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Abstract: The second extracellular loop (ECL2) of the Noc receptor has been proposed to be involved in ligand binding and
selectivity. The interaction of Noc with a constrained cyclic synthetic peptide, mimicking the ECL2, has been studied using
fluorescence and NMR spectroscopies. Selective binding was shown with a dissociation constant of ~10 um (observed with the
constrained cyclic loop and not with the open chain), and residues involved in ligand binding and selectivity have been identified.
This bimolecular complex is stabilized by (i) ionic interactions between the two Noc basic motives and the ECL2 acidic residues;
(ii) hydrophobic contacts involving Noc FGGF N-terminal sequence and an ECL2 tryptophane residue. Our data confirm that Noc
receptor’s ECL2 contributes actively to ligand binding and selectivity by providing the peptidic ligand with a low affinity-binding
site. Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

The Noc/orphanin FQ receptor (NOP) regulates pain
perception either directly or by modulation of the opioid
system, as well as stress and anxiety, food intake, and
drug dependence [1,2]. All these physiological prop-
erties make it an interesting drug target and justify
investigation about the way Noc binds and activates its
receptor. The NOP receptor belongs to the large family of
GPCRs which share a common topology consisting of an
N-terminal extracellular region, a C-terminal intracellu-
lar tail, and seven transmembrane helices connected by
three extracellular and intracellular loops. It is closely
related to opioid receptors and its endogenous ligand
is a 17-amino acid peptide whose sequence is FGGFT-
GARKSARKLANQ [3]. Signal transduction is achieved
by conformational modifications of the receptor after
ligand binding, which finally trigger modifications in
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intracellular receptor—-G protein interactions. Similarly
to many peptides binding GPCRs, Noc is thought to
interact with its receptor at the level of both transmem-
brane and extracellular domains [4,5]. Similar to opioid
receptors, the extracellular loops were assumed to play
arole both in ligand binding and in ligand selectivity [6].

The study of GPCR structure and activation mech-
anism is made difficult by the fact that they are large
transmembrane proteins. To date, only two GPCR struc-
tures have been resolved by crystallographic studies:
the bovine rhodopsin [7] and the human B2 adrenergic
receptors [8,9]. This was made possible by the ability to
isolate large quantities of pure receptor from its native
membrane environment or overexpression in heterolo-
gous cell lines [10]. An alternative approach to X-ray
structure determination of entire GPCRs is to study
the interaction between chosen fragments of GPCR by
liquid-state NMR [11]. The validity of this strategy can
be illustrated by a study that showed good agreement
between high-resolution NMR structures of peptides
corresponding to loops of bacteriorhodopsin and the
X-ray structure of the full size protein [12]. Since then,
the fragment approach was successfully applied to the
study of GPCR loops, either alone [13-16] or in interac-
tion with ligands [17-23]. The NMR approach is able to
provide information about intermolecular interactions
between loops and ligands even for disordered flexible
regions of the peptides. Since Noc is known to be highly
flexible in aqueous solution [24], we have decided to
use a fragment approach to analyze the dynamics of its
interaction with its receptor.
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The NOP receptor shares a high-sequence similarity
with the three classical opioid receptors, u, §, and «
[3]. However, NOP is not assimilated to a classical
opioid receptor since it does not bind endogenous opioid
peptides. The main differences in primary sequence
are located in the extramembrane domains (N- and
C-terminal tails and extracellular loops ECL1, ECL2,
ECL3). Among these variable parts, ECL2 is thought
to play a critical role in Noc binding and receptor
activation. Originally, it was the acidic nature of the
NOP receptor ECL2 that prompted Meunier etal. to
search for a basic peptide as the endogenous ligand
for their orphan receptor [25]. Within the opioid
receptor family, only the « (KOP) receptor and its
endogenous ligand, Dyn, present the same acidic/basic
feature but the interaction between the two ligands
and their respective receptors appears to be different.
The study of NOP/KOP receptor chimeras showed
that introducing the ECL2 of NOP in the chimeras
was mandatory in order to restore a full response to
Noc while the response to Dyn was unaffected [26].
Moreover, structure/activity relationship studies of the
two ligands showed that the integrity of the central
basic part of Noc was of primordial importance for its
biological activity [27,28]. On the contrary, Dyn can
be truncated down to its (1-7) N-terminal fragment
without losing its pharmacological properties [29,30].
Finally, a photo affinity labeling study coupled to
molecular modeling confirmed that Noc interacts with
the extracellular loops of the receptor [31]. Several
studies have already pointed out the implication of
ECL2 for the activation of other GPCR. Site-directed
mutagenesis of ECL2 residues triggers constitutive
activation of the Cba receptor [32], confers agonist
properties to an antagonist of the GnRH receptor [33],
and induces an increase of ECsy for VPAC2 ligands
[34]. Recently, a CD study of purified serotonin 5-HT4a
receptors demonstrated that receptor activation leads
to a conformational change of ECL2 [35].

