figure 8. Overlay of the receptor-bound conformations of
peptide P5U (green) and non-peptide ligands 1—4 (by-atom).
The protonated nitrogen of the ligands forms an ion pair with
Asp130 in TMIII. HP1 and HP2 map hydrophobic interactions.

The resulting protein structure showing a good steric
quality was used to dock the highly active peptide
agonist P5U and the non-peptide agonists 1—4 into the
putative binding site. A crucial anchoring point consti-
tuted by Asp130 in TMIII was the starting position for
the manual docking of peptide P5U. The key peptide
residues Trp7, Lys8, and Tyr9 of P5U, identified as
being important for biological function, were found to
have significant interactions with the GPCR model. In
particular, the protonated e-amino group of Lys8 forms
a salt bridge to the negatively charged carboxylate group
of Aspl30; the aromatic ring of Tyr9 is hosted in a
hydrophobic pocket, where it makes specific aromatic—
aromatic interactions; and the indole system of Trp7 is
still sited in a large hydrophobic cleft, where the indole
NH engages a hydrogen bond with the backbone CO of
Tyr298.

The molecular recognition of A-UTR was further
probed by automated docking experiments of non-
peptide compounds 1—4 and correlated with their low
ECsp values. For all inspected ligands feasible binding
modes were obtained. An overlay of the putative recep-
tor-bound conformations of P5U and compounds 1—4
is depicted in Figure 8. When viewing the comparisons,
certain specific points of match become apparent: (i) the
protonated amino group of 1—4 fits well with the P5U
Lys8 protonated amino group, all interacting with
Asp130 through a salt bridge linkage; (ii) the p-cloro-
phenyl ring of non-peptide ligands is superimposed on
the peptide Tyr9 aromatic ring, all occupying the
hydrophobic pocket HP1; (iii) the benzo-fused aromatic
rings of 1 and 3 together with the pendant phenyl rings
of 2 and 4 match the peptide Trp7 indole ring, all
projecting into the large hydrophobic cleft HP2.

These results suggest that the A~-UTR may contain
an important recognition site in the receptor cavity for
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the message sequence Trp7, Lys8, and Tyr9 of P5U and
Ull-related peptides. These amino acids represent the
chemical key features, which, in the correct spatial
arrangement, are the prerequisite for binding and
activation of UTR. Similarly, the non-peptide UII ago-
nists 1—4 are able to recognize and activate the receptor,
mimicking the three message sequence residues. Taken
together, such results delineate the prominent features
of a UII agonist pharmacophore, which might be a
useful tool in designing novel and potent 2-UTR ligands.

Computational Methods

Molecular modeling and graphics manipulations were per-
formed using the SYBYL 6.9 software package,?® running on
a Silicon Graphics R12000 workstation. Energy minimizations
and MD simulations were realized by employing the AMBER
4.1 program,*$47 gelecting the all-atom Cornell et al. force
field.*s

Human Urotensin Receptor Model. The structural model
of the A-UTR was built using the recently reported 2.8 A
crystal structure of 5-Rho?! (PDB entry code 1F88) as a
structural template. Briefly, the 2-UTR sequence was retrieved
from the SWISS-PROT database*® and aligned with the
sequence of b-Rho using CLUSTALW software.?%51 As a first
approach, the length of the each a-helix in A-UTR was decided
after looking for a consensus between the predictions of
transmembrane segments provided by SWISS-PROT,?? as well
as by considering that Arg and Lys residues are often located
at the membrane boundaries.?? Extension of each helix was
contemplated by taking into account the experimental length
of the b-Rho helices and the secondary structure prediction of
h-UTR obtained with the PHD software,> as well as the
sequence conservation in the possible extensions of the helices
(Figure 2).

