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Urotensin II (U-II) is a disulfide bridged peptide hormone identified as the ligand of a G protein-coupled
receptor. Human U-II (H-Glu-Thr-Pro-Asp-c[Cys-Phe-Trp-Lys-Tyr-Cys]-Val-OH) has been described as the
most potent vasoconstrictor compound identified to date. We have previously identified the compound
termed urantide (H-Asp-c[Pen-Phe-DTrp-Orn-Tyr-Cys|-Val-OH), which is the most potent UT receptor
(UTR) antagonist described to date. Urantide may have potential clinical value in the treatment of
atherosclerosis. In the present study, we studied the conformational preferences of urantide in DPC
micelles and developed a urantide/UTR interaction model. This model can help the design of novel

peptides and small molecules as UTR antagonists.
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Introduction

Urotensin-II (U-II) belongs to a series of regulatory neuro-
peptides first isolated from the urophysis of the teleost fish
Gillichthys mirabilis [1]. It was subsequently found in tetra-
pods [2] and its precursor cloned in various vertebrate
species including frog, rat and mouse, pig, monkey, and
human [3-6]. U-I actions are mediated by a specific cell
surface G protein-coupled receptor [7], named UT receptor
(UTR).

Recently, an analog of U-II, called urotensin-related peptide
(URP), has been identified in mammals [8]. In all U-Il and URP
isoforms known so far, the sequence of the cyclic C-terminal
hexapeptide has been fully conserved across species [9]. The
U-II and URP genes are primarily expressed in motoneurons
located in discrete brainstem nuclei and in the ventral horn of
the spinal cord [10-13]. U-Il and URP mRNAs have also been
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detected, at a much lower level, in various peripheral tissues
including the pituitary gland, heart, spleen, thymus, pancreas,
kidney, small intestine, adrenal gland, and prostate [3, 8, 14].

The U-IIJUT receptor system plays an important role in
cardiovascular functions; in fact, hU-II, human urotensin-II
peptide (hU-II) has been shown to be 1-2 orders of magnitude
more potent than endothelin-1 in producing vasoconstriction
in mammals and thus is one of the most effective
vasoconstrictor compounds identified to date [7, 15, 16].
Based on its spectrum of activities, hU-Il emerges as a
modulator of the cardiovascular homeostasis, and therefore
may be involved in certain cardiovascular pathologies [15-17].
It has been recently demonstrated that U-II is involved in
inhibition of insulin release [18] in the perfused rat pancreas,
may play an important role in pulmonary hypertension [19],
and modulates erectile function through eNOS [20].
Central nervous effects of U-II have also been described [21].
Hence, the hU-II antagonists could be of therapeutic value in a
number of pathological disorders [22, 23]. Increasing interest
in the identification of U-I[JUTR system modulators as
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potential drugs prompted the development of low-molecular-
weight compounds as nonpeptide UT receptor agonists and
antagonists [24]. The optimization of a peptide as a lead
structure is important to improve its pharmacokinetic
properties and in identifying the pharmacophore elements,
that is, to determine the key amino acid residues that are
involved in the biological activity [25]. It has been previously
demonstrated that the C-terminal octapeptide of U-II retains
full biological activity and binding properties [26-32].
Interestingly, some common features (two aryl moieties
and a protonable nitrogen atom) are observable in peptide
and non-peptide UTR ligands [33]. Hence, the structural
information obtained by the peptide investigation might be
useful for the design of both small molecules and peptide
ligands. Our research group has been involved for a long
time in the development of UTR peptide ligands [34].
We have identified both a superagonist named P5U
(H-Asp-c[Pen-Phe-Trp-Lys-Tyr-Cys]-Val-OH) [35] and an antago-
nist urantide (H-Asp-c[Pen-Phe-DTrp-Orn-Tyr-Cys|-Val-OH) [36]
of hU-II (Table 1). Urantide antagonistic effect is 50 times
stronger than that of other chemical compounds [37].
Interestingly, it has been recently found that urantide
protects against atherosclerosis in rats [38]. Previously, we
performed extensive nuclear magnetic resonance (NMR) and
computational studies on both P5U and urantide that allowed
us to formulate a hypothesis about the structural changes
that determine the switching from agonist to antagonist
activity [39-41]. Recently, using P5U and urantide conforma-
tionally constrained analogs, we gained new insight into the
putative active conformation of ligands at UTR [42]. In this
work, we determined the solution conformation of urantide
using dodecylphosphocholine (DPC) as membrane mimetic
environment and docked the obtained structure of urantide
within a theoretical model of UTR. Differences between this
model and that previously reported are discussed. The new
model can help the design of novel peptides and small
molecules as antagonists at the UTR.

