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Unraveling the Active Conformation of Urotensin 11

Alfonso Carotenuto,”' Paolo Grieco,® Pietro Campiglia,® Ettore Novellino,® and Paolo Rovero*#*

Department of Pharmaceutical Sciences, University of Salerno, Via Ponte Don Melillo 11C, 1-84084 Fisciano, Italy, and
Department of Pharmaceutical and Toxicological Chemistry, University of Naples “Federico 11”7, 1-80131 Naples, Italy

Received August 6, 2003

Urotensin 11 (U-11) is a disulfide-bridged undecapeptide recently identified as the ligand of an
orphan G-protein-coupled receptor. Human U-11 (H-Glu-Thr-Pro-Asp-cyclo[Cys-Phe-Trp-Lys-
Tyr-Cys]-Val-OH) has been described as the most potent vasoconstrictor compound identified
to date.With the aim of elucidating the active conformation of hU-II, we have performed a
spectroscopic analysis of hU-I11 minimal active fragment hU-11(4—11) in different environmental
conditions. The analysis indicated that hU-11(4—11) was highly structured in the anisotropic
membrane mimetic SDS solution, showing a type IlI' g-turn structure, which is almost
unprecedented for L-amino acid peptides. Micelle bound structure of hU-11(4—11) was then
compared with those of four synthetic analogues recently synthesized in our lab, bearing
modified Cys residues at position 5 and/or position 10 and characterized by different levels of
agonist activity. The structures of the active compounds were found to be very similar to that
of hU-11(4—11), while a barely active compound does not show any propensity to S-turn
formation. Furthermore, distances among putative pharmacophoric points in the structures of
the active compounds obtained in SDS solution are in good agreement with those found in a
recently described non-peptide agonist of the hU-I1 receptor. A type II' 5-turn structure was
already found for the somatostatin analogue octreotide. On the basis of the similarity of the
primary and 3D structures of U-11 and somatostatin analogues and on the basis of the sequence
homology between the GPR14/UT-I1 receptor and members of the somatostatin receptor family,
a common evolutionary pathway for the signal transmission system activated by these peptide

can be hypothesized.

Introduction

Urotensin 11 (U-11) is a cyclic peptide originally
isolated from the urophysis, the hormone storage—
secretion organ of the caudal neurosecretory system of
teleost fishes, and sequenced more than 20 years ago.!
Several analogues of U-11 have subsequently been
reported in different species of fish and amphibians,
with variations occurring in the five to seven N-terminal
residues, followed by a C-terminal-conserved disulfide-
bridged cyclic hexapeptide. Recently, urotensin Il was
cloned in several mammalian species, including hu-
mans.?2 Human U-11 (hU-11) is an 11 amino acid peptide
that retains the cyclic portion typical of fish U-11.

In 1999 Ames et al.? identified a new human G-
protein-coupled receptor homologous to the GPR14/
SENR orphan receptor from rat.* The use of a “reverse
molecular pharmacology” approach® identified U-Il as
the ligand of this orphan receptor, now termed UT-II
receptor.%@ Interestingly, three other independent groups
reported similar results within 2 months.®>=d As a
result, there has been continued interest in U-Il se-
quences, and various studies aiming at investigating the
(patho)physiological role played by this peptide in
mammals have shown that hU-11 produces a very potent
vasoconstriction of cynomolgus monkey arteries and
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human arteries and veins and potently contracts certain
blood vessels from other species, such as the rat thoracic
aorta.>’~? hU-Il 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.310
Moreover, hU-I1 produces contractions in a number of
nonvascular smooth muscle tissues, such as primate
airways'! and human heart.’? On the basis of its
spectrum of activities, hU-11 has been postulated to
contribute as modulator to cardiovascular homeostasis
and possibly to be involved in certain cardiovascular
pathologies.®1® In terms of drug development, it thus
appears that a hU-11 antagonist could be of therapeutic
value in a number of cardiovascular disorders charac-
terized by increased vasoconstriction, myocardial dys-
function, and even atherosclerosis. Unfortunately, as the
biological studies on hU-I1 progress, limited structure—
activity relationship is available to provide information
on the residues responsible for the activity of this
sequence.’ Accordingly, in this study we have investi-
gated the conformational properties of hU-Il and its
minimal active fragment hU-11(4—11) in different en-
vironmental conditions, comparing the obtained struc-
tures with those of active analogues bearing modified
Cys residues at position 5 and/or position 10. In par-
ticular, the following peptides were considered (Table
1): (a) the recently described P5U superagonist, where
Cys residue in position 5 was replaced by Pen (this
peptide showed higher affinity than hU-Il at human
cloned U-I11 receptors as well as higher activity in the
rat thoracic aorta assay’®); (b) the analogue in which
both Cys® and Cys!® were substituted by Pen residues
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Table 1. Receptor Affinity and Biological Activity of
Urotensin-11 Analogues of General Formula
R-Asp-c[Xaa-Phe-Trp-Lys-Tyr-Yaa]-Val-OH?

peptide Xaa Yaa pK; b pD; ¢
hU-11 Cys Cys 9.1 +£0.08 8.3 £ 0.06
hU-11(4—11) Cys  Cys 9.6+ 0.07 8.6 + 0.04
P5U Pen Cys 9.7+ 0.07 9.6 + 0.07
1 Pen Pen 89+0.11 8.2+0.12
2 Cys Pen 7.9 £0.04 6.7 £ 0.06
3 Cys Hcy ntd <6.5

aR = H-Glu-Thr-Pro for hU—II; R = H for hU-Il analogues.
b pKi: —log K. ¢ pD2: —log ECso. Each value in the table is the
mean + sem of at least four determinations. 9 Not tested.
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Figure 1. CD spectra of investigated peptides: (a) hU-11(4—
11) in water (blue), water/HFA 1:1 v:v (orange), and SDS
micelles solution (black); (b) CD spectra in SDS micelles
solution of hU-11(4—11) (black), P5U (red), 1 (green), 2 (blue),
and 3 (orange).