Individual TM helical segments were built as ideal helices
(using ¢y angles of —63.0° and —41.6°) with side chains
placed in prevalent rotamers and representative proline kink
geometries. Each model helix was capped with an acetyl group
at the N-terminus and an N-methyl group at the C-terminus.
These structures were then grouped by adding one at a time
until a helical bundle (TM region), matching the overall
characteristics of the crystallographic structure of 6-Rho, had
been obtained. The relative orientations and interactions
between the helices were adjusted on the basis of incorporated
structural inferences from available experimental data, such
as mutation and ligand binding studies,?>~%7 cysteine scanning
data,?®2 and site-directed mutation experiments.53-6> Because
earlier work showed that polarity conserved positions cluster
together in the cores of proteins to create conserved hydrogen-
bonding interactions,% we refined the model by applying the
additional hydrogen-bonding constraints between the con-
served polar residues Asn69, Asp97, and Asn311 in accordance
with data from site-directed mutagenesis.®3~%

Homologues for the three extracellular loops were identified
using a database of loop fragments®”%® in SYBYL and the
criterion of good geometric fit to the anchor region of the
modeled protein. As a more stringent requirement, the loops
identified also had to be located between two helices in the
template structure. CLUSTALW was then used to determine
which of the loop fragments that met this criterion had the
highest homology with the A-UTR loop sequences. PSI-
BLAST®70 was also used in an attempt to identify the loop
regions; however, no hits were found with an E-value greater
than 0.01, probably because the sequences were too short.
When looser constraints were used, the highest scoring
sequences were not of loop regions. Hence, the SYBYL loop
search results were used. The loops were positioned with their
N and C termini approximately equidistant from the two end
residues of the helices to which they were to be connected (in
all cases, the distance between the loop ends differed by <1 A
from the distance between the target helices). A peptide bond
was then formed with the “join chain” function in SYBYL, and
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the six residues surrounding the new bond were minimized.
Moreover, the disulfide bridge between Cys123 (ELI) and
Cys199 (ELII) was included throughout all calculations.

After all connections were made, the whole structure was
energy-minimized using the SANDER module of the AMBER
suite of programs until the rmsd value of the conjugate
gradient was 0.001 kcal/mol per A. To avoid spurious changes
in the general fold and helix packing due to some still
unfavorable electrostatic interactions or steric clashes, an
energy penalty force constant of 10 keal/A%mol on the protein
backbone atoms was applied throughout these calculations.

The model obtained for the seven-helix bundle of the 2-UTR
was then used as the starting point for subsequent 300 ps of
MD simulations. The options of MD at 300 K with 0.2 ps
coupling constant were a time step of 1 fs and a nonbonded
update every 25 fs. The lengths of bonds with hydrogen atoms
were constrained according to the SHAKE algorithm.” When
MD simulations are performed in the gas phase, disregarding
the explicit macroscopic environment necessitates the use of
a set of restraints, replacing the natural stabilizing effects of
the membrane bilayer on helix length and packing. According
to SYBYL standard parameters, hydrogen bonds, which are
found to stabilize the helical conformation, were determined
in the backbone of the minimized model. For the first 100 ps,
semiharmonic restraints with a force constant of 5.0 kcal/A%
mol were applied to these hydrogen bonds in order to preserve
the actual interactions between the amide hydrogens and the
carbonyl oxygens. The harmonic part of the restraint was set
to change into a linear gradient below 0.8 A and above 2.8 A
hydrogen-bond distance. After 100 ps, the force constant was
gradually reduced to 0.05 kcal/A%mol over a time period of
100 ps, allowing the system to relax. According to preliminary
studies about the optimal simulation setup (data not shown),
for the remaining 100 ps we decided to refrain from decreasing
the force constant below this value to maintain the original
structural information contained in the crystal structure of
bovine rhodopsin. The average structure from the last 50 ps
trajectory of MD was reminimized until a rms of 0.5 kcal/mol
per A was reached. The harmonic restraints were gradually
lowered in steps of 5 kcal/mol, minimizing the structure at
each step until a rms of 0.5 kcal/mol per A was reached. When
the restraints were finally removed, the structure was submit-
ted to the final energy minimization until a rms of 0.001 kcal/
mol per A was reached.

The conformational validity of main chain and side chain
torsions in each residue within the protein model was analyzed
using the PROCHECK program.3637 Also, all w angles for the
peptide planarity were measured. The chirality of all Ca
atoms, which in naturally occurring amino acids is of the
L-configuration, was checked. Root mean square deviations
between backbone atoms in all helices were compared to the
X-ray structure of b-Rho as a template.

