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Abstract: Conformational studies of nociceptin (NC-NH2), its fully active fragment, NC(1–13)-NH2, and
two significantly less potent fragments, NC(1–13)-OH and NC(1–11)-OH, were conducted in water and
TFE solutions by the employment of circular dichroism, and in DMSO-d6 by 2D NMR spectroscopy in
conjunction with theoretical conformational analysis. The conformations of all the peptides studied were
calculated taking two approaches. The first assumes multiconformational equilibrium of the peptide studied,
which is characterized by a set of conformations (and their statistical weight values) obtained from a global
conformational analysis using three methods: the electrostatically driven Monte-Carlo (EDMC) with the
ECEPP/3 force field, the simulated annealing (SA) protocols in the AMBER and CHARMM force fields. The
second approach incorporates the interproton distance and dihedral angle constraints into the starting
conformation. Calculations were performed using the distance geometry and SA protocol in the CHARMM
force field implemented in the X-PLOR program. The CD experiments indicated that for the active peptides,
hydrophobic solvents induced a significantly higher (compared with those remaining) content order, probably
a helical structure. Unfortunately, as a result of the conformational flexibility of the peptides, the analysis
of conformations obtained with both approaches and different force fields did not allow the selection of any
structural elements of the NC peptides that might be connected with their bioactivity. The only common
element found in most conformations of the active peptides was a helical character of fragment 8–13, which
allowed the side chains of basic amino acid residues to be exposed to the outside of the molecule and
probably to interact with the ORL1 receptor. Copyright  2004 European Peptide Society and John Wiley &
Sons, Ltd.
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INTRODUCTION

In 1995, two groups independently isolated a 17-
amino acid peptide (Phe-Gly-Gly-Phe-Thr-Gly-Ala-
Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln) from two
brain regions, the amygdala and the hypothalamus,
areas known to regulate reactions to stressful events
such as pain and fear [1,2]. Based on the observation
that this peptide binds to a separate orphan receptor
(ORL1, OP4) and inhibits the antinociceptive effects
of morphine and opioid peptides, it was named
orphanin FQ or nociceptin (NC). As shown recently
[3], a proteinase present in the spinal cord released
two major metabolites: NC(1–11) and NC(1–6). Their
action after i.c.v. injections in rats exhibited a
biphasic effect. Unlike NC, antinociception for up
to 10 min was observed, followed by hyperalgesia
[3]. The NMR conformational study of NC has
shown [4] that in water and other solvents, the
peptide displayed little tendency to form an ordered
structure. On the other hand, as reported by the
same group [5], the solution structure of dynorphin
A, an opioid peptide with high sequential homology
to NC, is significantly more ordered in the middle
part of the molecule. In a cryoprotective solvent
mixture, a large loop in fragment 7–13 was found
with Pro10 at its apex [5]. The position of the
side chains of the basic amino acid residues Arg7,
Lys11 and Lys13, crucial for the activity, allows
interaction with the acidic amino acid residues
of the e2 loop of the κ opioid receptor [5]. The
comparison of solution structures of both peptides
led the authors to the conclusion that the presence
of the Pro10 residue in the dynorphin A sequence
significantly rigidified the conformation of its C-
terminal fragment. Bearing this in mind, the Italian
group carried out very recently [6] a conformational
analysis of NC(1–13)-NH2 — a peptide as active in
pharmacological tests as the parent compound [7],
and its three analogues with the Pro residue in
position 5, 6 and 7, respectively. Of these, only the
analogue with the Pro residue in position 6 displayed
some activity (two orders of magnitude lower than
that of NC) in the MVD test [6]. A comparison
of the NMR data and the pharmacological profiles
of the peptides led to the conclusion that the
activity of nociceptin might be associated with the
presence of the β-turn centred on Gly6-Ala7 [6].
Although the Pro residue introduced into the NC
peptides rigidified their structures, the number
of NOE effects observed for NC and other NC
peptides did not allow a reliable conformational

analysis with a sufficient number of conformational
constraints.