(compound 1), which is almost as active as hU-II; (c)
analogue 2 (Cys'© replaced by Pen), whose activity
dropped by 2 orders of magnitude; (d) the analogue in
which Cys?® was substituted by hCys (compound 3),
which resulted in very low activity.'®

Results

CD Spectroscopy. To explore the conformational
behavior of hU-I1 and its analogues, we first performed
a CD study of the hU-Il minimal active fragment hU-
11(4—11) in various solution environments. The CD
spectra of hU-11(4—11) were recorded in water, in HFA/
water 50/50 v:v, and in SDS/water solutions (Figure 1a).
CD spectra of hU-11(4—11) in water and HFA/water
suggest the presence of disordered conformers with
comparable amounts of random coil, turn, and j struc-
tures. These results are in line with previous NMR
studies on teleostean fish U-11 in DMSO solution,'” on
hU-11 in water,'® and in DMSO solution?!® that indicated
the absence of defined secondary structures in the cyclic
conserved portion of hU-11. In contrast, in aqueous SDS
micelle solution (200 mM) the shape of the CD spectrum
of hU-11(4—11) suggests the presence of 5-turns and/or
p-strands folding with a minimum at 205 nm and a
shoulder around 215 nm. Peptides P5U, 1, and 2 show
similar CD spectra in SDS micelles, while the CD
spectrum of peptide 3 under the same conditions is very
different, indicating that this peptide is devoid of the
ordered structure typical of hU-11(4—11) (Figure 1Db).

NMR Analysis in SDS Micelles. The CD investiga-
tion described above was followed by the collection of a
whole set of 1D and 2D NMR spectra in 200 mM
aqueous solution of SDS for hU-11(4—11), hU-Il, P5U,
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Figure 2. Secondary shifts of the o protons of the studied
peptides in aqueous solution (pH 5.5) in the presence of SDS
(200 mM) micelles. Pen Ho random coil value (4.65 ppm) was
taken from ref 27c.

and peptides 1—3. To check for the absence of an
aggregation state of the peptides, spectra were acquired
in the concentration range of 0.2—5 mM. No significant
changes were observed in the distribution and in the
shape of the 'H NMR resonances, indicating that no
aggregation phenomena occurred in this concentration
range. Complete 'H NMR chemical shift assignments
were effectively achieved for all the analyzed peptides
(Supporting Information) according to the Wuthrich
procedure® via the usual systematic application of DQF-
COSY,2L TOCSY,22 and NOESY?Z experiments with the
support of the XEASY software package.?* 2*C NMR Ca
chemical shifts were determined by analysis of proton
detected 'H—13C HSQC?> (Supporting Information).
hU-11(4—11) in SDS Micelles. A qualitative analysis
of short- and medium-range NOES, 3JyH-Ho coupling
constants, NH exchange rates, and temperature coef-
ficients for exchanging NH was used to characterize the
secondary structure of hU-11(4—11) (Supporting Infor-
mation). The presence of a -turn encompassing resi-
dues 6—9 is suggested by a weak H,—NH;, connectivity
between Trp’ and Tyr® and a strong NH—NH;;; con-
nectivity between Lys® and Tyr®. Relatively strong Hgs—
NHi;, connectivities between Trp’ and Tyr? indicate
that this is not a canonical type I or type Il 5-turn, which
are usually observed for natural L-amino acids. A turn
structure is supported by the observation of slowly
exchanging NH at position 9, a low value of the
temperature coefficient for this proton (—AS/AT < 3.0
ppb/K), and a small 3Jyn-ne coupling constant (<5 Hz)
for residue Trp’. A short stretch of antiparallel 5-sheet
involving residues 5—6 and 10—11 is inferred from a
number of long-range NOEs including H,—NH connec-
tivities between residues 5, 11 and 6, 10 and a NH—
NH connectivity between residues 6 and 9. The struc-
ture formed by a g-turn flanked by an antiparallel
B-sheet is henceforth referred to as a f-hairpin. The
presence of a S-hairpin is supported by the observation
of large 3JnH-He coupling constants (=8 Hz) for Cys®,
Tyr®, and Cys!® and slowly exchanging NH at position
6. Additional evidence for S-hairpin formation is pro-
vided by the analysis of the H, and C, resonances, which
are strongly dependent on local secondary structure.2®
Upfield shifts for H, relative to random coil values are
generally found for residues implicated in a a-helix or
in turns and downfield shifts for those in -sheets; the
contrary is found for C, shifts. As shown in Figure 2,
Hq-7 and Hq-8 experience upfield shifts of the NMR
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Figure 3. Upfield region of the 1D 'H NMR spectra of
compounds (from top to bottom): hU-11(4—11) (a), P5U (b), 1
(c), 2 (d), 3 (e). Hy resonances of Lys® are indicated with a
star.