Docking Simulations. The peptide P5U was manually
docked in the suspected binding site of the receptor by
maximizing the electrostatic interactions. The highly con-
served Asp130 on TMIII, mentioned in Results and Discussion,
was assumed to participate in the binding. Thus, the positively
charged Lys8 of the ligand was positioned in such a way to
interact with the carboxylate group of Asp130. The resulting
complex was selected on the basis of the SARs available at
that time. The receptor model with the best-defined pockets
for the other two key side chains of P5U, Trp7 and Tyr9, was
chosen as working model.

As concerns the non-peptide ligands 1—4, docking was
performed with version 3.05 of the AutoDock software pack-
age.*®* It combines a rapid energy evaluation through pre-
calculated grids of affinity potentials with a variety of search
algorithms to find suitable binding positions for a ligand on a
given protein. While the protein is required to be rigid, the
program allows torsional flexibility in the ligand. Docking to
h-UTR was carried out using the empirical free energy function
and the Lamarckian genetic algorithm, applying a standard
protocol, with an initial population of 50 randomly placed
individuals, a maximum number of 1.5 x 10% energy evalua-
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tions, a mutation rate of 0.02, a cross-over rate of 0.80, and
an elitism value of 1. Proportional selection was used, where
the average of the worst energy was calculated over a window
of the previous 10 generations. For the local search, the so-
called pseudo-Solis and Wets algorithm was applied using a
maximum of 300 iterations per local search. The probability
of performing the local search on an individual in the popula-
tion was 0.06, and the maximum number of consecutive
successes or failures before doubling or halving the local search
step size was 4. Fifty independent docking runs were carried
out for each ligand. Results differing by less than 1.5 A in
positional rmsd were clustered together and represented by
the result with the most favorable free energy of binding.

(1) Ligand Setup. The core structures of ligands 1—4 were
retrieved from the Cambridge Structural Database (CSD)"?
and modified using standard bond lengths and bond angles of
the SYBYL fragment library. Geometry optimizations were
realized with the SYBYL/MAXIMIN2 minimizer by applying
the BFGS (Broyden, Fletcher, Goldfarb, and Shannon) algo-
rithm™ and setting a rms gradient of the forces acting on each
atom of 0.05 kcal/mol A as the convergence criterion. Atomic
charges were assigned using the Gasteiger—Marsili formal-
ism,” which is the type of atomic charges used in calibrating
the AutoDock empirical free energy function. Finally, the two
compounds were set up for docking with the help of AutoTors,
the main purpose of which is to define the torsional degrees
of freedom to be considered during the docking process. The
number of flexible torsions defined for each ligand is four for
1 and nine for 2—4.

(2) Protein Setup. The energy-minimized structure of
h-UTR model was set up for docking as follows: polar
hydrogens were added using the biopolymers module of the
SYBYL program, (Arg, Lys, Glu, and Asp residues were
considered ionized, while all His were considered neutral by
default), and Kollman united-atom partial charges were as-
signed. Solvation parameters were added to the final protein
file using the Addsol utility of AutoDock. The grid maps
representing the proteins in the actual docking process were
calculated with AutoGrid. The grids (one for each atom type
in the ligand, plus one for electrostatic interactions) were
chosen to be sufficiently large to include not only the active
site but also significant portions of the surrounding surface.
The dimensions of the grids were thus 50 A x 40 A x 40 A,
with a spacing of 0.375 A between the grid points.

MD Simulations. Refinement of the P5U/A-UTR bound
complex was achieved by in vacuo energy minimization with
the SANDER module of AMBER (50 000 steps; distance
dependent dielectric function of € = 4r), by applying an energy
penalty force constant of 5 kcal/mol on the protein backbone
atoms. The geometry-optimized complex was then used as the
starting point for subsequent 400-ps MD simulation, during
which the positional constraints on the protein backbone were
gradually reduced from 5 to 0.1 kcal A2 mol~'. The additional
parameters required for the ligands were derived by analogy
to existing parameters. Partial atomic charges for the ligands
were imported from the output files of AM1 full geometry
optimizations as implemented in the MOPAC 6.0 program.’>76
A time step of 1 fs and a nonbonded pairlist updated every 25
fs were used for the MD simulations. The temperature was
maintained at 300 K using the Berendsen algorithm” with a
0.2 ps coupling constant. An average structure was calculated
from the last 100 ps trajectory and energy-minimized using
the steepest descent and conjugate gradient methods as
specified above. The MD trajectories were analyzed by means
of the CARNAL module of AMBER package.
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