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The urotensin II receptor (UTR) has long been studied mainly for its involvement in the cardiovascular homeostasis both in health
and disease state. Two endogenous ligands activate UTR, i.e. urotensin II (U-II) and urotensin II-related peptide (URP). Extensive
expression of the two ligands uncovers the diversified pathophysiological effects mediated by the urotensinergic system such as
cardiovascular disorders, smooth muscle cell proliferation, renal disease, diabetes, and tumour growth. As newly reported, U-II
and URP have distinct effects on transcriptional activity, cell proliferation, and myocardial contractile activities supporting the idea
that U-II andURP interactwithUTR in a distinctmanner (biased agonism). To shed light on the origin of the divergent activities of the
two endogenous ligands, we performed a conformational study on URP by solution NMR in sodium dodecyl sulfate micelle solution
and compared the obtained NMR structure of URP with that of hU-II previously determined. Finally, we undertook docking
studies between URP, hU-II, and an UT receptor model. Copyright © 2015 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Among a series of regulatory neuropeptides isolated from
urophysis of goby fish, urotensin II (U-II) was characterized as an im-
portant vasoactive cyclic peptide [1]. It has been postulated that
this peptide hormone exerts wide range of pathophysiological
actions not exclusively in the cardiovascular system. From the iden-
tification of U-II precursor in frog brain [2], it was demonstrated that
DNA encoding for U-II existed in diverse species. Indeed, homolo-
gous peptides of U-II are expressed in non-mammalian and mam-
malian vertebrates, including humans [3–6]. The human U-II
(hU-II) acts as the innate ligand of a G protein-coupled receptor,
more recently known as UT receptor (UTR) [7]. In 2003, Sugo et al.
[8] proved the existence of a paralogue of hU-II so called urotensin
II-related peptide (URP). This peptide is structurally related to hU-II
and displays elevated binding affinity for the human UTR in mam-
mals. Despite of the highly variable N-terminus region sequence
across species (Figure 1), every U-II and URP isopeptide shares the
fully conserved cyclic C-terminal hexapeptide core sequence, c
[Cys-Phe-Trp-Lys-Tyr-Cys], which is responsible of the biological
activity [9]. The genes expressing hU-II and URP are mainly located
in motoneurons of brainstem nuclei and ventral horn in the spinal
cord [10–13]. hU-II and URP messenger RNAs have also been found
in different peripheral tissues such as heart, thymus, pancreas, kid-
ney, intestine, adrenal gland, prostate, and more [3,8,14]. As well as
UTR is broadly distributed in the cardiovascular and central nervous
system and in other peripheral organs and tissues, including kid-
neys, bladder, pancreas, and adrenal gland [15]. This extensive ex-
pression has resulted in the involvement of urotensinergic system
in multiple pathophysiological effects interesting primarily cardio-
vascular conditions. Hence, modulation of urotensinergic system
is therapeutically appealing in order to deal with different patho-
logical disorders [16,17].
Copyright © 2015 European Peptide Society and John Wiley & Sons, Ltd.



Figure 1. Comparison of the primary structures of mammalian U-II and URP. Conserved amino acids in U-II and URP isoforms are coloured blue (intracyclic
residues) and green (hydrophobic residue). Amino acids adjacent to the cyclic core are coloured red for U-II isoforms (acidic residues) or orange for URP
isoforms (hydrophobic amino acid) to highlight their different physicochemical properties. <Gln represents pyroglutamic acid.
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As recently reported, hU-II and URP can exert common as well as
different effects on transcriptional activity, cell proliferation, and
myocardial contractile activities supporting the idea that hU-II and
URP interact with UTR in a distinct manner, i.e. by selecting a spe-
cific UT conformation (biased agonism) [18]. The concept of biased
agonism has recently emerged from various studies, which have
highlighted the notion that specific ligand-induced conformational
changes can lead to particular signalling [19]. Biased agonism
would require specific pockets/interactions within UT receptor,
aimed to select distinct UTR conformations that can discriminate
hU-II and URP biological activities. It has been postulated that a dif-
ferent conformation of the cyclic portion of these two peptides,
β-turn in hU-II versus γ-turn in URP, would cause the selection of dif-
ferent UTR active states, ultimately triggering a slightly different
subset of signalling pathways [18].