signals compared to those observed for the same amino
acids in random coil state, while Cys®, Tyr?, and Cys10
H, experience downfield shifts; accordingly, Trp’ C,
experiences a downfield shift, while Phe®, Tyr°, and
Cys!0 C, resonances are upfield-shifted (Supporting
Information). Consistent with the CD results, all these
data indicate the presence of a g-hairpin in the region
encompassing residues 5—10 with a turn at positions
Trp’-Lys8. Finally, a dramatic upfield shift is observed
for H, atoms of Lys®, (6 —0.16 and 6 0.18 ppm, with a
Ao of about —1.5 ppm relative to Lys H, resonances in
random coil peptides). Such an impressive shielding
(Figure 3) is probably due to the influence of Trp” and
Tyr® aromatic ring currents on the Lys® H, atoms.
Actually, several interchain connectivities observed in
the NOESY spectrum indicate that the Lys® side chain
is spatially close to Trp” and Tyr® aromatic side chains.

hU-I11 in SDS Micelles. The *H NMR spectra of hU-
Il in SDS micelles show a doubling of all the resonances,
indicating equilibrium between two different states that
exchange slowly on the NMR time scale. The relative
intensities of resolved amide proton signals indicate a
ratio of 3:1 between the two states. The resonances of
the protons of both states could be assigned using the
usual procedure® (Supporting Information). Luckily, the
conformational equilibrium produces resolved peaks for
almost all resonances. One of the two states, the most
populated one, shows spectral features resembling those
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found for hU-11(4—11), with similar NH exchange rates,
NH temperature coefficients, 3Jnyn-He cOupling con-
stants, NOE connectivities, and proton resonances, with
the exception of those of Asp* and Cys® residues, which
obviously feel the effect of N-terminal residues. In
contrast, the less populated state shows a minor number
of NOE contacts per residue, without medium- and long-
range diagnostic NOEs, and it also shows fast exchang-
ing rates for all the amide protons. These data indicate
that the second set of signals arises from a more flexible
structure. Additional support for random structure is
provided by the analysis of the H, chemical shifts, which
closely resemble those of random coil peptides (data not
shown). The resonance values of the protons belonging
to this second conformer also significantly differ from
the corresponding in water solution (Supporting Infor-
mation). Furthermore, changing of the peptide and/or
the micelle concentrations did not change the ratio
between the populations of the two states of the peptide.
Thus, it is possible that hU-11 binds to the micelles in
two different conformations, the first being highly
structured and the second more flexible. The minor
conformer was not considered in the following structure
calculation procedures.

P5U in SDS Micelles. P5U shows spectral features
resembling those found for hU-11(4—11), with similar
NH exchange rates, NH temperature coefficients, 3JnH-Hq
coupling constants, NOE connectivities, and proton and
carbon resonances for unchanged residues. The differ-
ences between the NMR data of P5U and hU-11(4—11)
point to a higher conformational stability in the first.
In particular, we observed a higher number of medium-
range NOE connectivities (24 NOE/residue for P5U
against 15 NOE/residue for hU-11(4—11)) and longer NH
exchange times for residue 6, indicating that this NH
is engaged in a stronger hydrogen bond, stabilizing the
hairpin structure. Additional support for this stronger
hydrogen bond arises from the downfield shift of the
resonance of the residue 6 amide proton in P5U
compared to the relevant resonance in hU-11(4—11) (9.18
and 9.01 ppm, respectively).

Peptide 1 in SDS Micelles. Peptide 1 shows spectral
features resembling those found for hU-11(4—11) and
P5U, indicating the presence of the hairpin structure.
Detailed investigation on NH exchange rates, NH
temperature coefficients, 3Jyn-ne coupling constants,
and NOE connectivities (Supporting Information) indi-
cates that the hairpin structure in 1 is further strength-
ened compared to hU-11(4—11) and P5U. In fact, after
dissolution of lyophilized samples in 2H,0O micelle solu-
tion, the residue 9 NH signal totally disappears in 2
days for hU-11(4—11) and P5U while the corresponding
proton signal in 1 is still observable after 1 month. A
further relevant difference between 1 and hU-11(4—11)
(or P5U) is the observation in the first of a long
exchange time for the NH of residue 11. This finding,
together with a number of NOE connectivities between
Asp* and Val'!, indicate that the N- and C-terminal
residues of 1 are part of the hairpin structure.

Peptide 2 in SDS Micelles. Peptide 2 shows spectral
features resembling those found for the above-described
peptides. Slow exchange rates observed for NH of
residues 6, 8, 9, and 11 indicate a structure more similar
to the structure of peptide 1, with a g-hairpin motif
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extending from Asp* to Vall! although the overall data
indicate a higher degree of flexibility in 2 relative to 1.
A remarkable difference from comparing NMR data of
2 with those of all the above-described peptides is
represented by the exchange rate of Lys® NH, which is
slow in 2 while it is relatively fast in the other peptides.
Furthermore, in 2 the resonances of the Lys® Hy's are
even more shielded compared to the corresponding ones
in hU-11(4—11), P5U, and 1 (Figure 3). These spectral
features indicate that some differences are possible in
the structure of the turn region.

Peptide 3 in SDS Micelles. All the spectral features
of peptide 3 indicate a high degree of flexibility for this
peptide. 3JnH-Ho CcOupling constants falling between 5
and 8 Hz, the small number of NOE contacts per
residue, the absence of medium- and long-range diag-
nostic NOE’s, together with H, chemical shift values
close to random coil peptides (Figure 2), clearly indicate
a disordered conformation.

