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Neuropeptide S (NPS) is the endogenous ligand of the previously orphan G-protein coupled receptor now
named NPSR. The NPSNPSR receptor system regulates important biological functions such as sleep/
waking, locomotion, anxiety and food intake. Recently, exhaustive Ala scan-anuno acid scan studies,
together with systematic N- and C-terminal truncation, led to the identification of key residues for biological
activity. Because conformational preferences might also play an important role, we undertook a detailed
conformational analysis of NPS and several analogues in solution. We show that helicity induced by
substitution of three flexible residues in the 53 regulatory region abolishes biological activity. A parallel
pharmacological and conformational study of single and multiple substitutions of glycines 5, 7, and 9 showed
that helicity can be tolerated in the C-terminal part of the peptide but not arouridT®ly identification of
hNPSR partial agonists heralds the possibility of designing pure NPS receptor antagonists.

Introduction identification of their endogenous ligan8i©ne of the latest

G-protein coupled receptors (GPCRsare ubiquitously 0GPCR ligands iden_tified with _these techr_1iques is r_1euro_peptide
present in the central and peripheral nervous system where theyS (NPS)" In all species, NPS is a 20-residue peptide with the
regulate a variety of biological functions. Therefore, it is not N-terminal sequence (seven residues) highly conserved across
surprising that they are considered, at present, the most importanfPecies, while the few differences are mainly located in the
biological target for drug discoveA? Although more than 800 ~ C-terminal part of the peptide. Human NPS, like many other
genes coding for putative GPCR have been identified in the neuropeptides, is proteolytically cleaved from a larger precursor
human genomeéjncluding 350 olfactory receptors and 30 other polypeptide containing a hydrophobic signal peptide and pro-
chemosensory receptors, the corresponding endogenous ligandkgolytic processing sit€shNPS selectively binds and activates
are only known for a fraction of them, approximately 240. a previously orphan receptor known as GPRY&PRA/ or
GPCRs whose endogenous ligand has not yet been identifiedVRR18 and now referred to as NPSR. The NPSR is a class A
are called orphan GPCRand are actively investigated because G-protein coupled receptor that shows low homology to most
their ligands may well hint at novel drugs, possibly providing members of the G-protein coupled receptor family.

innovative treatments for several diseases. As far as NPS biological actions are concerned, it has been
In the early 1990s, a novel strategy named reverse pharma-eported that NPS given intra-cerebro-ventricularly stimulates
cology was developed and validated: via this approach, severaljocomotor activity and reduces sleep, indicating that this peptide
0GPCR were used in functional experiments aimed at the may induce wakefulness.This action is associated with
- anxiolytic-like effects, as indicated by results obtained in several
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biological functions and ultimately to predict the therapeutic Table 1. Analytical Properties of the hNPS and Analogues
potential of novel drugs interacting with this receptor. t2 MH b
Recently, by an exhaustive structur&ctivity relationship

. . . . peptide | I calcd found
study, we were able to identify the main requirements for

biological activity in the primary structure of NPS. Single thls 9.86 14.02 2188.5 2188.6
. . ; . [Alal]hNPS 9.61 13.63 21725 2172.6
residue replacement, either by an alanine residue (Ala-scan) or  (aashnpPs 9.76 14.36 2202.6 2202.8
by the corresponding enantiomer (D-sc#hled to the identi- [Ala’lhNPS 9.90 14.10 2202.6 2202.4
fication of key residues for biological activity. Moreover, the [Alai]hNPS 9.72 14.09 2202.6 2202.4
N- and C-terminal portions of the peptide were progressively —[Ala2hNPS 9.77 14.33 2158.5 2158.8
. ! . ; : [Ala7 %13hNPS 10.06 14.34 2186.6 2187.0
shortened (N- and C-terminal truncation) by single amino acid [AibSIhNPS 1016 1423 2216.6 2216.2
residue elimination. It was shown that residues PAgg,2 and [Aib7IhNPS 9.84 13.90 2216.6 2216.4
Asrt* are essential for biological activity, whereas the sequence  [AiblhNPS 10.07 14.07 2216.6 2216.2
Thre-Gly®-Met!® is important for receptor activation, albeit [E'zjlmgg g-é? ﬁ-gg g%ig gi%g

without stringent requirements on the constitution of the side [Pr ]d4 : : : '
. 6~/ ; g [D-ProfhnNPS 10.02 14.07 21715 2172.2
chains. The sequence Glyal-Gly’” acts as a hinge region [o-AlaS]hNPS 987 14.92 2202.6 2202.8
between the two above-mentioned domains. The major findings [p-Ala’lhNPS 9.82 14.12 2202.6 2203.2
described by Roth et &f.were also reported by Bernier et’dl. [D-Ala’]hNPS 9.75 14.25 2202.6 2202.8
[Aib1]hNPS 9.88 13.94 2186.5 2186.4

who independently performed a similar study and, in addition
to the mentioned essential residues of the message domain, 2t is the retention time determined by analytical HPIX'he mass ion
found that hNPS(%6) is the shortest sequence required to (MH™) was obtained by electrospray mass spectrometry.
activate hNPSR in vitro with potency and efficacy similar to
those of the full-length peptide. In addition to the SAR study, Probability for isolated chains. Although these predictions are
Bernier et al., on the basis of a preliminary NMR and CD not always easy to compare with experimental data, they yield
structural characterization, proposed a “nascent helix” in the @ reliable comparative view of conformational tendencies. When
region spanning residues-33 and hypothesized that such a AGADIR is used, the percentage of isolated helix in water at
helix may be important for proper interaction of NPS with its PH 7 is 0.28 for wild type NPS. It becomes 0.26, 0.49, 0.96,
receptort® Although based on diagnostically significant NH ~ and 3.07 for [Ala5]-NPS, [Ala7]-NPS, [Ala9]-NPS, and [Ala7.9,-
NH effects, this result is somewhat surprising because, in our 13]-NPS, respectively. Even more important, if we want to
hands, an exploratory NMR investigation showed that the whole locate the boundaries of the helical tract, the individual Ncap
peptide is very flexible, as expected from the presence alongProbability for residues preceding the substitutions is 0.19 at
its sequence of a high proportion of conformationally flexible residue 5 for wild type NPS, 0.05 at residue 1 for [Ala5]-NPS,
residues. In addition to the three Gly, we considered also three1.02 at residue 5 for [Ala7]-NPS, 1.39 at residue 5 for [Ala9]-
Ser and two Thr. Strictly speaking, Ser and Thr cannot be NPS (but also 0.97 at residue 8), and 5.29 at residue 5 for
classified as “flexible residues” in the same way as Gly because[Ala7,9,13]-NPS. Taken collectively, these predictions tell us
they do favors structures. However, we included them among that formation of a helix for wild type NPS and for [Ala5]-
“flexible residues” for NPS on account of their low propensity NPS is unlikely both from the intrinsic tendencies of individual
to promote helicity and of the small encumbrance of the side residues and for the location of a possible Ncap. On the other
chains. hand, a helix including residue 7 is strongly favored by Ncap
Therefore, we decided to examine the conformatiactivity at 5 and it is also possible to have a helix in the C-terminal
relationship of NPS in more detail, with the aim of finding a Part starting from residue 9.
relationship between local conformational tendencies and Among powerful nonproteic residues that can induce helicity,
biological activity. Here we present a conformational analysis the best choice, consistent with the above steric requirements,
of NPS and several analogues, based on NMR spectroscopy inS -aminoisobutyric acid (Aibj! Based on these considerations,