In order to obtain more details about the solu-
tion conformation of NC, conformational analy-
sis was performed of the NC peptides NC-NH2,
NC(1–13)-NH2, NC(1–13)-OH and NC(1–11)-OH.
The sequences selected for the analysis were based
on reports [7,8] postulating that NC and fragment
1–13 with an amide moiety at the C-terminus
retained the full agonistic activity of the parent com-
pound, whereas fragment 1–13 with the C-terminal
carboxyl group was considerably less potent and
lost the receptor activity. Shorter fragments (includ-
ing 1–11) did not show the NC activity. It was
assumed that a comparison of the solution struc-
tures obtained for all four peptides displaying dif-
ferent pharmacological profiles might identify struc-
tural elements responsible for the NC activity. Two
methods were applied in this study. The first was
CD spectroscopy, which in a short time provided
information on the global peptide conformation. The
investigations were conducted in water and TFE
solutions. TFE is a solvent frequently used to study
solution conformations of biologically active pep-
tides. The second method was NMR spectroscopy
in conjunction with theoretical calculations. In this
experiment, DMSO-d6 was used as the solvent. In
view of the high conformational flexibility of the pep-
tides, the analysis was carried out with two different
approaches, calculating the peptide conformations
by the use of three different force fields.

MATERIALS AND METHODS

Peptide Synthesis

All peptides were synthesized by the solid-phase
method using the Fmoc chemistry. TentaGel S RAM
(substitution of the Fmoc groups 0.22 meq/g) and
TentaGel S AC (substitution of the Fmoc groups 0.20
meq/g) (RAPP Polymere, Germany) were used as a
support. The peptides were synthesized by the same
procedure as described in our previous paper [9].

CD Experiment

The peptide concentrations were 0.29 mM for NC-
NH2, 0.39 mM for NC(1–13)-NH2 and NC(1–13)-
OH, 0.48 mM for NC(1–11)-OH in water and TFE
solutions. The CD spectra were obtained at room
temperature on a Jasco J-20 spectropolarimeter,
operating in the 260–190 nm range, automated
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and equipped with a program prepared by Medson
(Poland). 1 mm quartz cells were used. The results
were plotted as the mean residue ellipticity [�]r
[degree × cm2 × dmol−1].

NMR Experiment

The sample concentrations were 5.5 mM for NC-
NH2, 7.2 mM for NC(1–13)-NH2 and NC(1–13)-OH,
9.1 mM for NC(1–11)-OH in 0.7 ml DMSO-d6. The
1H-NMR experiments of NC-NH2 and NC(1–13)-OH
were performed on a Unity500plus (Varian) oper-
ating at 500.6 MHz resonance frequency. A Varian
mercury spectrometer operating at 400 MHz res-
onance frequency was used for NC(1–13)-NH2 and
NC(1–11)-OH. All 2D 1H-NMR spectra were recorded
at 303 K. One-dimensional spectra, which were
used to calculate the temperature coefficients of the
chemical shifts for the amide proton resonances
(�δ/�T ), were recorded in the temperature range
295–333 K. In the case of NC-NH2 and NC(1–11)-
OH, a mixing time of 90 ms was used for the TOCSY
[10] and DQF-COSY [11,12] spectra, 300 ms for the
NOESY [13,14] and 200 ms for the ROESY [15,16]
spectra (only for NC-NH2). For fragments 1–13, a
mixing time of 80 ms was used for the NOESY spec-
tra, 90 ms for the DQF-COSY, 50 ms for the TOCSY
spectra and 200 ms for the ROESY spectra (only for
NC(1–13)-OH). Proton chemical shifts were assigned
using the 1D and 2D 1H-NMR spectra. The data were
processed using the XEASY program [17] on a SUN
Ultrasparc workstation.

The 3JNH-Hα coupling constants were extracted
from 1D 1H-NMR spectra at 303K after resolution
enhancement recorded at 500 MHz for NC-NH2 and
NC(1–13)-OH, and 400 MHz for NC(1–13)-NH2 and
NC(1–11)-OH. These data were processed using the
MestRe-C 2.3 program [18].