Structure Calculations. NMR-derived constraints
for hU-11(4—11), hU-I1, P5U, and peptides 1—3 were
used as the input data for a simulated annealing
structure calculation as implemented within the stan-
dard protocol of the DYANA program.?” In the first step,
only NOE-derived constraints were considered. NOEs
were translated into interprotonic distances and used
as upper limit constraints in subsequent annealing
procedures to produce 200 conformations. From these
structures we could unequivocally determine the hy-
drogen bond atom acceptors corresponding to the slowly
exchanging NH previously determined for each peptide.
In a second DYANA run these hydrogen bonds were
explicitly added as upper and lower limit constraints,
together with the NOE-derived constraints. The an-
nealing procedure produced 200 conformations from
which 50 structures were chosen, whose interprotonic
distances best fitted NOE-derived distances, and then
refined through successive steps of restrained and
unrestrained EM calculations using the program Dis-
cover (Biosym, San Diego, CA). For each peptide, 20
structures satisfying the NMR-derived constraints (vio-
lations smaller than 0.27 A) were chosen for further
analysis (Figures 4 and 5). The PROMOTIF program
was used to extract details of the location and types of
structural secondary motifs.28 The rms deviation values
of the 20 calculated structure family for each peptide
are reported in the Supporting Information (Table 1).

Solution Structure of hU-11(4—-11) in SDS Mi-
celles. As expected from the high number of NMR
constraints, the hexacyclic region of hU-11(4—11) was
well defined, possessing an average rms deviation of the
backbone heavy atoms equal to 0.22 A (Figure 4a). Side
chain orientations of the residues belonging to this
region were also defined (the average rms deviation for
all non-hydrogen atoms was 0.46 A). The two residues
located outside the cycle were less defined (overall heavy
atoms rms deviation of 0.90 A), indicating higher
conformational freedom for these residues. The analysis
of the secondary structure showed the existence of a
B-hairpin structure encompassing residues 5—10 with
a BII'-turn conformation about residues Phe8-Trp’-Lys®-
Tyr®. This well-conserved region is stabilized by hydro-
gen bonds between Phe® NH and Tyr® CO and between
Phe® CO and Tyr® NH. The determined inverse turn
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Figure 4. (a) Superposition of the 10 lowest energy conform-
ers of hU-11(4—11). Structures were superimposed using the
backbone heavy atoms of residues 5—10. Heavy atoms are
shown with different colors (carbon, green; nitrogen, blue;
oxygen, red; sulfur, gold). Hydrogen atoms are not shown for
clarity. (b) Representative structure of hU-11(4—11) (i.e., the
structure most similar to the mean of the 10 final structures).
The Trp” (blue), Lys® (red), and Tyr® (green) side chains are
shown as van der Waals surfaces.

Figure 5. Superposition of the 10 lowest energy conformers
of P5U (a), 1 (b), 2 (c), 3 (d). Structures were superimposed
using the backbone heavy atoms of residues 5—10. Heavy
atoms are shown with different colors (carbon, green; nitrogen,
blue; oxygen, red; sulfur, gold). Hydrogen atoms are not shown
for clarity.

conformation is unexpected for an all-L peptide. In fact,
among natural amino acids, only glycine has been found
at position i + 1 of a glII'-turn conformation, although
WeiBhoff et al.2® have recently reported an all-L cyclic
pentapeptide showing a gl1'-turn conformation in DMSO
solution with a threonine residue at position i + 1.
Analysis of the Ramachandran plot of the calculated
conformations shows that all the residues lie in allowed
regions except the Trp’ residue, which lies in a gener-
ously allowed region. The structures do not show any
van der Waals repulsion. To assess the overall stability
of the obtained micelle bound structure of hU-11(4—11),
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Table 2. Pharmacophoric Distances? (A) of UT-Il Receptor
Agonists

peptide Trp7 -Lys®Ne(Qy) Trp? b=Tyr®b Lys8Ne(Qy)—Tyr® "
hu-11(4—11) 5.4 (3.6) 5.8 6.0 (3.7)
P5U 5.6 (3.50) 6.1 6.2 (3.9)
1 5.8 (3.5) 6.3 6.1 (3.9)
2 4.8 (3.0) 5.8 6.6 (4.1)
AC-7954 (A) 55 6.6 6.2
AC-7954 (B) 7.2 5.2 6.1
U-11¢ 11.3 12.2 6.4
DTrp U-lI¢ 13.7 8.3 11.1

a Reported distances were the mean of the 20 calculated
structures of each peptide. ® Aryl ring centroids. ¢ See ref 19.

we subsequently performed a totally unrestrained mo-
lecular dynamic simulation. The results of this simula-
tion indicate a high stability of the SlI'-turn conforma-
tion (see below). In Figure 4b the side chains of Trp’,
Lys®, and Tyr® residues are evidenced as van der Waals
surfaces. Clearly, the side chains of these residues are
spatially close, and their mutual orientations justify the
considerable upfield shift observed for Hy atoms of Lys®
(Figure 3). The distance defining the putative hU-II
pharmacophore according to Fhlor’'s three-point phar-
macophore hypothesis?® is reported in Table 2.