solvent media that can promote ordered structures. to probe the conformational preferences of regionl3, we
) ) designed the following peptidesL/p-Ala’lhNPS, L/p-Ala%-
Results and Discussion hNPS, [Al3hNPS, [Ald-*13hNPS, [Aib]hNPS, and [Ai]-
Biological Results. Helical SegmentsThe sequence of NPS  hNPS.
is highly conserved across several spetié8.To test its Table 1 shows the analytical data for all peptides, synthesized

conformational properties, we designed analogues with particularaccording to published methods using standard solid-phase
emphasis on residues with high intrinsic conformational flex- synthesis techniques with a Syro XP multiple peptide synthesizer
ibility along tract 5-13 and residues connecting the message (MultiSynTech GmbH, Witten, Germany), as described in detail
domain and tract 513. Flexible residues in the-5L3 tract in the Experimental Section. It should be noted that the synthesis
include glycines 5, 7, and 9; to encompass the whole tract andof analogs with single Ala substitutions has already been
keeping in mind the features of Ser and Thr (vide supra), we described in Roth et &f
included also Thr13. Pharmacological data were acquired by testing all analogues
There are several natural residues that can impart helicity, on mNPSR, stably expressed in HEK293 cells and measuring
but because we did not wish to alter too much the global shapethe calcium mobilization response. Table 2 summarizes the
of the helix with respect to the virtual natural one, it is necessary pharmacological actions of hNPS and of all analogues tested.
to limit the choice to residues whose side chain has an hNPS produced a concentration-dependent increase #H][Ca
encumbrance similar to those of Gly and Thr. Thus, to design levels showing nanomolar potency (p&®.04) and maximal
possible peptides in which Gly/Thr residues are substituted by effects corresponding to 275% of the basal values. Substitutions
natural residues with higher helical propensity but minimal steric of Gly/Thr with Ala in positions 5, 7, 9, and 13 or in
encumbrance of the side chain, Ala is the natural choice. combination 9-13 and 7~9—13 show that while the presence
As a rough guideline for peptide design, we used AGABAR, of Ala in positions 1, 5, 9, or 13 is well-tolerated, substitution
one of several available programs that can calculate helix in 7 is highly detrimental for biological activity. Such a behavior
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Table 2. Pharmacological Profile of hNPS and Analogues Tested ation23 p-Ala is often chosen in lieu of Gly to take into account
against mNPSR Stably Expressed in HEK293 Cells the lack of chiral preferences of this residue. Aiim the other
ma £ senfd hand has no chirality like Gly but, in addition, is able to
PEGs¢® (CLosod) (%) influence profoundly the local conformation. All these substitu-
hNPS 8.04 (7.768.32) 175+ 18 tions did not induce substantial changes in the conformational
[ﬁ:a;]mig ;-gi (;-gi;-g?) i?gi ig tendencies of the whole peptide that remained essentially
{Alg%hNPS Lo irgcbmpléte); at 10V e disordered in all media (vide infra).
[AlahNPS 7.63 (7.06:8.20) 164+ 14 Roth et al*® have demonstrated that Phérg® and Astt
[Ala®lhNPS 7.72 (7.218.23) 172+ 13 are crucial for biological activity, whereas Astan be important
[Ala® INNPS 7.82(7.328.32) 191+ 22 both for potential interactions of its side chain with groups of
{ﬁ[jlég]ﬁmpss ?gg?g?orgrg%% at M %%i ige the receptor and for the structural influence on the potential
[o-Ala’hNPS 7.63 (7.088.19) 164+ 24 turn centered around A&Gly.> Thus, the only residue that
[D-Ala’lhNPS 7.67 (7.148.20) 1724+ 26 might influence the conformation of the N-terminal message
[His]hNPS Crc incomplete; at 10M 147438 domain without affecting the (necessary) flexibility at the hinge
[Pro’NNPS 6.80 (6'487'12), 167+ 19 region is the first one. Accordingly, we designed and probed
[p-PralhNPS Crc incomplete; at 1M 66 + 48 . . . .-
[AibJhNPS 8.17 (7.678.67) 184+ 32 also [Aib]hNPS, an analogue that might induce some additional
[AibSIhNPS 6.72 (6.437.00) 65+ 9%P conformational rigidity in the first four residues of the N-
[Aib ThNPS Crc incomplete; at 10M 1444 terminal domain without affecting too much the conformational
[AIb9hNPS 7.99 (7.588.40) 190+ 19

flexibility between Gly and Gly? To probe the conformational
2pEGse: the negative logarithm to base 10 of the molar concentration preferences of the message domain, we synthesized the follow-
of an agonist that produces 50% of the maximal possible effé@t.qso; ing peptides: [Hi§hNPS, [Pré]hNPS, p-PrflnNPS, L/p-Alad)-

95% confidence limits¢ Emax the maximal effect elicited by the agonist : :
expressed as % over the baselihieem: standard error of the me&m < hNPS, [AltﬂhNPS’ [Alal]hNPS, and [AIB]hNPS'

0.05 vs NPS, according to Anova, followed by the Dunnet test. Among the changes of residues of the N-terminal domain,
[Aib1IhNPS was designed with the hope of inducing some
t conformational rigidity in the first four residues domain without
affecting too much the conformational flexibility between &ly
and Gly. Although this substitution did not induce a significant
change in the structure of the whole peptide with respect to the
parent peptide (data not shown), the biological activity of fjxib
hNPS is slightly higher than that of the parent peptide. This
finding indicates that, while Aibis not able to change
significantly the spectral properties of hNPS, it may favor a
moderate local ordering of the first residues. This result is fully
consistent with the previous Ala substitution and, together with
the decrease of biological activity when the first residue is
deleted:® hints at the possibility that whatever structure of the
message domain is attained in the interaction with the receptor,
nt it does not place any special requirement on the side chain of

of view. We explored possible ways to make the N-terminal the first res.idue.. In oth.er words, Sés not required for the
region more rigid, with the hope of enhancing the biological features of its side chain.