The values of �δ/�T were calculated from the
1D 1H-NMR spectra recorded at 295 K, 303 K,
308 K, 313 K and 318 K for NC-NH2 and NC(1–11)-
OH, whereas for fragments 1–13 the 1D spectra
were recorded at 295 K, 303 K, 313 K, 323 K
and 333 K. The NOE cross-peaks of the peptides
studied picked up on the NOESY spectra. The
inter-proton distances and the torsion angles were
generated using the CALIBA and HABAS algorithms,
respectively, of the DIANA package [19].

Conformational Calculations

Three-dimensional solution structures of the pep-
tides were determined taking two approaches:

1. A global conformational search of all four pep-
tides was performed using the electrostatically
driven Monte-Carlo (EDMC) method with the
ECEPP/3 force field and simulated anneal-
ing protocol (SA), implemented in AMBER and
CHARMM force fields. The NOE effects and the
3JNH-Hα coupling constants were computed for
the conformations obtained, and then statistical
weights of these conformations were calculated
by fitting the theoretical NOE effects and 3JNH-Hα

coupling constants values to the experimental
NMR data.

2. The distance geometry and SA protocols imple-
mented in the X-PLOR program were used. The
3D structure of each peptide was computed using
interproton distances calculated from the NOE
intensities and torsion angles calculated from
vicinal coupling constants as constraints.

Force Fields

A search of the conformational space was first con-
ducted by the electrostatically driven Monte Carlo
(EDMC) method [20]. Conformational energy was
evaluated using the ECEPP/3 (empirical confor-
mational energy program for peptides) force field
[21] that assumes rigid valence geometry. The total
conformational energy (Etot) was a sum of the electro-
static energy (Ees), nonbonded energy (Enb) and tor-
sional energy (Etor). The force field included solvation
free energy (Esolv), which was calculated using the
surface-solvation model parameterized to describe
the energy of solvation in DMSO [22].

Conformational space was also searched for using
the simulated annealing algorithm with the AMBER
4.1 [23] and 5.0 [24] and CHARMM [25] (from X-
PLOR 3.1 [26]) force fields not including the solvent.
The total conformational energy (Etot) in the AMBER
calculation was a sum of the electrostatic energy
(Ees), bonded energy (Eb), hydrogen bond energy
(Ehb), valence angles energy (Eang) and torsion angles
energy (Edh). In the CHARMM force field, electrostatic
interactions and the energy of hydrogen bonds were
not directly included, and van der Waals interactions
were described with a simplified potential function.
According to the NMR data, the geometry of the
peptide bonds was fixed to trans. The chirality of all
αC (except for the Gly residues) was fixed to L.

EDMC calculations. The software used was the
ECEPPAK global conformational analysis package
[27]. Finally, 3000 energy-minimized conforma-
tions were obtained for each peptide studied. The
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ensembles of the final conformations were clus-
tered (using the minimum variance algorithm [28]).
The root mean square deviation (RMSD) between
the heavy atoms at an optimum superposition
was taken as a measure of the distance between
conformations, and a cut-off value of 3.0 Å was
used to separate the families for each of the pep-
tides. In the case of NC-NH2, 1334 families were
obtained, for NC(1–13)-NH2 — 1025, for NC(1–13)-
OH — 1087 and for NC(1–11)-OH — 578 families
were selected.

Simulated annealing algorithm. The starting con-
formation was set to the helical form for NC-NH2,
the extended form for other peptides in the AMBER
force field and a random structure for all the pep-
tides studied in the CHARMM force field. In the
AMBER force field, the SA algorithm lasted 15 ps
and consisted of three steps: the molecule was fast
heated at 1200 K for 1 ps, annealed at this tempera-
ture for 2 ps and slowly cooled for the last 12 ps. The
ramping method (exponential ramping) was applied
for the annealing (temperature vs time). In the case
of the CHARMM force field, the cycle of the SA algo-
rithm consisted of the following steps: the molecule
was heated to 1000 K, annealed at this temperature
for 50 ps (25 000 steps) and slowly cooled to 100 K
for the last 30 ps (15 000 iterations). Additionally,
the Powell minimization was performed during the

last 200 iterations. Finally, 1000 energy-minimized
conformations in each of these two force fields were
obtained for each peptide.