Solution Structure of hU-I1 in SDS Micelles. As
assessed above, two different conformational states
could be observed for hU-Il in SDS micelles by NMR
experiments. The overall NMR data of the less popu-
lated state indicate a random structure; therefore, this
state has not been considered for structure calculations.
The most populated state, possessing spectral features
resembling those found for hU-11(4—11), when submit-
ted to the structure calculation steps described above,
gave a 3D structure of the cyclic region virtually
undistinguishable from that of hU-11(4—11) (data not
shown). Preliminary results on the micelle bound struc-
ture of hU-II have been recently presented.3°

Solution Structure of P5U and Peptides 1-3 in
SDS Micelles. Figure 5 shows the calculated structures
of hU-11(4—11) analogues. The rms deviations of the
cyclic and overall heavy atoms are reported in the
Supporting Information (Table 1). P5U and peptides 1
and 2 show a 3D structure similar to that of hU-11(4—
11) with a g-hairpin structure encompassing residues
5—10 and a SlI'-turn conformation about residues Phe®-
Trp’-Lys8-Tyr®. Some interesting points can be out-
lined: (i) A significant enhancement of the conforma-
tional rigidity is observed in the calculated structures
of P5U (Figure 5a) compared to hU-11(4—11), in ac-
cordance with experimental data. (ii) An overall en-
hancement of the conformational rigidity is observed for
peptide 1 compared to hU-11 (4—11) and P5U (Figure
5b). Furthermore, this analogue possesses a f-hairpin
structure encompassing all residues, included N- and
C-terminal ones. (iii) A thorough investigation of the
peptide 2 structure (Figures 5¢c and 6) reveals that the
Trp” indole moiety is spatially closer to the Lys® side
chain, while the Tyr® phenol ring is slightly more distant
from the same alkylamine side chain compared to the
corresponding distances in hU-11(4—11) and P5U (Table
2). (iv) A high degree of flexibility was observed for
peptide 3 (Figure 5d). No standard pattern of secondary
structures was observed in any calculated structure of
3, and these results clearly evidenced disordered con-
formations.
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Molecular Dynamics Simulations of hU-11(4—11),
P5U, and Peptides 1 and 2. According to the confor-
mational analysis described above, the membrane mi-
metic environment forces peptides hU-11(4—11), P5U,
1, and 2 to fold in a glI'-hairpin structure, which is quite
unexpected for an all-L peptide. To assess the absolute
structural stability of this inverse turn, regardless of
the environmental constraints, the dynamic behavior of
all the active analogues was investigated in detail by
molecular dynamics simulations in a vacuum. To this
end, we performed four 300 ps of unrestrained MD
simulations starting from the lowest energy NMR
structure of each peptide. The stability of the gII'-turn
structure was followed by monitoring the ¢ and v
dihedral angle values of residues Trp” and Lys®. The ¢
and vy dihedral angles defining the type II' g-turn are
quite stable during the entire simulation time (Sup-
porting Information), indicating that the g1I'-turn rep-
resents a local minimum, regardless of the application
of constraints. On the basis of the dynamical properties
of the analyzed peptides, we conclude that peptide 1
shows the most rigid structure with an overall heavy
atoms rms deviation of 0.72 A (calculated considering
20 structures sampled every 15 ps of the MD simula-
tion), while hU-11 (4—11), P5U, and peptide 2 show rms
deviations of 1.32, 0.94, and 1.44 A, respectively.

Structural Comparison of hU-11 with AC-7954,
the First Non-Peptide U-11 Receptor Agonist. The
conformations accessible to biologically active ligands
in solution are not necessarily the same as those
adopted by the same ligands when bound to their
receptors; henceforth, the biological relevance of NMR-
derived 3D structures of peptides always has to be
validated. A straightforward method to assess the
biological relevance of NMR-derived 3D structures of
peptides is their superposition with 3D structure(s) of
non-peptide rigid ligand(s). The first and, to the best of
our knowledge, the only non-peptide UT-II receptor
agonist reported in the literature is the compound
termed AC-7954 [(£)3-(4-chlorophenyl)-3-(2-(dimethy-
lamino)ethyl)isochroman-1-one hydrochloride].3! To ex-
plore the conformational behavior of this compound, it
was submitted to extended MD calculations (see Ex-
perimental Section). Analysis of the MD data revealed
that the compound exists in two interconverting pseudoch-
airs with the ethylamine or the 4-chlorophenyl functions
in pseudoaxial position, termed conformers A and B,
respectively. Both conformers have similar energy (108.0
kcal/mol for A, and 106.4 kcal/mol for B, CVFF force
field32). Considering as pharmacophoric points of AC-
7954 the nitrogen atom, the centroid of the chlorophenyl
aromatic ring, and the centroid of the isochromanone
aromatic ring, we compared the distance among these
(pseudo)atoms to the “corresponding” ones in the bio-
active peptides, where the isochromanone was consid-
ered to correspond to the tryptophan indole ring due to
the presence of the oxygen heteroatoms that could
mimic the nitrogen of the indole. As shown in Table 2,
the agreement among the distances in the pharmacoph-
ore is good for both the AC-7954 conformers. In par-
ticular, considering the lowest energy conformer A, the
differences in the pharmacophoric distances are within
0.5 A when compared with the most active peptide P5U.
In Figure 7, a side by side view of a calculated structure
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Figure 6. Superposition of the most representative structure
of P5U (blue) with the corresponding one of peptide 2 (gold).
Structures were superimposed using the backbone heavy
atoms of residues 5—10. Hydrogen atoms are not shown for
clarity.