activity of the whole peptide. The presence of ASiy® in the The most interesting results on the conformatiactivity
N-terminal region hints at the possibility for this domain to relationship within the N-terminal domain are obtained with
assume, in its bioactive conformation, a regular turn, becausechanges involving the Asly> dipeptide. The fact that
these residues are found with h|gh frequency in posme-n's substitutions of G|9W|th either Ala orp-Ala are equa”y well
andi+2, respectively, of many turns of globular prote?AsA tolerated speaks in favor of eithérdr II' turns centered on
Simple way to compare the likeliness of different turns may be Asn46|y5 However, it is difficult to ascertain the true nature
to rate each turn on the basis of the occurrence of its residuesOf the putative turn because substitutions in position 4 with His,
in proteins. Thus, if one calculates the sum for individual Pro, andb-Pro do not lead to active analogues. These results

residues of the potentials of Hutchinson and Thorrfdior a do not rule out the possibility of a different type of turn centered
turn of sequence AtAsNL-Glyt2-Valt3, corresponding to ~ ON AsrfGly® because the substitutions we tried are not exhaus-

residues 3-6 of NPS, the highest scores are obtained for type tive. Another possible interpretation of these results is that the
I" and type Il turns. If the role of Asn in hNPS is mainly side chain of Ashis involved in a very specific interaction
structural, that is if its side chain is not involved in a specific With the receptor. It is difficult, at this stage, to discriminate
interaction with the receptor, it ought to be possible to substitute between these alternatives. However, it is very interesting to
it with other residues compatible with reguldsturns and, at ~ note that the substitution of Glywith b-Ala> and expecially
the same time, have useful indications about the precise typeWith Aib® reduced not only peptide potencies (3- and 10-fold,
of turn. Thus, we designed three peptides in which4Asas respectively) but also their efficacies.

substituted with His, Pro ap-Pro and two in which G was To fully characterize their pharmacological profiles, we
substituted with./p-Ala or Aib. According to the frequencies  compared the receptor activation curves of these two analogues
of residues observed in proteifis,Pro could be a good  with respect to wild type NPS. Figarl A and B show the
substitution for a type Il turn, whereas His could be a good comparison of the response (in terms of fluorescent intensity
candidate for a typ€ turn, as well as for more frequent type I.  units) of the NPSR to [Aif]hNPS and p-Ala’|hNPS, respec-
D-Pro has been suggested specifically as a substitute for Asn intively. In HEK293,npsr [AibS]hNPS and p-Ala’]hNPS mim-
Asn-Gly turns (both type'land type Il) in S-hairpin nucle- icked hNPS effects showing, however, reduced potency {pEC

is paralleled by the observation that substitution in 5 does no
induce helicity, whereas substitutions in 7 or 9 do favor helicity
(vide infra). On the contrary, replacement of Gly witkAla in
positions 5, 7, and 9 of the peptide is well-tolerated and yields
analogues with potencies comparable to that of NPS. Such a
behavior is consistent with the fact that obvioushAla’ cannot
promote a right-handed helix, consistent with the chirality of
the other (-)residues. Substitution of residues in positions 5,
7, and 9 with Aib showed that, similarly to substitutions with
Ala, only [Aib/INPS has a dramatic decrease of activity. To
correlate these findings with conformational tendencies, we
undertook an exhaustive NMR study in several solvent systems.
Message DomainThe N-terminal domain S&Phe-Arg3-
Asn*-Gly® has not been investigated from a conformational poi
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A) B) Structural Data. NMR spectra of NPS in water hint at a
completely disordered conformation. As pointed out by Bernier
et al.}®itis possible to observe seven sequentiaHNiH cross-
peaks for residues-513 in the NOESY spectrum of NPS at
pH 5.0. This observation led them to postulated the presence
of a nascent helix but, in the absence of other diagnostic short
or medium range effects, these are not sufficient to define
accurately the secondary structure. The very concept of “nascent
helix”, as described by Dyson et &f,requires that the
observation of N-N cross-peaks in water be validated by
stabilization into a true helix in water/trifluorethanol mixtures.
In our hands, all attempts to observe a stable helix in water/
trifluorethanol mixtures failed. Accordingly, we tried to slightly
enhance the intrinsic helicity by combining the use of water/
trifluorethanol mixtures with a systematic change of the
“flexible” residues. A further advantage of this approach is that
it is possible to discriminate among the “flexible” residues with
respect to their relative importance for helicity and activity. To
assess conformational tendencies on an experimental basis, we
undertook a systematic NMR study in several media that favor
ordered structures in linear peptides, in particular, media that
favor helicity. We obtained spectra of hNPS in®H(pH 3.45

and 300 K), DMSOds at 300 K, DMSOds—H,0 90/10 at 278

K, 100 mM SDSzs at 300 K, and finally, in mixtures of water
with 2,2,2-trifluoro ethanol (9:1 TFE/water; at 300 K) and
hexafluoro acetone trihydrate (HF2H,O/water 1:1 v:v, cor-
responding to a mole fraction of HFA,= 0.085, at 300 K).
Mixtures of water and organic solvents like DMSO and alcohols
are often referred to as cryoprotective mixtute$he number
6.72 and 7.55, respectively) and maximal effects~( 0.3 and and intensity of NOEs and, to some extent, even the confor-
0.6, respectively). As shown in Figure 1C,D, when tested againstmational preferences of short linear peptides in solution can be
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Figure 1. Response of HEK293sr in fluorescence intensity units,
versus peptide concentration. (A) hNPS vs [JiiNPS; (B) hNPS vs
[p-Ala’]hNPS. When tested against a concentration of 100 (C) or 10
(D) nM hNPS, [AIFInNNPS is able to inhibit in a concentration-
dependent manner the stimulatory effect of hNPS (see Methods).

fixed concentrations of hNPS (10 or 100 nM), [AjbNPS was

influenced by the use of cryoprotective mixtLi%% possibly

able to inhibit, in a concentration-dependent manner, the because these mixtures have viscosities higher than that of pure

stimulatory effect of hNPS with plég values of 6.27 and 5.79,
respectively (see Methods).