Calculations of statistical weights of the confor-
mations obtained. The statistical weights of all con-
formations (obtained in the AMBER and CHARMM
force fields) and of the lowest-energy conformations
from each family (obtained in the ECEPP/3 force
field) were calculated by fitting the theoretical NOE
spectra and 3JNH-Hα coupling constants to the exper-
imental values, using the ANALYZE algorithm [29].
The intensities of NOE effects were computed by
solving the Bloch differential equations system [30]
applying the MORASS program [31, 32]. The 3JNH-Hα

coupling constants were calculated from the empir-
ical Bystrov–Karplus relationship [33].

Distance geometry. The structures of each peptide
were created using the distance geometry and sim-
ulated annealing calculations applying the X-PLOR
program [26]. Initial structures were generated by
metric matrix distance geometry embedding using
all atoms which were subjected to restrained sim-
ulated annealing followed by simulated annealing
refinement. The molecule was heated and annealed
at 2000 K for 3 ps (1000 steps) next cooled to 100 K
for 5 ps (1000 steps) and in the last 200 steps the
energy was minimized with the Powell algorithm

Figure 1 CD spectra in water and TFE solutions of the following peptides: (a) NC-NH2 (0.29 mM); (b) NC(1–13)-NH2

(0.39 mM); (c) NC(1–13)-OH (0.39 mM); (d) NC(1–11)-OH (0.48 mM).
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[34]. During the refinement, the molecule was slowly
cooled from 1000 to 100 K for 5 ps (2000 steps).
The refinement procedure was performed twice. It
resulted in 40 low-energy conformations.

RESULTS AND DISCUSSION

The CD spectra of NC-NH2 and its fragments 1–13
and 1–11 are shown in Figure 1. In the case
of two active peptides (NC-NH2 and NC(1–13)-
NH2), the increased content of TFE developed a
negative ellipticity in the region 200–240 nm of
their CD spectra. Those recorded in pure TFE
displayed two minima at 205 nm and around
225 nm and also a maximum at 195–198 nm.
This might indicate that in this solvent a partial
helical structure was formed. It should be noted
that CD spectra recorded for model peptides

displaying a strong negative ellipticity in the
region 200–240 nm formed some β-turns [35, 36].
Considering the conformational flexibility of the
peptides studied, equilibrium between different
elements of the secondary structure in their
solution structures cannot be excluded. TFE had
a significantly weaker impact on the shapes of
the CD spectra recorded for the remaining two
inactive fragments, NC(1–13)-OH and NC(1–11)-
OH. Nevertheless, negative ellipticity in the region
210–230 nm developed, suggesting that under these
conditions some fraction of an ordered structure
might be present. The results obtained indicate
that in the hydrophobic environment that mimics
biological membranes, NC-NH2 and NC(1–13)-NH2

adopted conformations with a detectable share of an
ordered, probably helical, structure. The tendency
to form any ordered structure was significantly less
pronounced for inactive 1–13 and 1–11 fragments

Table 1 The Chemical Shifts (ppm) and Temperature Coefficients of NH Protons of NC-NH2 in DMSO-d6 at
30 °C

Residue Chemical shifts (ppm) �δ/�T × 10−3

HN α β γ δ Other

Phe1 8.12 4.08 3.10 2,6H: 7.26 −3.12
2.93 3,4,5: nr

Gly2 8.75 3.80 −2.92
3.74

Gly3 8.12 3.74 −3.12
3.66

Phe4 8.12 4.62 3.06 2,6H: 7.26 −3.12
2.79 3,4,5: nr

Thr5 8.08 4.18 4.01 1.04 OH: 5.06 —
Gly6 8.02 3.74 −4.76
Ala7 7.99 4.18 1.22 −3.45
Arg8 7.75 4.08 1.91 1.74 2.04 εNH2: 7.24, 7.17, 6.76 −2.61
Lys9 7.87 4.21 1.65 1.29 1.52 εCH2 − 2.74; εNH2 − 7.70 −3.82
Ser10 7.94 4.29 3.59 −3.96