Figure 7. Side by side view of P5U (the most representative
NMR structure) and of the (R)-AC-7954 conformer A. Putative
pharmacophoric distances are indicated in angstroms. All
hydrogen atoms and the side chains of residues 4, 6, and 11
of P5U are not shown for clarity.

of AC-7954 conformer A and a representative micelles
bound structure of P5U is shown.

Discussion

The structural requirements of U-Il for receptor
activation were studied throughout an extensive spec-
troscopic analysis of hU-I1, its minimal active fragment
hU-11(4—11), the highly active peptide agonist P5U, and
other peptide agonists 1—3. Initially, the conformational
behavior of hU-11(4—11) was explored under different
environmental conditions by CD spectroscopy. In par-
ticular, CD studies on hU-11(4—11) were performed in
water, in water/HFA 50/50 v:v, a mixture that can probe
the intrinsic tendency of the peptide to assume helical
conformation,3? and in anisotropic SDS—micelles me-
dium as a membrane mimetic environment. CD data
clearly indicate that the highest degree of structural
definition is shown in the membrane-like environment

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 7 1657

(Figure 1a). On these bases, an extensive CD, NMR, and
MD investigation was performed on distinct UT-I11
receptor peptide agonists hU-11(4—11), hU-11, P5U, 1,
2, and 3 in the lipid environment.

A type II' -hairpin structure was a common feature
found in the highly active peptides hU-11(4—11), hU-11,
P5U, and 1 and in the low-active 2, while the very low-
active peptide 3 is devoid of any defined structure
(Figures 4 and 5). This gII' structure is almost unprec-
edented for L-amino acid peptides, since it has been
reported only for a highly constrained pentacyclic pep-
tide.?® Unrestrained MD simulations allowed us to
verify the structural stability of this uncommon struc-
tural motif. Interestingly, the substitution of the L-Trp
residue of hU-I1 with the b isomer, which stabilizes a
type Il -turn, is tolerated in a receptor binding assay.'®

A cluster involving the side chains of Trp’, Lys®, and
Tyr® was a second noteworthy feature in the calculated
conformation of UT-II receptor active peptides (Figure
4b). A detailed structure—activity relationship recently
reported by Flohr and co-workers!® showed that this
Trp-Lys-Tyr sequence is the most important for full
agonist activity of hU-11. In the same work, a three-
point pharmacophore hypothesis was proposed: a posi-
tive ionizable feature placed on the Ne atom of Lys® and
two hydrophobic aromatic features positioned onto the
aryl rings of Trp” and Tyr®. Using the NMR structure
of hU-Il and b-Trp’ hU-II, Flohr et al.!® deduced
distances between the pharmacophoric points to be used
in a screening of the Aventis compound repository.
These distances are quite different from those we have
found in the most active peptide agonists (Table 2). The
different environments in which these distances were
obtained can account for this discrepancy. In fact, Flohr
et al.’® deduced the pharmacophoric distances in iso-
tropic aqueous medium, while our distances were de-
duced in a membrane mimetic environment. The use of
SDS micelles to study the conformational properties of
hU-I1 and hU-I11 analogues is motivated on the basis of
their interaction with a membrane receptor. For pep-
tides acting as ligand of membrane receptors, the use
of membrane mimetic media, such as SDS or dode-
cylphosphocoline, is suggested hypothesizing a mem-
brane-assisted mechanism of interactions between the
peptides and their receptors.3* According to this model,
the membrane surface plays a key role in facilitating
the transition of the peptide from a random coil confor-
mation adopted in the extracellular environment to a
conformation that is recognized by the receptor.3® The
increase of the local concentration and the reduction of
the rotational and translational freedom of the neu-
ropeptide are membrane-mediated events acting as
determinant steps for the conformational transition of
the peptide.?® Our pharmacophoric model was then
validated by comparing the obtained pharmacophoric
distances with the corresponding ones in the compound
AC-7954, the first and, to the best of our knowledge,
the only non-peptide U-11 receptor agonist reported in
the literature.3! As shown in Figure 7, the differences
in the pharmacophoric distances in AC-7954 are within
0.5 A, compared to those of the most active peptide P5U.
Although Flohr et al.’® screened the Aventis database
using pharmacophoric distances from compounds with
agonist activity, the search led to compounds with
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antagonist activity, while it is well-known that antago-
nist topographical requirements are usually very dif-
ferent from those defining the agonist activity.

The NMR-derived 3D structures of compounds hU-
11(4—11), P5U, and 1—3 could explain their relative
biological activities and receptor affinities (Table 1). In
particular, the enhanced pharmacological properties
observed in the case of P5U can be ascribed to the
conformational restriction obtained by replacement of
Cys by Pen in position 5, a modification that apparently
favors the selection of a UT-Il receptor bioactive con-
formation.3” Peptide 1 shows receptor affinity and
biological activity comparable to those of hU-Il and
slightly reduced compared to those of hU-11(4—11). The
reduced pharmacological properties observed for 1 can
be tentatively ascribed either to the exceptionally high
conformational rigidity of this compound, which would
prevent the peptide from reaching biologically signifi-
cant conformations (i.e., postbinding structure transi-
tions) or, more trivially, to steric hindrance of the Pen??
methyl groups of 1 within the UT-II receptor binding
site. The different distances between the side chains of
the Trp-Lys-Tyr triad observed in 2 compared to the
corresponding ones in hU-11(4—11) and P5U (Table 2
and Figure 6) can explain the reduced activity of 2
compared to the parent peptide hU-11(4—11), even if a
steric hindrance of the Pen!® methyl groups within the
UT-II receptor binding site cannot be excluded, as in
the case of peptide 1. The loss of any propensity to the
formation of definite structures in peptide 3 and, in
particular, to the formation of the -hairpin structure
observed in the other active compounds could explain
the very low activity of this peptide. Of note is that the
presence in 3 of a single additional methylene group
extending the disulfide bridge drastically reduces the
conformational stability of the SII' hairpin structure.
Accordingly, we have recently reported?®® that the length
of the bridge moiety in hU-I1 analogues is a key feature
for the activity at the UT-II receptor.