To investigate the origin of the divergent activities of the two en-
dogenous ligands, we performed conformational studies onURP by
solution NMR and compared the obtained NMR structure of URP
with that of hU-II previously determined. Finally, we undertook
docking studies between URP, hU-II, and a newly developed UT
receptor model.
Materials and Methods

Peptide Synthesis

Nα-Fmoc-protected amino acids, HBTU, and HOBt were purchased
from Inbios (Naples, Italy). Wang resin was purchased from Ad-
vanced ChemTech (Louisville, KY). Peptide synthesis solvents, re-
agents, as well as CH3CN for HPLC were reagent grade and were
acquired from commercial sources and used without further purifi-
cation unless otherwise noted. The synthesis of URP was performed
in a stepwise fashion via the solid-phase method. Nα-Fmoc-Val-OH
was coupled toWang resin in the presence of HBTU (3 equiv), HOBt
(3 equiv), DIEA (6 equiv) and DMAP in catalytic amount, to facilitate
ester formation, in DMF for 3 h at rt. The following protected amino
acids were then added stepwise: Nα-Fmoc-Cys(Trt)-OH, Nα-Fmoc-
Tyr(tBu)-OH, Nα-Fmoc-Lys(Nε-Boc)-OH, Nα-Fmoc-Trp(Nin-Boc)-OH,
Nα-Fmoc-Phe-OH, Nα-Fmoc-Cys(Trt)-OH, andNα-Fmoc-Ala-OH. Each
coupling reaction was accomplished using a threefold excess of
amino acid with HBTU and HOBt in the presence of DIEA (6 equiv).

The Nα-Fmoc protecting groups were removed by treating the
protected peptide resin with a 25% solution of piperidine in DMF,
(1× 5 and 1×20min). The peptide resin was washed three times
with DMF and the subsequent coupling step was initiated in a step-
wisemanner. All reactions were performed under a N2 atmosphere.
The peptide resin was washed with DCM (3×), DMF (3×), and DCM
wileyonlinelibrary.com/journal/jpepsci Copyright © 2015 Europ
(4×), and the deprotection protocol was repeated after each cou-
pling step. The N-terminal Fmoc group was removed as described
in the preceding text, and the peptide was released from the resin
with TFA/Et3SiH/H2O (90 : 5 : 5) for 3 h. The resin was removed by fil-
tration, and the crude peptide was recovered by precipitation with
cold anhydrous ethyl ether to give a white powder that was purified
by RP-HPLC on a semi-preparative C18-bonded silica column
(Vydac 218TP1010, 1.0×25 cm) using a gradient of CH3CN in 0.1%
aqueous TFA (from 10 to 90% in 45min) at a flow rate of 5.0ml/
min. The product was obtained by lyophilization of the appropriate
fractions after removal of the CH3CN by rotary evaporation. Analyt-
ical RP-HPLC indicated purity >98% and molecular weights were
confirmed by ESI-MS analyses performed by API 2000 (Supporting
Information, Table S1).

General Method of Oxidation and Cyclization

Peptide was oxidized by the syringe pump method previously
reported [20]. The linear peptide (300–500mg) was dissolved
in 40ml of 50% H2O/25% acetonitrile/25% methanol, and nitro-
gen gas was passed through the solution for 20min. Five
millilitres of saturated ammonium acetate solution were added,
and the pH was taken to 8.5 with NH4OH. The peptide solution
was then added at room temperature via syringe pump to a
stirred oxidant solution. The oxidant solution was prepared as
follows: 2 equiv of potassium ferricyanide were dissolved in
400ml of H2O/200ml of acetonitrile/200ml of methanol. To this
solution was added 100ml of saturated ammonium acetate, and
the pH was then taken to 8.5 with NH4OH. The peptide solution
was added at such a rate that approximately 10mg of peptide
were delivered per hour per litre of the oxidant. After the addi-
tion of peptide was complete, the reaction mixture was stirred
for an additional 5–6h and then taken to pH 3.5 with glacial
acetic acid. Amberlite IRA-68 (Cl – form) was added to remove
the iron ions, and the solution stirred for 20min and then fil-
tered. The solution was concentrated using a rotary evaporator
at 30°C and then lyophilized. The material thus obtained was
dissolved in glacial acetic acid, filtered to remove inorganic salts,
and relyophilized. The crude cyclic peptide was purified by pre-
parative HPLC on the system described in the preceding texts,
using a gradient of 100% buffer for 20min, then 0–20% acetoni-
trile in 5min, followed by 20–60% acetonitrile in 40min, all at
40ml/min. Again, the peptide eluted near 50% organic/50%
buffer. The purity of the cyclic peptide was checked by analytical
HPLC (C-18 column, Vydac 218TP104, 4,6× 25 cm), using a
Shimadzu SPD 10A vp with detection at 230 and 254nm and
by TLC in four solvent systems in silica gel with detection by
ean Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2015