The data illustrated in Figure 1C,D describe typical pharma-
cological profiles of partial agonists. The change from full
agonist to partial agonist is generally taken as an initial
indication for the design of an antagonist. In the present

water but comparable to that of cytopladh#® Alcohols,
particularly fluorinated ones, either neat or mixed with water,
are the most popular media used to induce helicity in
peptidesio—33

Nevertheless, the NOESY spectra of hNPS in dimethyl
sulfoxide (DMSO), in mixtures of water with DMSO or in

experiment, this indication emerges from a residue (Aib) whose several hydroalcoholic mixtures, do not show any increase of
side chain is expected to not be directly involved in the diagnostic NOEs with respect to neat water solutions, but they
interaction with the active receptor site; the replacement of Gly exhibited a limited spread of the NH resonances, corresponding
with Aib is expected to induce a change of conformation that to little ordering of the peptide. The same behavior was observed
could be favorable for antagonism. Substitution of Gljth for all analogues containing changes only in the message

Aib® does not produce a significant increase in helicity (vide
infra) but has certainly a profound influence on the conformation
of the hinge region. The lack of helicity can be explained by

N-terminal domain (data not shown). In particular, the lack of
any tendency to assume helical conformations can be probably
ascribed to the very high number of either intrinsically flexible

residues (Gly) or off-promoting residues like the three Ser and
suprg? or by the fact that residues following Aldo not favor the two Thr out of a total of 20 residues. On the contrary, all
helicity or propagation of a helix. Ala analogs designed to test the conformatiantivity relation-

On the other hand the change of biological activity, with ship in the tract 513 show some tendency to assume a helical
respect to the parent peptide, may be interpreted in terms ofconformation in the C-terminal moiety when their NMR spectra
the ability of Aib residues to support more rigid conformations are run in hydroalcoholic mixtures. This tendency is enhanced,
with respect to Gly residues and thus reduce the optimally as expected, by Aib substitutions, but we focused our structural
interaction required from receptor activation. In other words, investigation on analogs containing Ala in lieu of Gly/Thr to
Gly and Aib are both achiral residues and possess conforma-restrict the analysis to proteic residues.
tional preferences possibly consistent with several kinds of turn, To put these observations on a more quantitative basis, we
but Aib is conformationally less flexible than Gly and, accord- undertook a full structural characterization of [AfJhNPS.
ingly, may force the local conformation into an incorrect bent NMR spectra of [Al&%13JhNPS were obtained in DMS@s—
structure. The formation of a slightly distorted turn, with respect H,O 90/10 at 278 K, neat TFE at 300 K, and 9:1 TFE/water at
to the optimal bioactive conformation, may be sufficient to 300 K. The high number of constraints that can be measured
occupy the active site but, at the same time, to suppress cruciaffor [Ala”213hNPS in 9:1 TFE/water at 300 K allows a detailed
interactions with receptor residues, for example, the interaction structure determination. Figure 2 shows the number of NOE-
of the Asn side chain, thus reducing peptide efficacy. derived constraints for different ranges (panel A) and their

the lack of an efficient Ncap among preceding residuéde(
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Figure 2. NOE constraints and the corresponding final structure for JAI3hNPS in 9:1 TFE/water at 300 K. (A) Number of NOE-derived
constraints for different ranges of interactions (sequential, short, and medium distance); (B) Distribution of NOE-derived constraints along the
sequence; (C) Bundle of the 10 best structures of JAhNPS calculated by DYANA and refined by means of restrained simulated annealing;
and (D) Ribbon representation of the mean structure, with side chains shown as a neon representation. All molecular models were calculated by
MolMol. 22
distribution along the sequence (panel B). Introduction of all neat TFE,, TFEwater (9:1)
restraints derived from intraresidue, sequential, and medium 104 —] g
range NOEs in DYANA? generated 20 structures of [Ala13- 5 0
hNPS with good values of the usual target functfasut of 30 N/ppm u . so
random generated initial conformers. All 20 structures have 108 — ! 0 ’ §
Serld Serd)
Met10 a Ea

similar values of the backbone torsion angles for the C-terminal
part, but diverge in the N-terminal region. s

Figure 2C shows the bundle of the 10 best structures of 12 a s ) ﬂ“?‘
[Ala”913hNPS calculated by DYANA and refined by means i ) 7eess
of restrained simulated annealing. The corresponding ribbon B l L\'»].‘a 0"““3 '_W
representation of the mean structure, as calculated by MotMol, 16 — e g g 9 L_‘mg (]
can be seen in Figure 2D. | | = s

The ribbon was superimposed by MolMol only to residues
7—18 because, strictly speaking, only these have canonical Ll d )
values of backbone angles for arhelix. However, as shown I R B M A ;
by the Ramachandran plot for the average structure (Figure 1Sl 68 84 80 838 84 8.0 H/ppm
of Supporting Information), apart from the first two and the Figure 3. Comparison of natural abundance 600 Miz-15N HSQC
last two residues, the whole structure is essentially helical, correlation spectrum of [Af£13hNPS in neat TFEk, recorded 24 h
although some pairs @f/yy angles, notably those of residues 3 after dissolution (left pgnel) with the corresponding spectrum in 9:1
and 6, are at the margin of the helical region. Small deviations 1FEd2/Hz0 at 300 K (right panel).
from a canonicalo-helical structure may originate from an
insufficient number of constraints in the refinement procedure.

The sequence from Alao Alal® is not only a fairly regular
o helix, but is also endowed with remarkable stability for a
linear peptide. Figure 3 shows the comparison of natura
abundance 600 MHZH—1N HSQC correlation spectrum of
[Ala”213hNPS in neat TFEk, recorded 24 h after dissolution
(left panel), with the corresponding spectrum in 9:1 TdHE-
H,0O at 300 K (right panel). It can be appreciated that all residues
comprised in the helical structure from Aléo Ala® do not
exchange during this time.

A better understanding of the influence on biological activity
of helicity in the 5-13 region can be achieved by examining
separately single Ala or Aib analogues. [ABNPS behaves
as hNPS, that is it has no propensity to assume a helica
conformation even in 9:1 TFE/water at 300 K. Interestingly,
substitution of Gly, with the stronger helix inducer Aib, also
failed to induce any helicity. Peptides [AJaNPS, [Aib'lhNPS, Although the structureactivity relationship of each residue
[Ala®hNPS, and [AIAhNPS, when examined in 9:1 TFE/water of NPS has been thoroughly characterized by exhaustive Ala
at 300 K, showed that only substitution of Glyeither with scan andp-Ala scan studies as well N- and C-terminal

Ala or Aib, is able to induce substantial helical structure,
whereas [AIIhNPS and [AI&3hNPS show just a few effects
hinting at some degree of helicity. A comparison of the amide
| regions of [AIZIhNPS, [AlZ]hNPS, and [Al&*3hNPS s
reported in Figure 2SI of Supporting Information. Relevant
NOEs are reported in detail in Methods (vide infra), but the
main diagnostic NOEs are summarized in Figure 4.