A type II' f-hairpin structure has been already found
for the somatostatin analogue octreotide (sandostatin).38
In octreotide, the p-configuration of the tryptophan
residue at position i + 1 of the turn favors the inverse
turn, and actually, this structural feature was observed
in DMSO solution, although in equilibrium with helical
structures. Figure 8 shows the superposition of the
micelle bound structure of the superagonist P5U with
that of octreotide (PDB entry 1SOC). The almost perfect
overlapping of the backbone heavy atoms of the hairpin
can be observed. Furthermore, the distance between the
nitrogen atom of the side chain of the lysine residue and
the centroid of the p-tryptophan indole moiety is 6.12
A, closely resembling the corresponding distance in
P5U. Interestingly, an upfield shift of the Lys® Hy
resonances has also been observed in the case of
octreotide. The intensity of that shift in octreotide was
smaller compared to that shown by P5U. This is
probably due to one or more of the following octreotide
features: (a) the absence of the Tyr® aromatic ring; (b)
the greater distance between the Lys® Hy and the
centroid of the tryptophan indole moiety; (c) the ob-
served equilibrium between S-hairpin and helical struc-
tures.38 This 3D structural resemblance of the ligands,
together with the similarity of the primary structure of
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Figure 8. Superposition of the most representative structure
of P5U (blue) with the octreotide structure (PDB entry 1SOC,
pink). Structures were superimposed using the backbone heavy
atoms of residues 5—10. Hydrogen atoms and the side chains
of residue 4, 6, 9, and 11 are not shown for clarity.

U-1l and somatostatin analogues, and the sequence
homology between the GPR14/UT-II receptor and mem-
bers of the somatostatin receptor family®¢ indicate
similar structural requirements for the activation of
these receptors, which in turn could have some implica-
tions in the evolutionary pathways for the signal
transmission system activated by these peptides. Fi-
nally, it is worth mentioning that several octapeptide
somatostatin antagonists have been recently found to
function as a weak UT-II receptor antagonist,3 again
indicating structural similarities between UT-Il and
somatostatin receptors ligands.

Conclusions

In conclusion, a type IlI' g-hairpin structure was a
common feature found in the active peptides acting on
the UT-I1 receptor. This structural arrangement allows
a tight contact among the side chains of the indispen-
sable residues; in order to obtain full agonist activity,
the distances between the putative pharmacophoric
points, the aryl ring of Trp” (A), the Ne of Lys® (B), and
the aryl ring of Tyr® (C), must be the following: 5.4—
5.8 A (A—B), 5.8-6.2 A (A—C), and 6.0-6.2 A (B—C).
This investigation offers a structural basis for the design
of novel non-peptide agonists and, possibly, antagonists
to be used as pharmacological probes in revealing the
(patho)physiological role of U-II.

Experimental Section

Sample Preparation. Tested peptides were synthesized
and purified as previously reported.>® HFA and 99.9% 2H
20 were obtained from Aldrich (Milwaukee, WI), 98% SDS-
dzs was obtained from Cambridge Isotope Laboratories, Inc.
(Andover, MA), and [(2,2,3,3-tetradeuterio-3-(trimethylsilanyl)]-
propionic acid (TSP) was obtained from MSD Isotopes (Mon-
treal, Canada).

Circular Dichroism. All CD spectra were recorded using
a JASCO J810 spectropolarimeter with a cell path length of 1
mm. The CD measures were performed using a measurement
range from 260 to 190 nm, 1 nm bandwidth, 8 accumulations,
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and 10 nm/min of scanning speed at room temperature. The
pH of the aqueous sample was adjusted to 5.5 by adding a
small amount of phosphate buffer solution. Peptide concentra-
tion was determined spectrophotometrically using tyrosine and
tryptophan absorbance as described.*® For the hU-11(4—11)
conformational exploration, 300 uL of a 1.0 mM water stock
solution was prepared and the final 0.1 mM solutions were
obtained adding 30 uL of the stock solution to the appropriate
amount of buffered water, water and HFA, and 200 mM SDS
aqueous solution. The SDS samples of the other tested peptides
were obtained by dissolving the appropriate amount of these
in a 200 mM SDS aqueous solution. Mean residue ellipticities
were calculated for each sample by the usual method.**

NMR Spectrometry. The samples for NMR spectrometry
were prepared by dissolving the appropriate amount of peptide
in 0.45 mL of 'H,O (pH 5.5) and 0.05 mL of 2H,0 to obtain
1-2 mM of peptides and 200 mM of SDS-d,s. HSQC experi-
ments and the NH exchange studies were performed by
dissolving peptides in 0.50 mL of ?2H,O and 200 mM of SDS-
dys. TSP was used as the internal chemical shift standard.
NMR spectra were recorded on a Bruker DRX-600 spectrom-
eter. All spectra were recorded at a temperature of 300 K. One-
dimensional (1D) NMR spectra were recorded in the Fourier
mode with quadrature detection, and the water signal was
suppressed by low-power selective irradiation in the homo-
gated mode. 2D DQF-COSY,?? TOCSY,?? and NOESY? experi-
ments were run in the phase-sensitive mode using quadrature
detection in w; by time-proportional phase increase of the
initial pulse.®® Data block sizes were 4096 addresses in t, 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
at 300 K with mixing times in the range of 150—300 ms. The
spectra were calibrated relative to TSP (0.00 ppm) as the
internal standard. The qualitative and quantitative analyses
of DQF-COSY, TOCSY, and NOESY spectra were obtained
using the interactive program package XEASY.?* 3Jun—H«
values 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 DQF-
COSY experiments performed at different temperatures in the
range 300—320 K by means of linear regression.