All these data prompted us to characterize at a
molecular level the determinants of Noc-ECL2 specific
interaction. A cyclized ECL2 synthetic peptide was
used in order to mimic the restrains induced by
the transmembrane helices packing in the native
protein, a strategy which has already been successfully
applied to similar receptors [15,16]. Although previous
work have reported the use of DPC micelles [14]
and other membrane-mimetic media [20], we have
chosen to study the Noc-ECL2 interaction in aqueous
solution, and thus to deal with highly dynamical
systems, assuming that this best represents the
interfacial interactions occurring in vivo. Our results
will be discussed in terms of amino acid selectivity
occurring during this interaction, and we will show
that although our system only represents a part of
the ligand-receptor recognition, it reveals important
aspects of this interaction.

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

MATERIAL AND METHODS

Synthesis and Peptide Purification

To mimic the ECL2 of the NOP receptor, a peptide of 26
amino acids (residues 189-214 of human NOP receptor)
with two supplementary homocysteines at both ends was
synthesized by using the standard Fmoc solid phase strategy
on Wang resin. The cysteine 200 was mutated to a serine to
avoid any cross-reaction during the disulfide bond formation.
The peptide was purified by using RP-HPLC with a 0.01%
TFA-acetonitrile gradient. An oxidation reaction for cyclization
of the peptide by forming a homocystine was performed by
solubilization in DMSO/H20 (5% v/v) in the presence of
0.1% hydroxylamine to avoid the thiolactone formation under
acidic condition. The formation of the disulfide bond between
the two homocysteines at both ends was followed by HPLC
chromatography (data not shown). In order to prepare the
linear version of the peptide, the disulfide bridge of the cyclic
EC2 loop between the two homocysteines was reduced by
addition of TCEP in a molar ratio (ECL2/TCEP) 1:4.

Noc and !°N specific labeled Noc were obtained by using
the same peptide synthesis methods as described above. All
these peptides were characterized by electron spray MS using
a quadrupolar detection and the molecular masses confirmed
the desired structures.

Fluorescence Spectroscopy

The fluorescence property of the unique ECL2 tryptophan
was used to monitor the interaction between Noc and the
constrained ECL2 peptide. Fluorescence spectra of ECL2
at a concentration of 10 um in phosphate buffer pH 7.2
were recorded with an excitation wavelength of 285 nm. The
fluorescence spectrum of Noc alone was subtracted during the
binding experiment.

Single-site binding of Noc to the ECL2 was fitted to the
following equation:

Fons — Fo = (Fy — Fo) (Kq + [L¢] + [Pr]
—V(Kq + 1L + [P)? — 4ILIPD) /2IPD) - (1)

where Fg,s is the fluorescence intensities observed during
addition of Noc; Fp, the initial ECL2 fluorescence; and Fy,
the final fluorescence measured after saturation of all binding
sites. P; is the total ECL2 concentration and L; is the Noc
concentration. The Ky and final fluorescence values were fitted
based on stochastic algorithms, using simulated annealing
(GOSA, Biolog SA, France).

NMR Sample Preparation

Lyophilized peptides were dissolved in 10 mm NagHPO4
phosphate buffer, at pH=6, with 10% DO in H2O.
Concentrations of 2mMm and 100 um were used for the
assignment and titration experiments, respectively. Freshly
prepared samples were used in each set of experiments.

NMR Experiments

NMR spectra were acquired on 600 MHz cryoprobe and
700 MHz TXI probe, Avance Bruker NMR spectrometers, at
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288 K. TOCSY and NOESY spectra were recorded in phase-
sensitive mode and water suppression was achieved using a
Watergate [36] or an excitation sculpting [37] pulse sequences.
NOESY spectra were recorded with a mixing time of 300 ms
and TOCSY spectra with a mixing time of 90 ms applied during
the DIPSI spinlock sequence [38]. The typical spectral widths
were 10500 Hz in both dimensions, with 4096 data points in
to and 512 data points in t; and 32 to 160 scans.