URP AND hU-II CONFORMATION AND INTERACTION WITH UT RECEPTOR
UV light, iodine vapours, and ninhydrin. The analytical data of
URP are given in the Supporting Information (Table S1).

Materials for NMR

99.9% 2H2O were obtained from Aldrich (Milwaukee, USA); 98%
sodium dodecyl sulfate (SDS)-d25 was obtained from Cambridge
Isotope Laboratories, Inc. (Andover, USA), [(2,2,3,3-tetradeuterio-
3-(trimethylsilanyl)]propionic acid (TSP) from MSD Isotopes
(Montreal, Canada).

NMR Spectroscopy

The samples for NMR spectroscopy were prepared by dissolving
the appropriate amount of URP in 0.45ml of 1H2O (pH 5.5),
0.05ml of 2H2O to obtain a concentration 1–2mM of peptide. For
the sample inmicelle solution, SDS-d25 was also added to a concen-
tration of 200mM. NMR spectra were recorded on a Varian INOVA
700MHz spectrometer equipped with a z-gradient 5mm triple-
resonance probe head. Spectra in water solution and micelle were
recorded at a temperature of 10 and 25°C, respectively. The spectra
were calibrated relative to TSP (0.00ppm) as internal standard. 1D
NMR spectra were recorded in the Fourier mode with quadrature
detection. The water signal was suppressed by gradient echo [21].
2D DQF-COSY [22,23], TOCSY [24], and NOESY [25] spectra were re-
corded in the phase-sensitive mode using the method from USA
[26]. Data block sizes were 2048 addresses in t2 and 512 equidistant
t1 values. Before Fourier transformation, the time domain data ma-
trices were multiplied by shifted sin2 functions in both dimensions.
A mixing time of 70ms was used for the TOCSY experiments.
NOESY experiments were run with mixing times in the range of
150–300ms. The qualitative and quantitative analyses of DQF-
COSY, TOCSY, and NOESY spectra were obtained using the interac-
tive program package XEASY [27]. 3JHN-Hα coupling constants were
obtained from 1D 1H NMR and 2D DQF-COSY spectra. The temper-
ature coefficients of the amide proton chemical shifts were calcu-
lated from 1D 1H 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 200ms. The NOE cross
peaks were integrated with the XEASY program and were con-
verted into upper distance bounds using the CALIBA program in-
corporated into the program package DYANA [28]. Cross peaks
that were overlapped more than 50% were treated as weak
restraints in the DYANA calculation. Only NOE-derived con-
straints (Supporting Information) were considered in the anneal-
ing 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. From the produced 200 confor-
mations, 50 structures were chosen, whose interproton distances
best fitted NOE derived distances and then refined through suc-
cessive steps of restrained and unrestrained energy minimization
using the Discover algorithm (Accelrys, San Diego, CA) and the
consistent valence force field [29] as previously described [30].
The final structures were analysed using the InsightII program
(Accelrys, San Diego, CA). Molecular graphics images of the com-
plexes were produced using the UCSF Chimera package [31].
J. Pept. Sci. 2015 Copyright © 2015 European Peptide Society and Joh
h-UTR Model and Docking

3D structure predictions of h-UTR were generated by I-TASSER
server for protein structure and function prediction, which is based
on a threading alignment algorithm [32–34]. Five models of h-UTR
were obtained using I-TASSER servers. The best scored model
(model 1, refer to Results Section) was used for docking studies.