Table 1. Sequence, receptor affinity?, and biological activity® of
P5U and urantide.

H-Asp-c|[Pen-Phe-Xaa-Yaa-Tyr-Cys]-Val-OH

Peptide Xaa  Yaa pK PECso” pKz?
P5U Trp Lys 9.70+0.07 9.60£0.07 -
Urantide DTrp Orn 8.30+0.04 Inactive 8.30

3 Values reported in [42].

) pK;: —logK; affinity values are from [***Ijurotensin II binding
inhibition experiments at the human urotensin receptor.

) PECso: —log ECso.

9 pKg (—logKg) values are from experiments in the rat thoracic
aorta.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results

NMR analysis

A whole set of 1D and 2D NMR spectra in 200 mM aqueous
solution of DPC were collected for urantide. Complete '"H NMR
chemical shift assignments were effectively achieved for the
peptide according to the Wiithrich procedure [43] via the
usual systematic application of double quantum filtered
correlated spectroscopy (DQF-COSY) [44, 45], total correlated
spectroscopy (TOCSY) [46], and nuclear Overhauser enhance-
ment spectroscopy (NOESY) [47] experiments with the support
of the XEASY software package (Supporting Information
Table S2) [48|.

A qualitative analysis of short- and medium-range nuclear
Overhauser effects (NOEs), *Jyiue coupling constants, NH
exchange rates, and temperature coefficients for exchanging
NH indicated that urantide shows stable secondary structure
in DPC micelles (Supporting Information Table S2). In
particular, NOE contacts between H,-NH;,, of D-Trp’ and
Tyr® and between NH-NH;_; of Orn® and Tyr® indicated the
presence of a B-turn. This result was supported by the
observation of slowly exchanging NH resonance of residue 9,
and low value of the temperature coefficient for this proton
(—ASJAT < 3.0 ppb/K). A short stretch of antiparallel B-sheet
involving residues 5-6 and 10-11 is inferred from a number of
long-range NOEs including H,-NH connectivities between
residues 5, 11 and 10, 6 and a NH-NH connectivity
between residues 6 and 9. All the data indicated the presence
of a P-hairpin structure. Considering the side chain
orientations, urantide shows interchain NOEs between
residues D-Trp’ and Orn®, and between Phe® and Val'l.
Furthermore, Tyr’ aromatic proton signals show NOE
contacts with both Orn® and Val'! side chains. The last
interaction was relatively strong, indicating that the
conformer bearing a close contact between Tyr’ and Val'!
side chains is highly populated.

NOE-derived constraints obtained for urantide (Supporting
Information Table S3) were used as the input data for a
simulated annealing structure calculation. Ten calculated
structures satisfying the NMR-derived constraints (violations
smaller than 0.40 A) were chosen for further analysis (Fig. 1).
Urantide shows a type II' B-hairpin structure encompassing
residues 5-10 (backbone rmsd value is 0.17A). Considering
the side chains orientation, D-Trp’ and Lys® side chains
showed a large preference for trans and g~ rotamer,
respectively. The x, dihedral angle of D-Trp’” was 125° or
—70° (x=—67° in the lowest energy conformation) in
accordance with strong NOEs between H® and H® or H®!,
respectively (Supporting Information Table S3). Finally, Tyr® is
found both in trans and g~ conformations, with a prevalence
of the trans rotamer. Therefore, D-Trp’ indole is close to Lys®,
and Tyr’ phenolic ring points toward Val''. Obtained
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Figure 1. Stereoview of the lowest-energy conformer of urantide. Backbone is evidenced as a ribbon. Side chains of the 10 lowest-energy

conformers are also shown as mesh surface.

conformations are in accordance with the measured *Jjn_1io
and SJHQ_HB coupling constants (Supporting Information
Table S2).