3.54
Ala11 8.15 4.25 1.21 —
Arg12 7.75 4.08 1.92 1.77 2.05 εNH2: 7.32, 7.08 −2.61
Lys13 8.09 4.21 1.69 1.47 1.57 εCH2 − 3.06; εNH2 − 7.63 —
Leu14 7.95 4.25 1.59 1.47 0.86 −3.84

0.83
Ala15 7.89 4.24 1.20 −1.79
Asn16 8.04 4.45 2.55 δ: 7.43, 6.93 −2.59

2.46
Gln17 8.01 4.20 1.66 1.48 no −2.62
C-NH2 no

no, not observed; nr, not resolved.
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with a C-terminal carboxyl group. Based on a good
correlation between the pharmacological profiles
of the peptides studied and their conformational
behaviour it is postulated that although the NC
peptides show a high degree of conformational
freedom, in order to interact with the ORL1 receptor
they should display a tendency to adopt an ordered,
probably a helical structure.

The assignment of the proton chemical shifts was
done using 1H-NMR 2D spectra. These data and the
temperature coefficients of the NH protons of the
peptides are summarized in Tables 1–4. Figure 2
presents the NOE patterns and values of the 3JNH-Hα

coupling constants. The analysis of these results
indicates that none of the NOE patterns supported
the presence of a canonical secondary structure.
On the other hand, the values of �δ/�T lower than
−3.5 ppm/K suggest that these amide protons might
be involved in the formation of hydrogen bonds.
They may stabilize the β-turns present in solution
structures of all peptides, although their positions
cannot be identified. This suggests that the solution
structures of all the peptides studied are rather
flexible under the experimental conditions used. Our

results are consistent with those reported for the
NC peptides in the literature [4, 6]. Nevertheless,
the appearance of NHi-NHi+1 and long-distance
cross-peaks in the NOESY spectra of two active
peptides suggest that their solution structures are
defined better than those of the remaining inactive
peptides.

For each peptide studied, one set of proton
resonances was observed. The lack of a sequential
signal Hα(i) − Hα(i+1) in the NOESY spectra of all
these peptides and the exchange cross-peaks in
the ROESY spectra of NC-NH2 and NC(1–13)-OH
indicate that all the peptide bonds have trans
geometry.

The NMR data indicate a high degree of confor-
mational flexibility of the NC peptides. Therefore
it was decided to carry out conformational calcu-
lations of their solution structures by two differ-
ent approaches: using conformational constraints
(interproton distances and torsion angles extracted
from the NMR data) and a method that allows the
selection of such conformations after a global con-
formational analysis, which satisfy the experimental
NMR data. The conformational equilibrium of the

Table 2 The Chemical Shifts (ppm) and Temperature Coefficients of NH Protons of NC(1–13)-NH2 in DMSO-d6

at 30 °C

Residue Chemical shifts (ppm) �δ/�T × 10−3

HN α β γ δ Other

Phe1 7.23 3.46 3.00 2,6 : 7.16; 3,5: 7.35 0.52
4: nr

Gly2 8.60 3.88 −0.56
3.60

Gly3 8.19 3.75 −1.83
3.65

Phe4 8.32 4.52 3.12 −1.73
2.92

Thr5 8.55 4.20 4.05 1.06 −2.26
Gly6 8.32 3.72 −1.73

3.65
Ala7 8.10 4.12 1.24 —
Arg8 8.40 4.20 1.77 1.48 3.06 εNH2: 7.61 −0.16
Lys9 8.08 4.11 1.64 1.35 1.54 εCH2: 2.71 −3.91
Ser10 8.08 4.30 3.69 −3.91