The initial poses for the h-UTR–URP complex are generated by
docking the lowest energy conformers of URP obtained by NMR
to the h-UTR model using the program HADDOCK 2.0 [35,36]. For
comparative purpose, also the best scored NMR structure of hU-II
[30] was docked to the same h-UTR model. Only the distance be-
tween Nε of Lys8 and carboxyl oxygens of Asp130 on TM3 was used
as a restraint (2.7± 1Å) in the docking studies because the last res-
idue is generally regarded as the ligand recognition site [37].

Considering the receptor, only the side chains of residues en-
gaged in orthosteric ligand/GPCR binding in the complexes used
as templates by I-TASSER (PDB IDs: 4n6h, 4dkl, 4buo; refer to Results
Section) were considered flexible in the docking procedure (active
residue: W116, L126, F127, D130, F131, M134, V184, M188, H208,
L212, F274, W275, W277, Q278, Y305). Instead, all peptide’s atoms
were held frozen (passive residue).

Refinement of each pose was achieved by in vacuo energy min-
imization with the Discover algorithm using the steepest descent
and conjugate gradient methods until a RMSD of 0.05 kcal/mol/Å
was reached. The backbone atoms of the TM and IL domains of
the h-UTR were held in their position; the ligand and extracellular
loops (ELs) were free to relax. Molecular graphics images of the
complexes were produced using the UCSF Chimera package [31].
Results

Chemistry

The peptide URP was synthesized by solid-phase strategy. The
Fmoc/tBu orthogonal protecting groups were used, and the syn-
thesis was accomplished in a manual reaction vessel [38] (Exper-
imental Section). The crude peptide was purified by using a
semi-preparative RP-HPLC equipped with C-18 bonded silica col-
umn (Vydac 218TP1010). The purified peptide was analysed by
analytical RP-HPLC showing >98% purity. Exact molecular weight
of the peptide was proved by mass spectrometry and amino
acid analysis (Supporting Information, Table S1).
NMR Analysis

1D and 2D NMR spectra were collected in water and 200mM aque-
ous solution of SDS for URP. Micelle solution was used because we
have studied the NMR structure of hU-II and other UTR agonists
[30,39,40] and antagonist [41] in this medium.

Complete 1H NMR chemical shifts assignment was accomplished
according to the Wüthrich procedure [42] via the analysis of DQF-
COSY [22,23], TOCSY [24], and NOESY [25] spectra using the XEASY
software package (Supporting Information, Tables S2 and S3) [27].

Considering the spectra in water solution, many NMR parameters
indicate structural flexibility (Table S2). For example, Hα chemical
shift values are all close (Δδ< 0.1 ppm) to the corresponding ones
in random coil peptides [43] apart that of Lys8 (for easy comparison,
peptide numbering of URP follows that of hU-II).

In contrast, NMR parameters derived from spectra acquired in
SDS micelles are typical of a structured peptide (Table S3). Fur-
thermore, such parameters indicated that URP structure is similar
n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Figure 3. Stereoview of the superposition of the lowest energy conformer
of URP (coulor code as in Figure 2) and hU-II (carbon atoms in grey).
Structures were superimposed using the backbone heavy atoms of
residues 5–10.
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to other UTR ligands previously studied by us, especially to its
paralog hU-II. For comparison purpose, Hα chemical shifts of resi-
dues of hU-II constituting the cyclic moiety common to URP are
also reported in Table S3. In particular, NOE contacts between
Hα–NHi+2 of Trp7 and Tyr9 and between NH–NHi+1 of Lys8 and
Tyr9 indicated the presence of a β-turn. The observation of slowly
exchanging NH resonance of residue 9, and low value of the
temperature coefficient for this proton (�Δδ/ΔT< 3.0 ppb/K) con-
firmed this result. A number of long-range NOEs including Hα–NH
connectivities between residues 5, 11, and 10, 6 and a NH–NH
connectivity between residues 6 and 9 supported the existence
of a short stretch of antiparallel β-sheet involving residues 5–6
and 10–11. Also, large values of 3JHN-Hα coupling constants
(3JHN-Hα> 8.0Hz) for residues 5 and 9–11 confirm a β-sheet struc-
ture (Table S3). Overall data supported the existence of the
β-hairpin structure in URP. Furthermore, many NOE interactions
between Trp7 with Lys8 side chains implied that those side chains
are close. Also, Tyr9 side chain shows NOE contacts with Lys8,
while Phe6 shows contacts with Val11.