Structural Determinations and Computational Mod-
eling. The NOE-based distance restraints were obtained from
NOESY spectra collected with a mixing time of 200 ms. The
NOE cross-peaks were integrated with the XEASY program
and were converted into upper distance bounds using the
CALIBA program incorporated into the program package
DYANA.?” Cross-peaks that were overlapped by more than
50% were treated as weak restraints in the DYANA calcula-
tion. In the first step, only NOE-derived constraints (Support-
ing Information) were considered in the annealing procedures.
For each examined peptide, 200 structures were generated
with the simulated annealing standard protocol of the program
DYANA 2" Nonstandard Pen residues were added to DYANA
residue library using MOLMOL.#? From these structures, we
could univocally determine the hydrogen bond atom acceptors
corresponding to the slowly exchanging NH previously deter-
mined for each peptide. In a second DYANA run, these
hydrogen bonds were explicitly added as upper and lower limit
constraints (NH of Phe® with CO of Tyr®, and NH of Tyr® with
CO of Phef), together with the NOE-derived upper limit
constraints (Supporting Information). The second annealing
procedure produced 200 conformations from which 50 struc-
tures were chosen, whose interprotonic distances best fitted
NOE-derived distances, and then refined through successive
steps of restrained and unrestrained EM calculations. First,
steepest descent minimizations with distance restraints were
performed on all structures with the Discover algorithm
(Biosym, San Diego, CA) utilizing the consistent valence force
field (CVFF).%2 A generic distance maximum force constant of
100 kcal/mol and an upper distance force constant of 32 kcal/
A2 were used. Minimization proceeded until the change in
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energy was less than 0.05 kcal/mol. This was followed by 3000
steps of unrestrained steepest descent energy minimization.
A distance-dependent dielectric constant equal to 4r was
applied to evaluate electrostatic interactions. The minimization
lowered the total energy of the structures; no residue was
found in the disallowed region of the Ramachandran plot. The
final structures were analyzed using the Insightll program
(Biosym, San Diego, CA). Graphical representation were
carried out with the Insightll program (Biosym, San Diego,
CA). The rms deviation analyses between energy-minimized
structures were carried out with the program MOLMOL.*> The
PROMOTIF program was used to extract details on the
location and types of structural secondary motifs.?®

Molecular Dynamic Simulation. Peptides hU-11(4—11),
P5U, 1, and 2 were subjected to a molecular dynamic simula-
tion using the Discover algorithm (Biosym, San Diego, CA)
utilizing the consistent valence force field (CVFF).32 The lower
energy conformer obtained from the simulating annealing and
following minimization procedures described above were sub-
jected to 300 ps of molecular dynamics calculations after an
equilibration period of 1 ps using a temperature of 300 K.
During the molecular dynamics frame, structures were saved
every 1 ps. A distance-dependent dielectric constant equal to
4r was applied to evaluate electrostatic interactions.

The AC-7954 structure of both enantiomers R and S was
built with the builder module of Insightll (Biosym, San Diego,
CA). The initial structure was first subjected to 3000 steps of
steepest descent energy minimization and then to 300 ps of
molecular dynamics calculations after an equilibration period
of 1 ps using a temperature of 300 K. During the molecular
dynamics frame, structures were saved every 1 ps. A distance-
dependent dielectric constant equal to 4r was applied to
evaluate electrostatic interactions.

Appendix

Abbreviations. Abbreviations used for amino acids
and designation of peptides follow the rules of the
IUPAC-1UB Commission of Biochemical Nomenclature
in J. Biol. Chem. 1972, 247, 977—983. Amino acid
symbols denote the L-configuration unless indicated
otherwise. The following additional abbreviations are
used: U-II, urotensin Il peptide; SDS, sodium dodecyl
sulfate; SAR, structure—activity relationship; NMR,
nuclear magnetic resonance; CD, circular dichroism,;
HFA, hexafluoroacetone trihydrate; DMSO, dimethyl
sulfoxide; DQF-COSY, double-quantum-filtered correla-
tion spectroscopy; TOCSY, total correlation spectros-
copy; NOESY, nuclear Overhauser enhancement spec-
troscopy; NOE, nuclear Overhauser effect; HSQC,
heteronuclear single quantum correlation spectroscopy;
MD, molecular dynamics; EM, energy minimization; 1D,
one-dimensional; 2D, two-dimensional; 3D, three-di-
mensional; hCys, homocysteine; Pen, pennicillamine;
TSP, 3-(trimethylsilanyl)propionic acid.

Supporting Information Available: NMR data of the
analyzed peptides, rms deviations of the calculated structures,
and details on the molecular dynamics simulations. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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