The ['H-13C] and ['H-!5N] HSQC experiments were
recorded with a spectral width of 33451 and 2258 Hz for
13C and 5N respectively and 10500 Hz for 'H. Spectra were
recorded with 2048 data points in t; and 256 data points in
t;. Eighty scans were used for natural abundance '3C spectra
and eight scans for !°N-labeled Noc. NMR data sets were
processed using the Linux version of NMRPipe [39] with a
shifted cosine-bell apodization in both dimension, and zero-
filled to 4096 x 4096 complex points before Fourier transform.
Data analyses were done using Sparky (Sparky 3, University
of California, San Francisco).

Binding Experiment followed by NMR

The binding experiments were realized at 100 um ECL2
concentration in a 10-mM pH 6 phosphate buffer. The peptide
ratio (ECL2/Noc) was determined by integrating specific
resonances on the 1D spectrum, i.e Woq4 HZ2 and Y3 HD
protons of ECL2 and aromatic protons of Noc F; and F4. Ten
different ECL2/Noc ratios ranging from O to 1.5 were used. A
relaxation delay of 3 s was used to ensure the full T} relaxation.

The dissociation constant Ky was determined by NMR
assuming a 1: 1 stoichiometry of the Noc-ECL2 complex. Since
the rate of Noc—~ECL2 complex dissociation is faster than the
chemical shift separation, a single resonance was observed
corresponding to the proportion of free and bound states.

The dissociation constants (Ky) for binding of Noc to its
ECL2 were determined from the concentration dependence of
1H and '°N chemical shift changes in this fast exchange regime
approximation.

15N Relaxation Experiments

15N longitudinal relaxation times, Tj, !°N spin-lattice relax-
ation times, T» and 'H-15N steady-state NOEs were deter-
mined at 700 MHz as described in Ref. 40. The relaxation
delays T for Ty experiments were: 0.010, 0.050, 0.100, 0.200,
0.400, 0.600, 0.800, 1s and for T>: 0.017, 0.034, 0.086,
0.190, 0.397, 0.587, 0.794, 0.985, and 1.190 s. Values of
steady-state heteronuclear !H-15N NOE were determined from
the ratios of the peak volumes with and without proton sat-
uration, NOE = Isat/Iunsat. Relaxation time measurements
(T1, T») and 'H-1°N NOE of Noc in complex with ECL2 were
also carried out after addition of Dyn (1-17 aas) to the
preformed ECL2/Noc (1/1) complex from a stock solution
at 20 mMm. The ECL2-Noc complex concentration used was
200 um and Dyn was added to obtain Dyn/Noc ratio ranging
from O to 43. The ratios were determined by integrating peaks
corresponding to the HE protons of Dyn Y; and previously
cited peaks of ECL2.

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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RESULTS

A Model for Noc-ECL2 Interaction Based on
Synthetic Peptides

In order to study the interaction between Noc and ECL2
of its receptor (Figure 1(a)), we synthesized several
peptides: Noc, a neuropeptide constituted of 17 amino
acids (Figure 1(d)) and a cyclized peptide mimicking
the extracellular loop of the NOP receptor (Figure 1(b)).
Along the Noc sequence, six '°N labeled amino acids
were incorporated (Figure 1(d)) to probe the Noc-ECL2
complex and its dynamics. ECL2 of NOP receptor is
well conserved in all species and differs from the
other human opioid receptors (MOP1, DOP1, KOP1). A
peptide sequence of the 26 amino acids corresponding
to ECL2 was synthesized supplemented at both ends
by a homocysteine. The intramolecular oxidation of
homocysteines realized in DMSO, allowed us to obtain a
cyclic constrained peptide where the N- and C-terminal
distance is in the range of 8—12 “A, corresponding to
the distance between the helices 4 and 5 in a published
NOP receptor model [5]. The cyclic form of the peptide
was confirmed by a peak on MS spectra corresponding
to the [M + H]" at 3134.4 a.m.u. i.e. two mass units
less than the reduced, open, linear form.