Constraints derived from NMR data were used as the input for a
structure calculation by simulated annealing. Structure calculations
using NMR data from URP spectra acquired in water gave not
converging results (backbone RMSD> 2Å for the 10 lowest energy
conformers; data not shown). Differently, using the NMR constraints
from SDS micelle solution (Table S4), an ensemble of well-defined
structures could be obtained. In fact, the 10 lowest energy struc-
tures (Figure 2) showed a backbone RMSD of 0.34Å and satisfied
the NMR-derived constraints (violations smaller than 0.20Å). As
shown, URP folds into a type II′ β-hairpin structure along residues
5–10. Considering the side chain orientation, Phe6, Trp7, Lys8, and
Tyr9 χ1 angles showed a high preference for g�, trans, g+, and g�

rotamers, respectively. URP-obtained NMR structure is very similar
to those of other UTR ligands previously found by us and, in partic-
ular, to that of hU-II (Figure 3).

h-UTR Model and Docking

3D models of h-UTR were generated based on the structure of
other GPCR, using the I-TASSER server [32–34]. Five models of
h-UTR were generated using I-TASSER server. I-TASSER output also
contained top ranks of templates used for the structure prediction.
Figure 2. Stereoview of the superposition of the 10 lowest energy
conformers of URP. Structures were superimposed using the backbone
heavy atoms of residues 5–10. Heavy atoms are shown with different
colours (carbon, green; nitrogen, blue; oxygen, red; sulfur, yellow).
Hydrogen atoms are not shown for clarity.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2015 Europ
The top template used is the high-resolution crystal structure of hu-
man δ-opioid receptor (h-DOR, PDB ID: 4n6h) [44]. Other templates
used for threading are the crystal structure of mouse μ-opioid
receptor (m-MOR, PDB ID: 4dkl) [45] and the crystal structure of a
neurotensin receptor 1 mutant (NTSR1, PDB ID: 4buo) [46]. The
most important score in I-TASSER models is the confidence score
(C-score), ranging from �5 to +2. The C-score is computed from
the threading alignments for the estimated quality of the models.
A C-score >�1.5 implies a model with a correct fold [34]. Model 1
of h-UTR (C-score= 1.56) with higher C-scores was chosen as the
best model and was considered for the analyses. Themodel predic-
tions were judged using the template modelling (TM) score and
root mean-squared difference (rmsd). The TM score is a measure
of the structural similarity between the model and the native struc-
ture. A TM score>+0.5 suggests amodel with correct topology. The
TM score of model 1 for h-UTR was 0.93± 0.06Å. The expected
RMSDs were 3.0 ± 2.2Å. Additionally, to confirm the reliability of
themodel 1, the program PROCHECK [47] was employed. All amino
acids in the α-helices were found in the favoured region of the
right-handed α-helix in the Ramachandran plot. There were no cis
peptide bonds, and there were no bump regions in the calculated
h-UTR models. The results reveal that our 3D model for h-UTR is
acceptable and of high quality. Worth to note, the selected model
1 maintain most of the molecular signatures that feature class A
GPCR [48]. For example, in the selected model are present 24 out
of the 24 inter-TM contacts of the consensus network found in
the GPCR structures. A superposition of h-DOR crystal structure
and h-UTR model 1 is shown in Figure S1 (Supporting Information).
Docking procedures using the program HADDOCK [35,36]

clustered 198 structures in two clusters for both the complexes
h-UTR/URP and h-UTR/hU-II. Statistics and energy terms are
reported in Table 1. Best scored complexes of h-UTR/URP and
h-UTR/hU-II are shown in Figures 4 and 5, respectively.
Discussion
U-II and URP could exert common as well as distinct actions on
cell proliferation, transcriptional activity, and myocardial
ean Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2015



Table 1. Statistics and energy terms of the calculated complexes.