Docking studies

The theoretical structure of the h-UT receptor was generated
by homology modeling based on the crystal structure of
bovine rhodopsin (PDB code 1F88) [49], as described
previously [41]. The resulting structure represents an inactive
form of the h-UT receptor with an overall conformation very
similar to that of bovine rhodopsin (1.22 A rmsd between the
backbone atoms of the transmembrane domains) and to the
B,-adrenergic receptor (B,AR, PDB code 2RH1) [50]. Calcu-
lations converged toward a single solution in which the
lowest-energy binding conformation also belonged to the
most populated cluster and was remarkably stable through-
out the molecular dynamic (MD) simulations (pdb coordinates
are available on email request). As shown in Fig. 2a, the
hypothetical binding site of urantide is located among TM-III/
TM-VII, EI-Il, and EL-IL. The B-hairpin is oriented along the
receptor helical axis, with the N- and Cterminal residues
pointing toward the extracellular side. The binding mode of
the peptide is determined mainly by the interactions shown in
Fig. 2b and Table 2. In particular, (i) a tight charge-reinforced
hydrogen-bonding network involving the carboxylate group
of Asp130 and the protonated 3-amino group of Orn® of
urantide is established. (ii) Two hydrophobic pockets,
delimited by residues listed in Table 2, host the aromatic

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

side chains of Phe® and D-Trp’, of urantide. Particularly, the
indole system of D-Trp’ appears to be optimally oriented for a
m-stacking interaction with the aromatic indole system of
Trp275. (iii) The phenolic OH of Tyr® is at hydrogen-bonding
distance with the backbone CO of Ala289. (iv) Asp* in urantide
is involved in a hydrogen-bonding network. (v) Finally, the
negatively charged C-terminal group establishes two hydro-
gen bonds with backbone HN of Cys123 and Cys 199, and a salt
bridge with the protonated guanidinium moiety of Arg189.
All the aforementioned interactions resulted to be quite stable
during the whole MD production run (data not shown).

Discussion

In our previous studies, we showed that all hU-II analogs,
which retain high affinity for UT receptor, possess a type II'
B-hairpin backbone conformation regardless of their agonist
or antagonist activity, indicating that such backbone
conformation is necessary for the UT recognition [39, 40].
We hypothesized that the main conformational difference
observed in the structures of the antagonists and the agonists
was a different orientation of the (pfu}Trp’ side chain.
This hypothesis has been challenged by recent results about
the activity of PSU and urantide analogs in which the Trp’
was replaced by the highly constrained analog Tpi [42].
Tpi (2,3,4,9-tetrahydro-1H-pyrido|3,4-b]lindole-3-carboxylic acid)
can only possess gauche side chain rotamer populations since
the indole moiety is cyclized to the peptide backbone N* [51].

www.archpharm.com
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Figure 2. (a) h-UTR model complexed with urantide. Receptor
backbones are represented in gray and labeled. (b) Urantide within
the binding pocket of h-UTR. Hydrogen bonds are shown as dotted
lines.