Fluorescence Spectroscopy of Noc-ECL2 Interaction

The cyclized ECL2 contains only one tryptophan (Ws;;)
adjacent to a tyrosine (Ys;0) which was used as an
intrinsic probe to follow Noc-ECL2 interaction. Since
the emission spectrum of this amino acid is highly sen-
sitive to the solvent polarity, it can reveal information
about its environment, conformational changes and/or
direct interaction with a substrate [41]. The tryptophan
emission spectrum of ECL2 has a maximum emission
wavelength of 356 nm corresponding to water-exposed
tryptophan residues [41]. Upon addition of Noc, a signif-
icant quenching was observed with no shift in the emis-
sion maximum. The binding curve (Figure 2) showed
that the fluorescence intensity at 356 nm decreased in
a saturation-dependent manner upon Noc addition. By
fitting the data with the equations described in the Sec-
tion on Material and Methods, we obtained a Ky value
of 7.2 + 3.5 um. This fluorescence-quenching phenom-
ena may occur by a specific interaction between one
of the two phenylalanines present in the Noc and the
ECL2 tryptophan, as was observed previously in cyclic
hexapeptides [42].

15N and 'H Chemical Shift Perturbation upon
Noc-ECL2 Interaction

15N labeled Noc was synthesized in order to follow
the influence of ECL2 interactions on chemical shifts
and PN relaxation parameters. Specific labels were

dJ. Pept. Sci. 2008; 14: 1183-1194
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Figure 1

(a) Sequence of the second extracellular loop of the human Noc receptor and its mimicking peptide cyclic form (ECL2)

(b). (c) oECL2 formed from ECL2 by reduction of the disulfide bond with TCEP (d) Sequence of Noc and of dynorphin A. The 15y
labeled amino acids used for NMR spectroscopy are underlined and identities between peptides are represented by a vertical line.
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Figure 2 Plot of the relative fluorescence decreases at
356 nm as a function of total Noc concentration. The solid
curve fits to Eqn (1) (Section on Material and Methods) and
gives a K4 value of 7.2 + 3.5 um.

introduced in residues Gs; and F, belonging to the so-
called ‘message’ of opioid peptides, and in residues Az,
A1, Ajs and Ly, distributed throughout the remaining
part of the peptide (‘address’) [43]. TOCSY, NOESY,
and 'H-'5N HSQC experiments were acquired in order
to perform 'H and !N sequential assignments in a
standard manner.

The 'H-!®N HSQC of Noc at 100 um was recorded
before and after the addition of equimolar concentration

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

of ECL2 (Figure 3(a)). The spectra displayed the six
expected cross peaks corresponding to the '°N labeled
amino acids. Addition of the cyclized ECL2 caused
concentration-dependent chemical shift changes of
particular 5N labeled residues in Noc (Figure 3(c),
(d)); this observation is indicative of a fast exchange
on the 'H and !®N chemical shift time scale (i.e. a
dissociation rate Ik,g > 10 Hz). The small spread and
variation of 'H and '°N chemical shifts indicate that
the interaction occurs without inducing a particular
structuration of the ligand. HSQC experiments realized
with the reduced form of ECL2, displayed no or less
than 30% (in case of A;;) chemical shift modification
when compared with Noc alone (Figure 3(b)). This result
is important in the sense that it validates the use
of a cyclic constrained loop as a model of the ECL2
loop within the entire receptor, as already observed
by others [11]. The stoichiometry of the complex
Noc-ECL2 was measured by titration experiments
following the 'H and !'5N chemical shift up to a
2:1 molar ratio (data not shown). Saturation was
obtained for a molar ratio Noc: ECL2 1:1. 'H and 5N
chemical shift variations plotted against the Noc: ECL2
ratio display saturation-like curves (Figure 3(c), (d)).
The residues most sensitive to ECL2-Noc interaction
are Gs, A;;, and Ly, in the 'H dimension, and Fy,
A7, A, and Ly, in the !N dimension. Simultaneous
fitting of all the binding isotherms for the !N and
'H resonances [A§ (!°N) > 0.01 ppm and AS§ (‘H) >
0.005 ppm], provided a dissociation constant (K;) of
7 £ 3 uMm. This Ky value is in agreement with the Ky

dJ. Pept. Sci. 2008; 14: 1183-1194
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using the equation described in the Section on Materials and Methods.
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chemical shift variations concern both the ‘address’ part
of the peptide (A7, A;; and L,4) surrounded by the two
RK basic motifs and the ‘message’ part of the peptide