Complex Cluster n. H scorea Cluster size RMSDb VdWc Eletrd Desolve

h-UTR/URP 1 �130.1 ± 2.6 191 0.5 ± 0.3 �56.6 ± 3.9 �150.9 ± 21.8 �49.3 ± 3.5

h-UTR/URP 2 �102.1 ± 2.5 7 0.8 ± 0.0 �50.7 ± 2.8 �166.3 ± 17.7 �28.4 ± 7.5

h-UTR/hU-II 1 �144.2 ± 2.5 193 1.3 ± 0.0 �56.2 ± 6.5 �230.2 ± 26.2 �48.5 ± 2.5

h-UTR/hU-II 2 �113.4 ± 13.2 5 1.1 ± 0.0 �56.6 ± 4.0 �210.2 ± 10.4 �24.8 ± 9.8

aHADDOCK score.
bRMSD from the overall lowest energy structure.
cVan der Waals energy.
dElectrostatic energy.
eDesolvation energy. All terms are given in Kcal/mol.

Figure 4. (a) Stereoview of h-UTR model complexed with URP. URP heavy atoms are colour coded as in Figure 2. Receptor backbones are represented in
azure and labelled. (b) Stereoview of URP within the binding pocket of h-UTR. Hydrogen bonds are represented with dashed lines. Labels of UTR residues
involved in previous mutagenesis studies are evidenced in red. For the sake of clarity here and throughout the manuscript, the residue numbers of the
ligands are reported as apex while those of the receptor are not.

URP AND hU-II CONFORMATION AND INTERACTION WITH UT RECEPTOR
contractile activities supporting the idea that U-II and URP inter-
act with UTR in a distinct manner, i.e. selecting a specific UTR
conformation (biased agonism) [18]. Biased agonism would re-
quire specific pockets/interactions within UTR, finalized to select
distinct UTR conformations that may discriminate U-II and URP
biological activities. It was hypothesized that a different confor-
mation of the cyclic portion of the two peptides, β-turn in U-II
versus γ-turn in URP, would cause the selection of different
UTR active states, ultimately triggering a slightly different subset
J. Pept. Sci. 2015 Copyright © 2015 European Peptide Society and Joh
of signalling pathways [16,18]. Hence, we first performed a
conformational study on URP by solution NMR. NMR study
was performed both in water and in SDS micelle solution.
SDS micelles were used because they mimic the cell mem-
brane where UTR is located. A membrane-mediated mechanism
of interaction between peptides and their receptors has been
postulated [49,50]. According to that mechanism, cell membrane
would facilitate peptide increase of local concentration, reduction
of rotational and translational freedom, and folding. In fact, several
n Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Figure 5. (a) Stereoview of h-UTR model complexed with hU-II. hU-II heavy atoms are colour coded as in Figure 2, apart carbon atoms that are in orange.
Receptor backbones are represented in azure and labelled. (b) Stereoview of hU-II within the binding pocket of h-UTR. Hydrogen bonds are represented
with dashed lines. Labels of UTR residues involved in previous mutagenesis studies are evidenced in red.

BRANCACCIO ET AL.
conformational studies on peptides have been performed in
micelle solution [50–54]. Notably, a clear correlation between the
conformation in SDS micelles of hU-II analogues and their biologi-
cal activity has been found by us [40,55,56]. NMR-derived structures
of URP in SDS solution are shown in Figure 2. Clearly, β-hairpin
conformation of the backbone and the side chain cluster of the
pharmacophoric residues Trp7, Lys8, and Tyr9, which are distinctive
of UTR peptide agonists, are still observable in URP structure.
Whereby, URP-obtained NMR structure is very similar to those
of other UTR ligands previously found by us and, in particular,
to that of hU-II (Figure 3). It comes out that divergent actions
of URP and hU-II cannot derive from different conformation of
the ligands as hypothesized by Chatenet et al. [18]. That hypothesis
was inspired by the comparison of the NMR structure of hU-II
obtained by us in SDS micelle solution [30] and NMR structure
of URP obtained by Chatenet et al. in water solution [9].
The last structure is characterized by an inverse γ-turn centred
on the Trp-Lys-Tyr sequence as opposite to the β-turn hosted on
the corresponding residues of hU-II. An inverse γ-turn centred on
the Trp-Lys-Tyr is compatible with the data obtained by us in water
solution, namelywith a NOE contact between Hα–NHi+2 of Trp