Qualitative evaluation of these NOEs points to helical tracts
approximately centered around the residue bearing the Ala
substitution, but the data are insufficient for a more precise
conformational characterization. Nonetheless, this conforma-
tional behavior together with the pharmacological data suggests
a critical negative role for a helical conformation centered
jaround residue 7.

Conclusion
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10 20 Even slight modifications can lead to complete loss of biological
SFRNGVUTGMKKTSFQRAKS activity ([Ala’]hNPS, [Aib]nNPS) or result in reduced efficacy
dunli,i42) — — ([Aibs]hNPS and [[)-Ala5]hNPS).
The conformational analysis of the hinge region that led to a
dun(hi+?) . — partial agonist heralds the design of pure antagonists in the near
il future. Because the A4Bly® dipeptide is a clear signature for
dgn(ii+3) e residues+1 andi+2 of severap-turns, we tried to stabilize it
with the double goal of obtaining powerful agonists and of
dyn(ii+4) o R validating the type of turn. Substitutions of Asmith His, Pro,
or b-Pro, aimed at stabilizing I, Il, or llbeta turns centered on
e 2 Asr*Gly?, lead to a drastic reduction of activity. On the contrary,
SFRNGVATGMKKTSFQRAKS substitutions at GRwith Ala, p-Ala, or Aib are well-tolerated,
dyn(i,i+2) . T hinting at the possible presence of a different turn.
The lack of success with the substitutions we tried can be

dn(ii+3) —_— due either to the fact that the mutants’ side chains interact badly
I with the receptor or more likely that the turn is a different one.
don(isi+4) AT For instance, other described canonical turns are type I, typeVIll,
10 2 type Vlal, type Vla2, type Vlb, a_nd type IV (see_ PR(_)MO-_
SFRNGVGTAMKKTSFQRAKS TIF37). Our search coulq not possibly bg exhaustive elllther in
dondiis?) terms_of turn types or in terms of residues. In a(_jdmon to
NNGAH e canonical turns, it is also possible to have noncanonical ¥nes.
dp(ii+3) A It seems reasonable to expect that further investigations on
the nature of the putative turn can lead to powerful and stable
don(iyi+4) Bl NPSR ligands.
10 20 Methods
SFRNGVGTGMKKASFQRAKS Peptide SynthesishNPS and its analogues were synthesized
da(ii+3) e according to publ_ished me_thééﬂsing F_mod#butyl_chemistry with
a Syro XP multiple peptide synthesizer (MultiSynTech GmbH,
Figure 4. Bar diagram of diagnostic NOEs for peptides [AHNPS, Witten, Germany). As an illustrative example, the synthesis of h(NPS
[Al27INNPS, [AIF]NPS, and [AIFTNNPS in 9:1 TFEd/H,0 at 300 i described. Fmoc-Ser(tBu)-4-benzyloxybenzyl-alcohol resin (Fmoc-
K. The single-letter code used for Aib is U. Ser(tBu)-Wang resin; 0.65 mmol/g, 0.2 g) was treated with 20%

piperine/DMF and linked with Fmoc-Lys(Boc)-OH by using HATU
truncationt819conformational aspects of the interaction of NPS as the coupling reagent. The followitNy-Fmoc-amino-acids were
with its receptor have not been thoroughly investigated. In the sequentially coupled to the growing peptide chain: Fmoc-Ala-OH,
present paper we described a detailed conformational analysig-moc-Arg(Pmc)-OH, Fmoc-GIn(Trt)-OH, Fmoc-Phe-OH, Fmoc-
of NPS and of several analogues in solution, based on NMR Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Lys-

spectroscopy. The evaluation of conformational preferences wagB0oc)-OH, Fmoc-Met-OH, Fmoc-Gly-OH, Fmoc-Thr(tBu)-OH,
paralleled in each case by the corresponding biological activity Fmoc-Gly-OH, Fmoc-Val-OH, Fmoc-Gly-OH, Fmoc-Asn(Trt)-OH,

i . " Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, Fmoc-Ser(tBu)-OH, and Fmoc-
The main efforts were focused on the behavior of thel3 Aib-OH. All the N*-Fmoc amino acids (4 equiv) were coupled to
regulatory region because it had been suggé$thdt a helical the growing peptide chain by using HATU (4 equiv) in DMF in
conformation of this region could be instrumental for a the presence of an equimolar concentration of 4-methylmorpholine,
regulatory role of the biological activity. NPS has a sequence and the coupling reaction time was 1 h. Capping with acetic
rich with conformationally flexible residues; therefore, it was anhydride (0.5 M) with the presence of NMM (0.25 M; 3:1 viv; 2
not surprising to find that this peptide has an essentially random mL/0.2 g of resin) was performed at any step. A 20% piperidine/
conformation in water and that even in strong helix-inducing PMF mixture was used to remove the Fmoc group at every step.
media it is not structured. Conversely, substitution of three 1he peptide resin was washed with methanol and dried in vacuo
flexible residues in the 513 region leads to a very stable helix t© Yi€ld the protected hNPS-resin.The other peptides were synthe-

: . . ... sized in a similar manner. The protected peptitesin was treated

spanning virtually all the sequence. However, triple substitution

; : . - with reagent B® (TFA/H 0/phenol/triisopropylsilane 88:5:5:2; v/v;
of Gly’, Gly®, and Th#* with Ala residues deprives the peptide 14 /0.2 g of resin) for 1.5 h at room temperature. After filtration

of all its biological activity. To pinpoint the regions most f the exhausted resin, the solvent was concentrated in vacuo, and
sensitive to the presence of a rigid structure, conformation the residue was triturated with ether.

activity relationship investigations were extended to singly  Peptide Purification and Analytical Determinations. Crude
substituted analogues. The analysis of [MiNPS, [Al2]hNPS, peptides were purified by preparative reversed-phase HPLC using
[p-Ala’]hNPS, [AIPlhNPS, [AlZ]hNPS, [AibThNPS, [Al]- a Water Delta Prep 4000 system with a Jupiter colurg(250 x
hNPS, and [AI&]hNPS showed that the only substitutions that 30 mm, 300 A, 15um spherical particle size). The column was
induced substantial structuring of the peptide were those df Gly Perfused at a flow rate of 25 mL/min with a mobile phase containing
with either Ala or Aib. Because both analogues also have very solvent A (10%, v/v, acetonitrile in 0.1% TFA), and a linear gradient