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

(Gs, Fa4). G3 'H chemical shift goes upfield, contrary to
that of A;; and Ly4. Gs is close to F; and F4 which, based
on fluorescence spectroscopy results, were postulated
to interact with the ECL2 tryptophan Ws;;. The ring

dJ. Pept. Sci. 2008; 14: 1183-1194
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current effect produced by this tryptophan may explain
the observed chemical shift change of Gs opposite
to those observed for A;; and L;; and thus, this
unusual NMR shift of Gs is also in favor of proximity
between Noc — G; and ECL2 — Wy;;. The necessity for
a cyclic constrained loop for Noc binding suggests that
the interaction is specific. This assumption is further
supported by the fact that Dyn, another highly basic
opioid peptide which has a very low affinity for NOP
receptors, is inefficient in competing with ECL2-Noc
interaction unless it is added in large excess (see below
for a more detailed analysis of Dyn effects).

15N Relaxation Time Evolutions upon Noc-ECL2
Interaction

To provide a more dynamic picture of the events
associated with the formation of the Noc-ECL2
complex, !’N relaxation experiments (T, T, and
steady-state 'H-!>N NOEs) were performed on the
15N labeled Noc alone and in complex with the open
and cyclic form of ECL2. R; and R, relaxation rates
of free and bound Noc are plotted in Figure 4(a),
(b). The R; and Ry relaxation rates for the free Noc
show a broad range of values that are larger in
the middle compared to both ends. The R; and Re
relaxation rates are similar for a given residue. These
characteristics are expected for a rapidly tumbling
peptide with unrestrained ends. In the presence of ECL2
(in ECL2-Noc complex 1:1 molar ratio), the relaxation
rates increased, particularly R,. The relative R, (defined
as [Robound — Rofree/Rafree]) also increases upon binding
(Figure 4(c)). These observations reveal that residues 14
and 15 on the C-terminus side are much less affected
by the interaction with ECL2.

The Ry variations upon binding can also be used to
estimate the Kjy. Indeed, in the fast exchange limit,
the transverse relaxation rate Ry, is given by the
simple average between bound and free states. Ropound
was estimated to be equal to 2.6 Rggee assuming a
linear relation between R, and the molecular weight
[44]. Within these approximations, the Ry increase for
residues 3, 4, 7, 11 corresponds to a Ky value of
around 20 pM, in agreement with the Ky determined
by fluorescence and NMR chemical shift variations.

The steady-state 'H-1°N NOEs are negative for the
free Noc as expected for a short peptide of 17 amino
acids. Upon binding to the ECL2 loop, the 'H-!5N
NOEs increase to even become null for A; and L4
or positive for A;; due to the formation of a larger
complex between Noc and ECL2 (data not shown). These
observations confirm the formation of the complex and
the importance of the amino acids near the two highly
positive RK motifs.

The above NMR data, chemical shift variation, relax-
ation time, and steady-state 'H-!>N NOE confirm
an interaction between Noc and ECL2 in a micro-
molar range. Most importantly, the relaxation data

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

(Figure 4(a), (b), (c)) measured after addition of 400 um
TCEP are similar to those of the free Noc. This again
shows that the restraints to the ECL2’s conformational
space induced by cyclization are essential for specific
recognition with Noc, thus making the cyclized ECL2
a significant model for the loop—Noc recognition in the
entire receptor.

To investigate the specificity of the interaction,
competition experiments with a closely related opioid
peptide were performed. 1 Equivalent of Dyn is not
sufficient to prevent Noc-ECL2 interaction, and 18
equivalents are required to compete with Noc. Thus
ECL2 has more affinity for Noc than for Dyn by about
one order of magnitude. R, relaxation rate is reversed
for Gs and F4 and not for A7, A;;, L4, and A;5 showing
that Dyn competes more efficiently at the level of the
N-terminus (Figure 5).

Mapping the Essential Residues Responsible for the
Specific Interaction between Noc and ECL2

The interaction between Noc and ECL2 was further
analyzed by observing the chemical shift perturbation
by comparing the 2D 'H spectra (TOCSY and NOESY)
of Noc and ECL2 alone and the Noc-ECL2 complex.
The proton resonance assignments were performed in
the standard way for homonuclear NMR, i.e. identifi-
cation of spin systems using the TOCSY spectra and
sequential assignment using the NOESY spectra [45].
The complete proton resonance assignments for the
Noc (Table 1), ECL2 (Table 2), and the complex were
performed. The most significant Noc proton chemical
shift variations upon ECL2 binding are observed on
Gs (already observed from the N HSQC experiment),
Gg, and Q7 NH and on the guanidinium protons of Rg
and R;s, which belong to the characteristic RK motif
present twice in Noc. Interestingly, Go amide proton is
not observable due to fast exchange in the free Noc
peptide, while it became visible and could be assigned
in the Noc-ECL2 complex. The same phenomenon was
observed for side chain amine protons of Ky and K;js.
The significant reduction of the exchange rate of these
labile protons indicates a long-lived interaction with the
two lysines comprising the basic RK motif and G, which
is part of the Noc N-terminal ‘message’.