3.57
Ala11 8.47 4.13 1.28 −2.61
Arg12 8.16 4.08 1.70 1.52 3.03 εNH2: nr −3.31
Lys13 7.69 4.06 1.64 1.30 1.49 εCH2: 2.69 −1.49
C-NH2 7.03 —

no, not observed; nr, not resolved.
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Table 3 The Chemical Shifts (ppm) and Temperature Coefficients of NH Protons of NC(1–13)-OH in DMSO-d6

at 30 °C

Residue Chemical shifts (ppm) �δ/�T × 10−3

HN α β γ δ Other

Phe1 no 4.06 3.11 2,6H: 7.28 —
2.92 3,4,5: nr

Gly2 8.80 3.80 −6.92
3.72

Gly3 8.30 3.74 −3.45
3.70

Phe4 8.09 4.50 3.11 2,6H: 7.30; −2.55
2.88 3,4,5: nr

Thr5 8.39 4.23 4.04 1.07 OH: no −3.96
Gly6 8.41 3.83 −2.05

3.60
Ala7 8.15 4.13 1.23 −2.96
Arg8 8.17 4.21 1.71 1.48 3.06 εNH2: 7.67 0.45
Lys9 7.94 4.12 1.70 1.34 1.61 εCH2: 2.75 −4.26

1.53
Ser10 7.92 4.30 3.65 −4.26

3.57
Ala11 7.97 4.24 1.25 −2.78
Arg12 8.18 4.23 1.71 1.47 1.75 εNH2: 8.03 0.45
Lys13 7.97 4.17 1.65 1.32 1.62 εCH2: 2.76 −2.78

1.51
C-OH no

no, not observed; nr, not resolved.

Table 4 The Chemical Shifts (ppm) and Temperature Coefficients of NH Protons of NC(1–11)-OH in DMSO-d6

at 30 °C

Residue Chemical shifts (ppm) �δ/�T × 10−3

HN α β γ δ Other

Phe1 no 4.08 3.1 2,6H: 7.32; 3,5H: 7.28 —
2.94 4: nr

Gly2 8.74 3.79 −4.31
Gly3 8.10 3.72 —

3.67
Phe4 8.13 4.65 3.07 3,5H: 7.28 −4.1

2.80 2,4,6: nr
Thr5 8.05 4.19 4.01 1.04 OH: 4.82 −4.29
Gly6 7.98 3.74 —
Ala7 8.00 4.29 1.20 −3.92
Arg8 8.05 4.25 1.70 1.48 3.08 εNH2: 7.53 −4.29
Lys9 7.89 4.29 1.67 1.31 1.51 εCH2 − 2.74; εNH2 − 7.67 −3.06
Ser10 7.94 4.30 3.59 −5.21
Ala11 8.07 4.22 1.26 −3.76
C-OH no

no, not observed; nr, not resolved.
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Figure 2 Integral intensities of NOE effects and values of the 3JNH-Hα coupling constants of: (a) NC-NH2; (b) NC(1–13)-NH2;
(c) NC(1–13)-OH; (d) NC(1–11)-OH obtained in DMSO-d6.

peptide studied in the second approach is charac-
terized by a set of conformations and their statistical
weights. Such calculations were performed with
three different force fields. As seen in Table 5, 4–9
conformations were selected with statistical weights
higher than 5%. For all the peptides the broad
range of values (not shown) did not allow the iden-
tification of any predominant conformation(s). The
superposition of selected conformations, as well as
the ten lowest-energy conformations obtained by
distance geometry and SA protocols are shown in
Figures 3–6.

The conformations with statistical weights exceed-
ing 5% obtained with the AMBER force field for all
peptides studied are shown in Figure 3. The mid-
dle fragments of most conformations selected for
NC-NH2 adopt a helical structure. In the case of
the conformation with the highest statistical weight
(22.6%) only a short fragment, Arg8-Ala11, displays
this element of the secondary structure. But the

Table 5 The Number of Low-energy Conformations
with Statistical Weights Greater than 5% Obtained
in each of the Methods

Peptide ECEPP/3 AMBER CHARMM

NC-NH2 7 6 6
NC(1–13)-NH2 4 7 4
NC(1–13)-OH 8 9 6
NC(1–11)-OH 7 4 6

most possible is the conformation with the second
highest statistical weight (21.4%). In this conforma-
tion, fragment 4–10 adopts a helical structure. In
addition, all four side chains are directed to the out-
side of the molecule. Side chains of Arg8 and Arg12

are situated on the opposite side of the molecule
relative to Lys9 and Lys13. A similar geometry of the
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Figure 3 Superposition of low-energy conformations (α-carbon atoms superimposed) with statistical weights higher than
5% of: (a) NC-NH2; (b) NC(1–13)-NH2; (c) NC(1–13)-OH; (d) NC(1–11)-OH obtained in the AMBER force field. Bold lines
represent backbones and side chains of basic amino acid residues of the conformations with the highest statistical weights.