Nevertheless, we found derivatives showing both agonist and
antagonist activity only depending on the presence of Lys
(agonist) or Orn (antagonist) at position 8. Conformational
analysis indicated that the main difference between agonist
and antagonist 3D structure was the orientation of the Tyr® side

Table 2. Urantide/h-UTR interactions.
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chain, which was gauche™ oriented in the agonist P5U and
trans oriented in the antagonist urantide. Consequently, phenol
ring is close to Lys® or far from Orn®, respectively. Tyr® side
chain orientation is mainly defined by NOEs with Lys®/Orn® or
Val'! side chain signals. In our previous conformational study
on the lead antagonist urantide [40], we found a gauche™
orientation for Tyr® side chain but the above-mentioned NOE
could not be observed in its NOESY spectrum due to signal
overlapping. In the cited work [41], NMR study was performed
in sodium dodecylsulfate (SDS) micelle solution, which is
largely used for the conformation analysis of peptide
hormones [52-54]. Here trying to avoid the overlapping
problems, we repeated the conformational analysis of urantide
using another micelle solution, i.e., DPC. Also, DPC solutions
are commonly used for peptide hormones [55, 56] and
antimicrobial peptides [57, 58] studies. NMR data obtained
using a DPC solution are very similar to those obtained in SDS
solution, but luckily signals show a better dispersion. In
particular, for urantide the NOEs between Orn® and Val'' side
chains are clearly visible. Urantide structure obtained
from these NOEs (Fig. 1) showed Tyr® both in trans and in
g~ conformations, with a prevalence of the trans rotamer.
Therefore, Tyr® phenolic ring is close to Val'' in urantide
accordingly to the results recently found for constrained
analogs [42]. Furthermore, D-Trp’ side chain is stably in trans
conformation as derived by the strong NOEs between its indole
moiety and the Orn8 side chain. This was more flexible in the
urantide structure obtained in SDS. Again, signal overlapping
in the NOESY spectrum acquired in the last medium can
explain the observed differences.

To gain insight into the interaction mode, the new
structure of urantide was docked within a model of human
urotensin II (receptor h-UTR) that we recently built [41].
The binding mode of the peptide is determined mainly by the
interactions shown in Fig. 2b and Table 2 and described in
the Results section. The main difference, compared to the
previously obtained model complex [41], is observed in
the interactions of the Tyr® side chain, as expected from the
starting NMR ligand structure. A superposition of the

Residue” Surrounding residue

Asp* Ala187 (ELI), Met188 (EL-I), Cys199 (ELI), Arg206 (EL-I), Ala207 (EL-II)

Pen® Leu200 (EL-I), Ala207 (EL-I), Leu212 (TM-V), GIn278 (TM-VI)

Phe® Cys123 (EL), Val184 (TM-IV), Met188 (ELI), Cys199 (EL-I)

D-Trp’ Phe131 (TM-III), Met134 (TM-III), His135 (TM-III), Leu212 (IM-V), Phe216 (TM-V), 11e220 (IM-V), Trp275 (IM-VI), GIn278 (TM-VI)
Orn® Asp130 (TMHIII), Phe274 (IM-VI), GIn278 (IM-VI), Thr301 (TM-VII), Thr304 (TM-VII)

Tyr® Leu288 (EL-II), Ala289 (EL-II)

Cys'® Cys199 (EL-I), Pro287 (EL-II), Leu288 (EL-II).

Val'! Val121(EL), Cys123 (EL-), Arg189 (EL-I), Leu198 (EL-I), Cys199 (ELI), Leu288 (EL-II)

3 For the sake of clarity, the residue numbers of the ligands are reported as apex while those of the receptor are not.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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two models is shown in Fig. S1 of the Supporting Information.
Tyr® side chain points toward the third extracellular loops
and forms a stable hydrogen bond with the backbone
carbonyl of Ala289. In contrast, Tyr® side chain pointed
toward the intracellular side of the receptor in the old model.
An intriguing difference is that the Tyr’® side chain is now
highly exposed to the solvent while before it was hidden in a
hydrophobic pocket. Interestingly, the urantide/UTR complex
model described here shows comparable energy to the
previously obtained one (Table 3) but it is in higher
accordance with the current experimental data.

Based on the binding mode of UTR/urantide, we derived a
new 3D pharmacophore model for peptide antagonists
illustrated in Fig. 3. Distances between Tyr phenol moiety
and Trp indole or Orn N® are longer than those reported
previously for urantide in SDS solution [41] but are in good
accordance with those recently reported for a highly
constrained analog of the same peptide [42].