The 'H and '3C ECL2 chemical shift variations upon
addition of Noc are summarized in Figure 6 and listed in
Tables 2 and 3. The most important variations concern
the central acidic region, particularly residues E7, E,o,
E12, L14, E16. These residues are localized near the ECL2
S5 corresponding to cysteine 200 in the sequence of
the human Noc receptor. This cysteine is known to
form a disulfide bridge with cysteine 123 which is
characteristic of the majority of the class A GPCRs and
is essential for their activities [46]. In the same central
acidic region, the g-carbon resonances of glutamate
and aspartate are shifted downfield upon Noc addition

dJ. Pept. Sci. 2008; 14: 1183-1194
DOI: 10.1002/psc
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Figure 5 Relaxation parameter (Rg) of the preformed complex
Noc-ECL2 (hashed) decreases upon competition with 0.3
(gray) and 18 (light gray) equivalents of Dyn.

(Figure 6(b)). This systematic downfield shift of acidic
residues is a clear indication of their interaction with
positively charged RK residues of Noc.

To further characterize the electrostatic nature of the
interaction, the effect of sodium chloride was visualized
by HSQC 'H-'5N. Upon addition of NaCl, the chemical
shift variations observed on A;; and L;4 are reversed,
only the G3 variation remains (data not shown). This
shows that while the C-terminal interaction is mostly
of an electrostatic nature, the N-terminus interaction
energy contains a nonelectrostatic component.

It is interesting to note that the interaction between
Noc and ECL2 is perturbed by NaCl or Dyn in different
ways, NaCl suppressing more effectively interaction due
to the central part of Noc, while Dyn competes at the
N-terminal part, more hydrophobic (see above, °N Ry
relaxation experiments in Figure 5).

DISCUSSION

In this study the interaction of Noc and an extracellular
loop mimicking peptide (ECL2) was examined in
solution by fluorescence and NMR spectroscopy. The
structure activity relationship in the Noc-receptor
system and the ligand selectivity recognition indicate
that the second extracellular loop plays a key role in
the binding and, thus, the activity of the receptor [26].
The purpose of this study was to validate and define
the interaction of the second extracellular NOP loop
with Noc and the role of this interaction in terms of
selectivity to other similar opioid ligands like Dyn. Noc
was shown previously to be unstructured in aqueous
solution [47,48]. Our data confirm this conclusion for
Noc alone and also complexed with ECL2 of its receptor.
Several experimental conditions using surfactants or
organic solvents [47-49] have previously been used
in order to stabilize Noc conformations giving mixed
results. In a first approach, we performed our studies
in aqueous solution near the physiological pH. The fact
that we could demonstrate saturable binding between
Noc and cyclized loop ECL2, prompted us to pursue
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Figure 6
the complex Noc-ECL2.

the NMR characterization of the ligand-loop complex
under these conditions.

Owing to the lack of structural information of
this GPCR, an alternative approach to characterize
the molecular interaction between a ligand and its
receptor is to use peptide fragments mimicking parts
of these large membrane proteins. The model used to
mimic the extracellular loop of the Noc receptor is a
linear peptide composed of the whole sequence of the
secondary extracellular loop containing homocysteines
at both ends. The intramolecular oxidative formation
of a disulfide bridge constrains the distance of the
N- and C-termini to a distance of 8-12 A and
still allows a large flexibility to mimic the dynamics
occurring between the transmembrane helices 4 and 5.
To validate this cyclic peptidic fragment approach,
the binding constant between Noc and ECL2 was
measured using fluorescence, NMR relaxation rates,
and chemical shift variations. Both techniques used
allowed us to measure a Ky of 7 + 3 um. The reduction
of the disulfide bridge to form a linear peptide
dramatically decreased the K (Kq > 1 mM), proving that
this interaction is conformation dependent. The cyclic
constraint contributed to limit the conformational space
of this peptide and therefore to provide the required
conformation of essential residues of ECL2 implicated
in the interaction with Noc. Furthermore, competition
experiments with Dyn, a closely related opioid peptide
specific of the KOP1 receptor, indicate that ECL2 has
an intrinsic capability to discriminate between Dyn and

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

15 20 25

1H [HN (black) and HA (gray)] (a) and 13C [Ca (black) and CB (gray)] (b) chemical shift variation between free Noc and

Noc. This drives to a difference in affinity of one order
of magnitude.