Figure 4 Superposition of low-energy conformations (α-carbon atoms superimposed) with statistical weights higher than
5% of: (a) NC-NH2; (b) NC(1–13)-NH2; (c) NC(1–13)-OH; (d) NC(1–11)-OH obtained in the ECEPP/3 force field. Bold lines
represent backbones and side chains of basic amino acid residues of the conformations with the highest statistical weights.
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Figure 5 Superposition of low-energy conformations (α-carbon atoms superimposed) with statistical weights higher than
5% of: (a) NC-NH2; (b) NC(1–13)-NH2; (c) NC(1–13)-OH; (d) NC(1–11)-OH obtained in the CHARMM force field. Bold lines
represent backbones and side chains of basic amino acid residues of the conformations with the highest statistical weights.

peptide backbones was obtained for the conforma-
tions of NC(1–13)-NH2. Also in this case the middle
fragments display a helical character. Of the seven
conformations selected, two include a helical struc-
ture in fragment 4–9 and the other two in fragment
10–12. For the dominant conformation with a sta-
tistical weight of 31.4% such a secondary structure
element was found in fragment 4–9. Also the side
chains of basic amino acid residues are directed to
the outside of the molecule. All conformations are
stabilized by several hydrogen bonds. The presence
of most of them is supported by the calculated values
of �δ/�T . Interestingly, the conformations obtained
for inactive peptides (NC(1–13)-OH and NC(1–11)-
OH) are distinctly different. Their backbones are
bent in the middle segments resembling the letter
‘υ ’, some of the basic side chains (e.g. Arg8 and Arg12

for NC(1–13)-OH) are oriented to the inside of the
molecule.

All the conformations with statistical weights
higher than 5% generated with the ECEPP/3 are
shown in Figure 4. Most of the NC-NH2 confor-
mations display a similar geometry of fragment
Arg8-Ala13 (RMSD = 1.54 Å), resembling a helical

structure. In the case of the fully active NC(1–13)-
NH2 the backbones of selected conformations adopt
an extended structure. In all conformations of
these active peptides, the side chains of the
basic amino acid residues are exposed outside
the molecule. Similar to the results obtained in
the AMBER force field, the backbones of the con-
formations obtained for the less active NC(1–13)-
OH and inactive NC(1–11)-OH resemble the let-
ter ‘υ ’.

All conformations selected for the peptides by the
use of the CHARMM force field and calculated by
two different approaches are shown in Figures 5
and 6. None of the conformations selected display
a helical structure. Nevertheless, the backbones
of most conformations of NC-NH2 obtained by
both methods and of NC(1–13)-NH2 calculated
in the CHARMM force field display a similar
fold in the Ala7-Ser10 fragment. It allows the
side chains of basic amino acid residues to be
exposed outside the molecule. The backbones of the
conformations obtained for the remaining peptides
are bent in the middle fragment, resembling the
letter ‘υ ’.
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Figure 6 Superposition of 10 lowest-energy conformations (α-carbon atoms superimposed) of: (a) NC-NH2;
(b) NC(1–13)-NH2; (c) NC(1–13)-OH; (d) NC(1–11)-OH obtained in distance geometry. Bold lines represent backbones and
side chains of basic amino acid residues of the lowest energy conformations.