Urantide/UT Receptor Interactions 189

Conclusions

In conclusion, we determined the solution conformation of
urantide using DPC as membrane mimetic environment and
obtained a complex model of urantide within a theoretical
model of UTR. A new three-point pharmacophore model has
also been developed. Complex and pharmacophore models
can help the next design cycle of novel peptide and small-
molecule antagonists at UTR with potential anti-atheroscle-
rotic activity.

Experimental

Peptide synthesis

Urantide was synthesized as previously described [36]. Analytical
RP-HPLC indicated a purity >98%, and molecular weight was
confirmed by ESI-MS analyses performed by API 2000 (Supporting
Information, Table S1).

Table 3. Binding free energies (AGapa4) calculated for the energy minimized averaged complexes deriving from the MD simulations.

Receptor Ligand AGping® Electr” H-bond® vaw? Desolv” Tors
h-UTR Urantide —22.74 —4.94 —5.35 —25.91 7.49 5.97
h-UTRY Urantide —24.33 —4.99 —5.90 —26.50 7.09 5.97

3 AGping: free energy of binding.

b) Energy terms contributing to the AutoDock4 scoring function. Electr, electrostatic; H-bond, H-bonding; VdW, Van der Waals;
Desolv, desolvation; Tors, torsional entropy. All terms are given in kcal/mol.

9 Previously reported model, [39].

Figure 3. Stereoview of the pharmacophore model for peptide antagonists at UTR. The distances between the aryl ring centroids of
(D)Trp” and Tyr®, and the A of Om®, are displayed. Distances and standard deviations are obtained from 100 structures saved every 10 ps

of the MD simulations.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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NMR sample preparation

99.9% 2HZO was obtained from Aldrich (Milwaukee, USA), 98% DPC-
dss was obtained from Cambridge Isotope Laboratories, Inc. (Andover,
USA), and [(2,2,3,3tetradeuterio-3{trimethylsilanyl)|propionic acid
(TSP) was obtained from MSD Isotopes (Montreal, Canada).

NMR spectroscopy

The samples for NMR spectroscopy were prepared by dissolving
the appropriate amount of urantide in 0.45 mL of 'H,O (pH 5.5),
0.05 mL of *H,0 to obtain a concentration of 2 mM of peptide and
200mM of DPC-dzs. NH exchange studies were performed
dissolving peptide in 0.50 mL of *H,0 and 200 mM of DPC-dss.
NMR spectra were recorded on a Varian INOVA 700 MHz
spectrometer equipped with a z-gradient 5mm triple-resonance
probe head. All the spectra were recorded at a temperature of
25°C. The spectra were calibrated relative to TSP (0.00 ppm) as
internal standard. One-dimensional (1D) NMR spectra were
recorded in the Fourier mode with quadrature detection. The
water signal was suppressed by gradient echo [59]. 2D DQF-
COSY [44, 45], TOCSY [46], and NOESY [47] spectra were recorded
in the phasesensitive mode using the method from States
et al. [60]. Data block sizes were 2048 addresses in f, and 512
equidistant t; values. Before Fourier transformation, the time
domain data matrices were multiplied by shifted sin® functions in
both dimensions. A mixing time of 70 ms was used for the TOCSY
experiments. NOESY experiments were run with mixing times in
the range of 50-200 ms. The qualitative and quantitative analyses
of DQF-COSY, TOCSY, and NOESY spectra were obtained using the
interactive program package XEASY [48]. 3]HN,H(, and SJHOL,HB
coupling constants were obtained from 1D 'H NMR and 2D
DQF-COSY spectra. The temperature coefficients of the amide
proton chemical shifts were calculated from 1D 'H NMR and 2D
TOCSY experiments performed at different temperatures in the
range 25-40°C by means of linear regression.