- ' : \ o 0 e o
low activity, it seems fair to conclude that the region for which  ToM 0 t0 50% of solvent B (60%, v/v, acetonitrile in 0.1% TFA)
o . . X LT over 25 min for the elution of peptides. Analytical HPLC analyses
helicity is detrimental for biological activity is that around

residue 7. Itis particularly striking that substitution of &lyith aﬁ;]e; g;%rxgnogez%?gg?i?r;}l,sd"e?ggocrrxnma?;?%gp;u?i?; 'gﬁfjd
either Ala or Aib did not lead to any structuring of the peptide. retention time ) of the peptides were determined using two
We can conclude that conformational changes along the different HPLC conditions.

sequence &/GTG?® are really critical, hinting at a key role of Retention time | was obtained using a Nucleodyg €lumn

the (hinge) region adjacent to the N-terminal message domain.(4.6 x 100 mm, 2um patrticle size), with the above solvent system
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(solvents A and B) programmed at a flow rate of 0.6 mL/min using
a linear gradient from 0% to 70% B over 25 min. Retention time
Il was obtained using a Hypersil BDS §xolumn (4.6x 150 mm,
5 um particle size) with solvent A, 35 mM NaRO, (pH 2.1),
and solvent B, 59 mM NaiPO, (pH 2.1)-acetonitrile (60:40 v/v).
The column was perfused at a flow rate of 1 mL/min with a linear
gradient from 5% to 65% B over 25 min. All analogues showed
>95% purity when monitored at 220 nm. Molecular weights of

compounds were determined by a mass spectrometer ESI Micro-

mass ZMD-2000, and values are expressed as MH

Journal of Medicinal Chemistry, 2007, Vol. 50, N4b(IB

Total correlated spectroscopy (TOCSY) spectra were collected
with mixing times in the range 50 to 75 ms, using the clean MLEV-
17 mixing schemé® The nuclear Overhauser enhancement spec-
troscopy (NOESY) spectra were recorded with mixing times of 200
and 300 ms. TPPI was applied to achieve quadrature detection in
the virtual dimensioff Water suppression was achieved either by
presaturation or by using the WATERGATE pulse sequéfce.

Data processing was performed with standard Bruker software
XwinNMR. Spectral analysis was performed with SPARKY.

The most relevant NOESY cross-peaks measured for analogues

The analytical properties of ANPS analogues are reported in Table[Ala”]hNPS, [Ai']hNPS, [AIf]NNPS, and [AI&ShNPS, when

1.

Pharmacology. Cell Culture. HEK293 cells stably expressing
the mouse recombinant NPSR (HEK2Q3sp were generated as
previously describéf and maintained in DMEM medium supple-
mented with 10% fetal bovine serum, 2 mMglutamine, hygro-
mycin (100 mg/l), and cultured at 3T in 5% CQ humidified
air.

Calcium Mobilization Experiments. HEK293,ypsrwere seeded
at a density of 50 000 cells/well into pobHysine coated 96-well
black, clear-bottom plates. The following day, the cells were
incubated with medium supplemented with 2.5 mM probenecid, 3
uM of the calcium sensitive fluorescent dye Fluo-4 AM and 0.01%
pluronic acid, for 30 min at 37C. After that time, the loading
solution was aspirated and 1@Q/well of assay buffer Hank’s
Balanced Salt Solution, HBSS, supplemented with 20 MM HEPES,
2.5 mM probenecid, and 500M Brilliant Black (Aldrich) was

examined in 9:1 TFE/water at 300 K, are: @H— NH7, CHo6
— NH9, CHo6 — NH10, CHx7 — NH10, CHx9 — NH12; NH7
— NH9, and NH8— NH10 for [Ala’lhNPS; CHx1 — NH3, CHu4
— NH6, CHuo6 — NH8; CHa3 — NH6, CHa4 — NH7, CHo6 —
NH9, CHa8 — NH11; CHo4 — NH8, CHa6 — NH10; NH4 —
NH6, NH7— NH9, and NH8— NH10 for [Aib7]hNPS; CHx2 —
NH5, CHa4 — NH7, CHa4 — NH8, CHo6 — NH10, and NH8
— NH10 for [Ala’lhNPS; and Cld2 — NH5, CHo13 — NH16,
CHoa15 — NH18 for [Alal¥lhNPS, respectively.

Structure Calculation. The input data for the structure calcula-
tion with the program DYANA* were generated from the peak
volumes obtained from SPARK*. Figure 2A summarizes all
measured NOEs, classified as intraresidue, sequential and medium
range (1< |i — j|?5). Based on the peak volumes observed on the
NOESY spectra, the upper distance limits were generated with the
program CALIBA3* Computations were performed on SGI 02

added. Concentrated solutions (1 mM) of hNPS and related peptidescomputers. During the DYANA calculation using the simulated

were made in bidistilled water and kept-a20 °C. Serial dilutions
were carried out in HBSS/HEPES (20 mM) buffer (containing
0.02% BSA fraction V) to prepare a master plate at@ncentra-
tion. After placing both plates (cell culture and master plate) into
the fluorometric imaging plate reader FlexStation Il (Molecular

Devices, Sunnyvale, CA), fluorescence changes were measured at

room temperaturex22 °C). Online additions were carried out in
a volume of 5QuL/well.

[Aib%NNPS, tested against fixed concentrations of hNPS (10 or
100 nM), was able to inhibit the stimulatory effect of NPS with
plCso values of 6.27 and 5.79, respectively. Kgof 7.16 was
derived from the following equation:

KB = IC5y/(12 + ([AV/ECsy)""" — 1)

where 1G, is the concentration of antagonist that produces 50%
inhibition of the agonist responsd|[is the concentration of agonist,
ECso is the concentration of agonist producing a 50% maximal
response, and is the Hill coefficient of the CRC to the agoni&t.
Data Analysis and Terminology.The data were expressed as
mean+ SEM of at least four independent experiments made in

duplicate. Maximum change in fluorescence, expressed in percent
of baseline fluorescence, was used to determine agonist response.

Nonlinear regression analysis using GraphPad Prism software
(v.4.0) allowed logistic iterative fitting of the resultant responses

and the calculation of agonist potencies and maximal effects.
Agonist potencies are given as pgQthe negative logarithm to

base 10 of the molar concentration of an agonist that produces 50%

of the maximal possible effect). Differences in maximal effects
between ligands were statistically analyzed via ANOVA, followed
by the Dunnett test for multiple comparisons.

NMR Spectroscopy.NMR samples were prepared by dissolving
appropriate amounts of peptide in 0.5 mL of solvents to make
approximately 1 mM solutions.

All spectra were run on Bruker Avance DRX-600 spectrometer
equipped with cryoprobe, operating at 600 MHz fdd. A
conventional set of 2D spectra, according to the scheme of
sequential assignment described by WuetHtichas recorded:
DQF-COSY# TOCSY# and NOESY* Natural abundanctH—
15N HSQC correlation experimeritswere used to identify amide
protons with slowed exchange, after dissolving freeze-dried peptide
samples in 99.9% TFH; and in TFEéd,.

annealing protocol in torsion angle space, we introduced all
available restraints.