CONCLUSIONS

According to previous reports, fragment 8–13 [7],
positions 5 and 6 [37, 38, 39], the β-turn centred on
Gly6-Ala7 [6] and the basic core [8] are responsible
for the receptor’s preferences of NC. Very recently,
based on the secondary structure prediction and
structure–activity relationship studies, Zhang et al.
[40] have postulated that NC might adopt an
amphipathic helix in the address segment (fragment
5–17) of the sequence. Our results discussed above
fully support this hypothesis. They indicate the
ability of the 8–13 fragment of active NC peptides
to form a helical (or helical-like) structure. This
might allow for the interaction of the NC peptides
(also through the side chains of basic amino
acid residues) with the ORL1 receptor. To our
knowledge, it is the first time that experimental data
indicating a helical character of the NC peptides has
been reported. This hypothesis is also supported
by the CD investigations. In TFE solutions both

ORL1 agonists display a significantly higher content
of ordered (probably helical) structure than the
remaining two peptides studied. The DMSO- solvent
used for the NMR investigations is more polar and
therefore its impact on the secondary structure
formation is significantly less pronounced, resulting
in a high degree of conformational flexibility
of the peptides. It is worth noticing that in
hydrophobic solvents, dynorphin A, an opioid
peptide with high sequential homology to NC,
displayed a less ordered structure than in the
mixture DMSO/H2O [5]. In the case of the NC
peptides, our CD experiments suggest that for
active NC peptides the hydrophobic solvent induced
an ordered structure. Thus it is reasonable to
assume that the comparison of solution structures
of active and inactive NC peptides determined by
NMR in a more hydrophobic solvent may allow the
structural elements of the NC peptides responsible
for their interaction with the ORL1 receptor to be
identified.
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28. Späth H. Cluster analysis algorithms. J. Comput.
Chem. 1980; 10: 209–220.

29. Groth M, Malicka J, Czaplewski C, Liwo A,
Łankiewicz L, Wiczk W. Maximum entropy approach
to the determination of solution conformation of
flexible polypeptides by global conformational anal-
ysis and NMR spectroscopy — application to DNS1-
c[D-A2bu2, Trp4, Leu5]-enkephalin and DNS1-c[D-
A2bu2, Trp4,D-Leu5]-enkephalin. J. Biomol. NMR 1999;
15: 315–330; http://www.tc.cornell.edu/resource/
CompBiologyTools/analyze.

30. Massefski WJ, Bolton PH. Quantitative analysis of
nuclear Overhauser effects. J. Magn. Reson. 1985; 65:
526–530.

31. Meadows RP, Post CB, Luxon BA, Gorenstein DG.
MORASS 2.1, 1994. Purdue University, W. Lafayette.

32. Post CB, Meadows RP, Gorenstein DG. On the
evaluation of interproton distance for 3-dimentional
structure determination by NMR using a relaxation
rate matrix analysis. J. Am. Chem. Soc. 1990; 112:
6796–6803.

33. Bystrov VF. Spin-spin coupling and the conforma-
tional states of peptide system. Progr. NMR Spectrosc.
1976; 10: 41–81.

34. Powell MJD. Restart procedures for conjugate
grdient method program. Math. Prog. 1977; 12:
241–254.

35. Crisma M, Fasman GD, Balaram H, Balaram P.
Peptide models for beta-turns. A circular dichroism
study. Int. J. Pept. Protein Res. 1984; 23:
411–419.

36. Hollosi M, Kawai M, Fasman GD. Studies on proline-
containing tetrapeptide models of beta-turns.
Biopolymers 1985; 24: 211–242.

37. Topham CM, Mouledous L, Poda G, Maigret B,
Meunier JC. Molecular modelling of the ORL1 receptor
and its complex with nociceptin. Protein Eng. 1998;
11: 1163–1179.

38. Lapalu S, Moisand C, Mazarguil H, Cambois G,
Mollereau C, Meunier JC. Comparison of the
structure-activity relationship of nociceptin and
dynorphin A using chimeric peptides. FEBS Lett. 1997;
417: 333–336.

39. Okada K, Sujaku T, Chuman Y, Nakashima R,
Nose T, Costa T, Yamada Y, Yokoyama M, Nagahisa A,
Shimohigashi Y. Highly potent nociceptin analogue
containing the Arg-Lys triple repeat. Biochem. Biophys.
Res. Commun. 2000; 278: 493–498.

40. Zhang C, Miller W, Valenzano KJ, Kyle DJ. Novel
potent ORL-1 receptor agonist peptides containing α-
helix promoting conformational constraints. J. Med.
Chem. 2002; 45: 5280–5286.

Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 10: 678–690 (2004)