Structural determinations

The NOE-based distance restraints were obtained from NOESY
spectra collected with a mixing time of 100 ms. The NOE cross
peaks were integrated with the XEASY program and converted into
upper distance bounds using the CALIBA program incorporated
into the program package DYANA [61]. Cross peaks, which were
overlapped more than 50%, were treated as weak restraints in the
DYANA calculation. Only NOE-derived constraints were considered
in the annealing procedures. An ensemble of 200 structures was
generated with the simulated annealing of the program DYANA.
An error-tolerant target function (tf-type = 3) was used to account
for the peptide intrinsic flexibility. Non-standard Pen and Orn
residues were added to DYANA residue library using MOLMOL [62].
From the produced 200 conformations, 50 structures were chosen,
whose interprotonic distances best fitted NOE-derived distances,
and then refined through successive steps of restrained and
unrestrained energy minimization (EM) using the Discover
algorithm (Accelrys, San Diego, CA) and the consistent valence
force field (CVFF) [63] as previously described [39]. The final
structures were analyzed using the InsightIl program (Accelrys).
RMS deviation analysis between energy minimized structures was
carried out with the program MOLMOL.

Docking procedures
The new version of the docking program AutoDock4 (AD4) [64],
as implemented through the graphical user interface called

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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AutoDockTools (ADT), was used for rigid docking of the
urantide NMR lowest-energy structure and a theoretical structure
of the h-UT receptor recently described [41].

Urantide and the receptor structure were converted to AD4
format files using ADT generating automatically all other
atom values. The docking area was centered around the
putative binding site. A set of grids of 60 A x 60 A x 60 A with
0.375A spacing was calculated around the docking area for
the ligand atom types using AutoGrid4. For each ligand,
100 separate docking calculations were performed. Each
docking calculation consisted of 10 million energy evaluations
using the Lamarckian genetic algorithm local search (GALS)
method. The GALS method evaluates a population of possible
docking solutions and propagates the most successful individu-
als from each generation into the subsequent generation of
possible solutions. A low-frequency local search according to the
method of Solis and Wets is applied to docking trials to ensure
that the final solution represents a local minimum. All dockings
described in this paper were performed with a population size of
250, and 300 rounds of Solis and Wets local search were
applied with a probability of 0.06. A mutation rate of 0.02 and a
crossover rate of 0.8 were used to generate new docking trials for
subsequent generations, and the best individual from each
generation was propagated over the next generation. The
docking results from each of the 100 calculations were clustered
on the basis of root-mean square deviation (rmsd; solutions
differing by <2.0 A) between the Cartesian coordinates of the
atoms and were ranked on the basis of free energy of
binding (AGapg4). Because AD4 does not perform any structural
optimization and EM of the complexes found, a molecular
mechanics/energy minimization (MM/EM) approach was applied
to refine the AD4 output. Refinement of the complexes was
achieved by in vacuo EM with the Discover algorithm (¢ = 1) using
the steepest descent and conjugate gradient methods until a
rmsd of 0.05kcal/mol per A was reached. Calculations
converged toward a single solution in which the lowest-energy
(AGaps) binding conformation also belonged to the most
populated cluster (focc=85/100). This conformation was
chosen as starting point for subsequent 1ns MD simulations
(time step=11fs, T=300K) using the Discover algorithm
(Accelrys) and the CVFF [63]. The backbone coordinates of the
TM helices were fixed during the MD simulations because,
without environmental constraints (i.e., lipid bilayer and
water solution), they can move away from each other and can
lose their helical structure. MD trajectory was analyzed by
means of the analysis module of the Insightll package.
Complex picture was rendered employing the UCSF Chimera
software |65]. Rescoring of the ligand/receptor models according
to the AD4 [64] scoring function was attained using a script
provided within the MGLTools software package (http://
mgltools.scripps.eduy/).

The LC-MS and NMR spectral data were provided by Centro di Servizio
Interdipartimentale di Analisi Strumentale (CSIAS), Universita degli
Studi di Napoli “Federico II". The assistance of the staff is gratefully
appreciated. Part of this work was supported by Italian Ministry of
Education, University and Research (PRIN 2008, 2008TSWBSK_002;
PRIN 2009, 2009EL5WBP_004).
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