To display the final structures, calculations of the mean
coordinates of the ensemble structures and their rmsd values were
carried out with the program MOLMO#

Acknowledgment. Financial support from University of
Ferrara (FAR Grant to S.S. and G.C.) and MIUR (Italian
Ministry for the Research and University: FIRB 2003 Grant to
P.A.T. and PRIN 2006 Grant to S.S. and G.C.) is gratefully
acknowledged.

Supporting Information Available: Ramachandran plot of the
average structure of [AI&13hNPS. Amide regions of [ABhNPS,
[Ala’]hNPS, and [Al&*13hNPS. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) Gilchrist, A. Second annual GPCRs: From orphan to blockbuster.
Exp. Opin. Ther. Target2004 8, 495-498.

(2) Saito, Y.; Civelli, O. G-protein-coupled receptor deorphanizations.
Int. Rev. Neurobiol.2005 65, 179-209.

(3) Vassilatis, D. K.; Hohmann, J. G.; Zeng, H.; Li, F.; Ranchalis, J. E.;
Mortrud, M. T.; Brown, A.; Rodriguez, S. S.; Weller, J. R.; Wright,
A. C.; Bergmann, J. E.; Gaitanaris, G. A. The G-protein coupled
receptor repertoires of human and mouBeoc. Natl. Acad. Sci.
U.S.A 2003 100, 4903-4908.

(4) Xu, Y. L.; Reinscheid, R. K.; Huitron-Resendiz, S.; Clark, S. D.;
Wang, Z.; Lin, S. H.; Brucher, F. A.; Zeng, J.; Ly, N. K.; Henriksen,
S. J.; de Lecea, L.; Civelli, O. Neuropeptide S: A neuropeptide
promoting arousal and anxiolytic-like effecheuron2004 43, 487—
497.

(5) Reinscheid, R. K.; Xu, Y. L. Neuropeptide S as a novel arousal
promoting peptide transmitteFEBS J.2005 272 5689-5693.

(6) Gloriam, D. E.; Schioth, H. B.; Fredriksson, R. Nine new human

Rhodopsin family G-protein coupled receptors: Identification,

sequence characterisation and evolutionary relationdigchim.

Biophys. Acta2005 1722 235-46.

Laitinen, T.; Polvi, A.; Rydman, P.; Vendelin, J.; Pulkkinen, V.;

Salmikangas, P.; Makela, S.; Rehn, M.; Pirskanen, A.; Rautanen,

A.; Zucchelli, M.; Gullsten, H.; Leino, M.; Alenius, H.; Petays, T.;

Haahtela, T.; Laitinen, A.; Laprise, C.; Hudson, T. J.; Laitinen, L.

A.; Kere, J. Characterization of a common susceptibility locus for

asthma-related traitScience2004 304, 300-304.

Gupte, J.; Cutler, G.; Chen, J. L.; Tian, H. Elucidation of signaling

properties of vasopressin receptor-related receptor 1 by using the

chimeric receptor approacRroc. Natl. Acad. Sci. U.S.2004 101,

1508-1513.

(7

~

®)



4508 Journal of Medicinal Chemistry, 2007, Vol. 50, No. 18

(9) Koob, G. F.; Greenwell, T. N. Neuropeptide S: A novel activating
anxiolytic? Neuron2004 43, 441-442.

(10) Reinscheid, R. K.; Xu, Y. L.; Okamura, N.; Zeng, J.; Chung, S;

Pai, R.; Wang, Z.; Civelli, O. Pharmacological characterization of

human and murine neuropeptide S receptor varightBharmacol.

Exp. Ther.2005 315 1338-1345.

Kormann, M. S; Carr, D.; Klopp, N.; lllig, T.; Leupold, W.; Fritzsch,

C.; Weiland, S. K.; von Mutius, E.; Kabesch, M. G-Protein coupled

receptor polymorphisms are associated with asthma in a large German

population.Am. J. Respir2005 171, 1358-1362.

Melen, E.; Bruce, S.; Doekes, G.; Kabesch, M.; Laitinen, T.; Lauener,

R.; Lindgren, C. M.; Riedler, J.; Scheynius, A.; van Hage-Hamsten,

M.; Kere, J.; Pershagen, G.; Wickman, M.; Nyberg, F. Haplotypes

of G-protein coupled receptor 154 are associated with childhood

allergy and asthmam. J. Respir2005 171, 1089-1095.

Feng, Y.; Hong, X.; Wang, L.; Jiang, S.; Chen, C.; Wang, B.; Yang,

J.; Fang, Z.; Zang, T.; Xu, X. G-protein coupled receptor 154 gene

polymorphism is associated with airway hyperresponsiveness to

methacholine in a Chinese populatidnAllergy Clin. Immunol2006

117, 612-617.

Allen, I. C.; Pace, A. J.; Jania, L. A.; Ledford, J. G.; Latour, A. M.;

Snouwaert, J. N.; Bernier, V.; Stocco, R.; Therien, A. G.; Koller, B.

H.: Expression and function of NPSR1/GPRA in the lung before

and after induction of asthma-like diseaden. J. Physiol2006 291,

L1005-1017.

Niimi, M. Centrally administered neuropeptide S activates orexin-

containing neurons in the hypothalamus and stimulates feeding in

rats. Endocrine2006 30, 75—-79.

Smith, K. L.; Patterson, M.; Dhillo, W. S.; Patel, S. R.; Semjonous,

N. M.; Gardiner, J. V.; Ghatei, M. A.; Bloom, S. R. Neuropeptide S

stimulates the hypothalamo-pituitary-adrenal axis and inhibits food

intake. Endocrinology2006 147, 3510-3518.

(17) Beck, B.; Fernette, B.; Stricker-Krongrad, A. Peptide S is a novel
potent inhibitor of voluntary and fast-induced food intake in rats.
Biochem. Biophys. Res. Comm@005 332, 859-865.

(18) Roth, A. L.; Marzola, E.; Rizzi, A.; Arduin, M.; Trapella, C.; Corti,
C.; Vergura, R.; Martinelli, P.; Salvadori, S.; Regoli, D.; Corsi, M.;
Cavanni, P.; CalpG.; Guerrini, R. Structureactivity studies on
neuropeptide S: Identification of the amino acid residues crucial for
receptor activationJ. Biol. Chem2006 281, 20809-20816.