In the conditions used for NMR studies, structural
information about Noc and ECL2 alone and the complex
are poor, in particular, in NOESY experiments. The size
and internal dynamics of this system prevented us
from defining precisely a 3D structure of the Noc-ECL2
complex. Nevertheless, chemical shift mapping and
15N relaxation analyses revealed a number of specific
components in this interaction. The NMR relaxation
data, notably the transverse relaxation measurement
showed us that this interaction involves essentially
the N-terminal and the central part of Noc. This
peptidic sequence contains the two basic RK motifs
characteristic of this neuropeptide and the FGGF
sequence, so-called message sequence, similar to the
opioid sequence YGGF found in Dyn A, g endorphin,
and enkephalins. These results are in agreement with
the binding constant measurement made between the
whole receptor and the truncated Noc 1-13 [28,43].
The deletion of the last four C-terminal amino acids
(L14-A15-N16-Q;7) from the Noc results in a loss of only
1/30th affinity compared to the parent Noc, indicating
that the most specific interactions occur principally
with the peptide sequence Noc 1-13. Deletion or
substitutions of the two basic motifs render the peptide
totally inactive or dramatically decrease the affinity of
the Noc, proving that the two RK motifs are involved in
the specific interaction with the NOP receptor [50,51].
This ionic interaction of Noc with ECL2 involves the
guanidinium groups of two arginines that undergo

dJ. Pept. Sci. 2008; 14: 1183-1194
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a chemical shift variation in the presence of ECL2
and the amine protons of the radical chain of two
lysines characterized by a chemical exchange rate
modification, when the Noc interacts with ECL2. Both
basic motifs are required for a specific interaction
of Noc with its receptor. Furthermore, the fact that
all the acidic area on ECL2, highly conserved in all
species, is also affected suggests an ionic interaction
between this part of ECL2 and the central basic part
of Noc. Perturbing the interaction by increasing the
ionic strength of the solution by adding NaCl canceled
the chemical shift variation of the basic part of Noc.
Interestingly, the interaction between Noc and ECL2
involves a second set of physical properties. Chemical
shift variations of the N-terminal part of Noc show
a saturable effect upon addition of ECL2, which is
not reversed by NaCl addition. The interaction is
supported by an increase in Ry, which is sensible to
Dyn competition. Based on the results obtained, it is
thus reasonable to hypothesize that the binding of Noc
to ECL2 involves two types of interactions: an ionic
one between its basic motifs and the acidic residues of
ECL2 and a hydrophobic one concerning the N-terminal
part of Noc. This second interaction site is supported
by the fluorescence-quenching phenomena observed
during the complex formation that could result from
a hydrophobic interaction between the aromatic ring
of the phenylalanines present in the message address
of Noc and the tryptophane of the ECL2. Site-
directed mutagenesis and molecular modeling studies
have suggested that the binding site for the Noc N-
terminal message sequence is located deeper within
the transmembrane domain of the receptor [5]. In the
context of a full size receptor, the interaction between
FGGF and the aromatic region of ECL2 is proposed to be
only transient, representing a low-affinity intermediate
state in the binding mechanism.

In summary, the extracellular loop of the NOP
receptor plays a crucial role in ligand binding and
selectivity. A mimicking peptide of the extracellular
loop can bind the Noc with an affinity constant of
about 7 uMm. This interaction involves two kinds of
interactions: an ionic interaction between the two
basic motifs (RK) characteristic of the Noc ligand and
the acidic residues of the second loop, but also a
hydrophobic one implicating the N-terminal message
sequence with a specific aromatic cluster found at
the beginning of the transmembrane helix 5. These
data reinforce the hypothesis that ECL2 participates in
selectivity, by orienting the neuropeptide to prepare its
final recognition with a nanomolar affinity by a binding
site localized in the helices bundle core of this GPCR.
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