7 and
Tyr9. However, structure calculations using NMR data from URP
spectra acquired in water gave not converging results (data
not shown) probably because of a high structural flexibility of the
peptide in plain buffer.
wileyonlinelibrary.com/journal/jpepsci Copyright © 2015 Europ
In order to determine whether the divergent actions of URP
and hU-II derive from different interaction with the receptor,
NMR-derived structures of URP and hU-II were docked within a
model of h-UTR built by homology using the I-TASSER online
server [32–34]. We have already built an h-UTR model [39]. It
was based on the rhodopsin crystal structure [57]. The current
model is based mainly on the h-DOR crystal structure [44].
Because the last is a diffusible ligand (peptide) binding GPCR,
which share higher sequence homology with h-UTR (TM
sequence identities: 34.5% to h-DOR vs 21.8% to Rho), hence it
can be considered a more reliable model than the previous
one. In the docking procedures, we hypothesized that peptides
bind in the extracellular side of the TM bundle, as observed
for all the ligands of class A GPCR [48] and confirmed by muta-
genesis studies [58–60]. In this context, only the side chains of
residues engaged in orthosteric ligand/GPCR binding in com-
plexes with known crystal structure were considered flexible in
the docking procedure. In particular, we took in account
h-DOR/naltrindole (PDB ID: 4n6h), m-MOR/β-funaltrexamine
(PDB ID: 4dkl), and NTSR1/neurotensin (PDB ID: 4buo) complexes
because they were used as templates by the unbiased homol-
ogy building procedure of I-TASSER (refer to the preceding
texts). A superposition of the putative binding site of h-UTR
model and h-DOR/naltrindole complex is shown in Figure S2
(Supporting Information) as an example.
ean Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2015



URP AND hU-II CONFORMATION AND INTERACTION WITH UT RECEPTOR
Best poses of complexes of h-UTR/URP and h-UTR/hU-II are
shown in Figures 4 and 5, respectively. For both peptides, the pre-
dicted binding site is located among TM3/TM7, EL2, and EL3. The
β-hairpin is aligned with the receptor helical axis, with the N-
termina and C-termina pointing towards the extracellular side. Main
interactions between the peptides and UTR are shown in Figure 4b
for h-UTR/URP and 5b for h-UTR/hU-II. These findings are in accor-
dance with previous mutagenesis results [58–60]. In fact, many of
the receptor residues, involved in the peptides binding in our
model, face the binding site pocket of the UT receptor as demon-
strated using the substituted-cysteine accessibility method. For
some others, the replacement with a cysteine residue caused a
complete loss of affinity for the ligands. All these residues are evi-
denced in Figures 4b–5b. Furthermore, both hU-II and URP interact
with the ELs but EL1 in accordance with experimental data [61].
Interestingly, comparing our complex model with the peptide-

bound GPCR crystal structures solved to date (NTSR1/neurotensin
[46] and CXCR4/CVX15 [62]), it can be argued that hU-II (and URP,
data not shown) binds to the h-UTR in a similar fashion as
neurotensin to NTSR1 and CVX15 to CXCR4 (Figure S3, Supporting
Information).
While the two peptides hU-II and URP share similar interactions

with the receptor concerning the cyclic region, N-terminal region
of hU-II establishes large interactions with extracellular loops EL2
of h-UTR. In particular, charge-reinforced hydrogen bonds between
Glu1 and Lys196 and between Asp4 and Arg193 are observable in
hU-II/h-UTR complex (Figure 5). Those interactions cannot be pres-
ent in URP/h-UTR complex. In agreement with our model, dissocia-
tion kinetics experiments revealed a putative interaction between
UTR and the glutamic residue at position 1 of hU-II. Indeed, it was
observed that the replacement of this residue by an alanine, i.e.
[Ala1]hU-II, caused an increase in the dissociation rate of hU-II but
not URP [18].
Conclusions

We demonstrated that distinct pathophysiological roles for URP
and hU-II are not related to different conformations of the two pep-
tides, but they likely arise from their different interactions with the
UT receptor. Those interactions can stabilize different active confor-
mations of UTR that, in turn, can select specific subset of secondary
messengers depending on the ligand-induced adopted
conformation.
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