(19) Bernier, V.; Stocco, R.; Bogusky, M. J.; Joyce, J. G.; Parachoniak,
C.; Grenier, K.; Arget, M.; Mathieu, M. C.; O'Neill, G. P.; Slipetz,
D.; Crackower, M. A.; Tan, C. M.; Therien, A. G. Structure/function
relationships in the neuropeptide S receptor: Molecular consequences
of the asthma-associated mutation N1@7IBiol. Chem2006 281,
24704-24712.

(20) Muroz, V.; Serrano, L. Elucidating the folding problem of helical
peptides using empirical parametedat. Struct. Biol1994 1, 399—

409.

(21) Toniolo, C.; Benedetti, E. The polypeptidg-Belix. Trends Biochem.
Sci 1991, 16, 350—-353.

(22) Hutchinson, E. G.; Thornton, J. M. A revised set of potentials for
beta-turn formation in proteing®rotein Sci.1994 3, 2207-2216.

(23) Stanger, H. E.; Gellman, S. H. Rules for antipargilsheet design:
p-Pro-Gly is superior ta-Asn-Gly for -hairpin nucleationd. Am.
Chem. Soc1998 120, 4236-4237.

(24) Dyson, H. J.; Rance, M.; Houghten, R. A.; Wright, P. E.; Lerner, R.
A. Folding of immunogenic peptide fragments of proteins in water
solution. Il. The nascent helixl. Mol. Biol. 1988 201, 201—217.

(25) Douzou, P.; Petsko, G. A. Proteins at work: “Stop-action” pictures
at subzero temperature&dv. Protein Chem1984 36, 245-261.

(26) Temussi, P. A.; Picone, D.; Saviano, G.; Motta, A.; Amodeo, P.;
Tancredi, T.; Salvadori, S.; Tomatis, R. Conformational analysis of
an opioid peptide in solvent media that mimic cytoplasm viscosity.
Biopolymers1992 32, 367—372.

(27) D'Ursi, A.; Albrizio, S.; Fattorusso, C.; Lavecchia, A.; Zanotti, G.;
Temussi, P. A. Solution conformation of a potent cyclic analog of
tuftsin: Low-temperature NMR study in a cryoprotective mixture.
J. Med. Chem1999 42, 1705-1713.

(11

(12)

(13

14

(15)

(16)

Tancredi et al.

(28) Amodeo, P.; Motta, A.; Picone, D.; Saviano, G.; Tancredi, T.;
Temussi, P. A. Viscosity as a conformational sieve. NOE of linear
peptides in cryoprotective mixture3. Magn. Res1991 95, 201—

207.

(29) Picone, D.; D'Ursi, A.; Motta, A.; Tancredi, T.; Temussi, P. A.
Conformational preferences of [L8enkephalin in biomimetic media.
Investigation by'H NMR. Eur. J. Biochem199Q 192 433-439.

(30) Bazzo, R.; Tappin, M. J.; Pastore, A.; Harvey, T. S.; Carver, J. A;;
Campbell, I. D. The structure of melittin. AH-NMR study in
methanol.Eur. J. Biochem1988 173 139-146.

(31) Marion, D.; Zasloff, M.; Bax, A. A two-dimensional NMR study of
the antimicrobial peptide magainin EEBS Lett.1988 227, 21—

26.

(32) Sonnichsen, F. D.; Van Eyk, J. E.; Hodges, R. S.; Sykes, B. D. Effect
of trifluoroethanol on protein secondary structure: an NMR and CD
study using a synthetic actin peptid&ochemistryl992 31, 8790—
8798.

(33) Verheyden, P.; De Wolf, E.; Jaspers, H.; Van Binst, G. Comparing
conformations at low temperature and at high viscosity. Conforma-
tional study of somatostatin and two of its analogues in methanol
and in ethylene glycolint. J. Pept. Protein Resl994 44, 401—
409.

(34) Guentert, P.; Mumenthaler, C.; Wuethrich, K. Torsion angle dynamics
for NMR structure calculation with the new program DYANA.
Mol. Biol. 1997 273 283-298.

(35) Koradi, R.; Billeter, M.; Wthrich, K. MOLMOL: A program for
display and analysis of macromolecular structureMol. Graph.
1996 14, 51-55.

(36) Hutchinson, E. G.; Thornton, J. M. PROMOHRA program to
identify and analyze structural motifs in proteifgotein Sci.1996
5, 212—-220.

(37) de la Cruz, X.; Hutchinson, E. G.; Shepherd, E.; ThornforM.,
Toward predicting protein topology: An approach to identifying
p-hairpins.Proc. Natl. Acad. Sci. U.S.R002 99, 1115711162.

(38) Benoiton, N. L.Chemistry of Peptide Synthes&ylor & Francis:
London, 2005; pp 125154.

(39) Sole N. A.; Barany, G. Optimization of solid-phase synthesis of
[Ala8]-dynorphin.J. Org. Chem1992 57, 5399-5403.

(40) Kenakin, T. Efficacy as a vector: the relative prevalence and paucity
of inverse agonismMol. Pharmacol.2004 65, 2—11.

(41) Wuethrich, K.NMR of Proteins and Nucleic Acid®Viley: New
York 1986; pp 162175.

(42) Piantini, U.; Soerensen, O. W.; Ernst, R. R. Multiple quantum filters
for elucidating NMR coupling networksl. Am. Chem. So0d992
104, 6800-6801.

(43) Bax, A.; Davis D. G. MLEV-17-based two-dimensional homonuclear
magnetization transfer spectroscopyMagn. Resorll985 65, 355~
360.

(44) Jeener, J.; Meyer, B. H.; Bachman, P.; Ernst, R. R. Investigation of
exchange processes by 2-dimensional NMR-spectrosdo@hem.
Phys 1979 71, 4546-4553.

(45) Bax, A.; lkura, M.; Kay, L. E.; Torchia, D. A.; Tschudin, R.
Comparison of different modes of two-dimensional reverse-correla-
tion NMR for the study of proteinsl. Magn. Resorl99Q 86, 304—

318.

(46) Levitt, M. H.; Freeman, R.; Frenkiel, T. Broadband heteronuclear
decouplingJ. Magn. Resan1982 47, 328-330.

(47) Marion, D.; Wuethrich, K. Application of phase-sensitive two-
dimensional correlated spectroscopy (COSY) for measurements of
IH—1H spin—spin coupling constants in proteir@iochem. Biophys.
Res. Commuri983 113 967—-971.

(48) Piotto, M.; Saudek, V.; Sklenar, V. Gradient-tailored excitation for
single quantum NMR spectroscopy in aqueous solutiofBiomol.
NMR 1992 2, 661-666.

(49) Goddard, T. D.; Kneller, D. GGPARKY 3University of California:
San Francisco, CA, 2006.

JMO0706822



