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Neuropeptide S (NPS) has been identified as the endogenous ligand of a previously orphan receptor now
named NPSR. Previous studies demonstrated that the N-terminal sequence Phe?-Arg>-Asn® of the peptide
is crucial for biological activity. Here, we report on a focused structure-activity study of Arg> and Asn*
that have been replaced with a series of coded and non-coded amino acids. Thirty-eight human NPS ana-
logues were synthesized and pharmacologically tested for intracellular calcium mobilization using
HEK293 cells stably expressing the mouse NPSR. The results of this study demonstrated the following
NPS position 3 structure-activity features: (i) the guanidine moiety and its basic character are not crucial
requirements, (ii) an aliphatic amino acid with a linear three carbon atom long side chain is sufficient to
bind and fully activate NPSR, (iii) the receptor pocket allocating the position 3 side chain can accommo-
date slightly larger side chains at least to a certain degree [hArg, Arg(NO;) or Arg(Me), but not Arg(Tos)].
Position 4 seems to be more sensitive to amino acids replacement compared to position 3; in fact, all the
amino acid replacements investigated produced either an important decrease of biological activity or

generated inactive derivatives suggesting a pivotal role of the Asn* side chain for NPS bioactivity.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Neuropeptide S (NPS, human primary sequence SFRNGVGT
GMKKTSFQRAKS) has been identified as the endogenous ligand of
the G protein coupled receptor now named NPSR.! In cells express-
ing the recombinant NPSR, NPS produced concentration dependent
increases of calcium levels and cAMP formation, suggesting trans-
ductional mechanisms involving Gq and Gs.> NPSR mRNA is widely
expressed throughout the nervous system while the NPS precursor
mRNA is strongly expressed only in the locus coeruleus area and in
a few other nuclei of the brainstem.! The anatomical distribution

Abbreviations: BSA, bovine serum albumin; cAMP, cyclic adenosine monophos-
phate; DMF, N,N-dimethylformamide; DMEM, Dulbecco’s modified Eagles’'s med-
ium; Fmoc, N-(9-fluorenyl)methoxycarbonyl; HATU, [0-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate]; HBSS, Hank's balanced salt
solution; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HEK, human
embryonic kidney; HPLC, high performance liquid chromatography; mRNA, mes-
senger ribonucleic acid; Ndm, 3-(dimethylcarbamoyl)-2-aminopropanoic acid;
NMM, 4-methylmorpholine; Nmm, 3-(methylcarbamoyl)-2-aminopropanoic acid;
NPS, neuropeptide S; NPSR, NPS receptor; Ova, 2-amino-4-oxo-pentanoic acid; tBu,
tert-butyl; TFA, trifluoroacetic acid; SAR, structure-activity relationship; SAH 68, 3-
oxo-1,1-diphenyl-tetrahydro-oxazolo[3,4-a]pyrazine-7-carboxylic acid 4-fluoro-
benzylamide.
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of NPSR is consistent with the biological effects elicited by supraspi-
nal administration of NPS in rodents, namely anxiolytic like ef-
fects,*> arousal promoting action,'” stimulation of locomotor
activity,’>~8 and inhibition of food intake.®~1° Up to now the involve-
ment of NPSR in the in vivo actions of NPS has been demonstrated
only for the locomotor stimulant action using the non-peptide NPSR
antagonist SHA 68.° The development of selective ligands for NPSR is
of paramount importance for investigating the functions and roles of
this novel neurotransmitter system in central nervous system phys-
iology and pathology. To this aim, we started a systematic investiga-
tion of NPS chemical and conformational requirements for NPSR
binding and activation. First, in line with previous observations?,
we identified the N-terminal sequence Phe?-Arg3-Asn* as the most
important structural component for biological activity’, a finding
confirmed by other researchers.!! Second, we focussed on the chem-
ical requirements of Phe? of NPS demonstrating that this position is
important for both receptor binding and activation.'? Third, we per-
formed a conformation-activity relationship study!® suggesting
that helicity can be tolerated in the C-terminal part of NPS but not
around Gly’, aresult whichis only in part in line with the nascent he-
lix spanning residues 5 through 13 proposed by Bernier et al.!!

In this paper, we present results obtained from a SAR study per-
formed by replacing Arg® and Asn* with several coded and non-
coded amino acid residues. 38 novel NPS analogues were synthes-
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ised and pharmacologically evaluated in a calcium mobilization as-
say using HEK293 cells stably expressing mouse NPSR
(HEK293,npsr) and the fluorometric imaging plate reader FlexSta-
tion II.

2. Results and discussion

Compounds 1-38 and the reference compound human NPS
were prepared with good yield by solid phase peptide synthesis.
For the synthesis of compounds 35, 37 and 38, the commercially
unavailable amino acids Nmm and Ndm were synthesized in good
yield by amidation of the Fmoc-Asp-OtBu side chain with mono or
dimethyl amine followed by TFA deprotection of the C* carboxylic
function. The non-coded amino acid Ova was synthesized and
Fmoc protected' following procedures reported in the literature.!®
The chemical formulae of the non-coded amino acids employed in
this study are displayed in Figure 1.
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Tables 1 and 2 summarize data obtained investigating the SAR
requirements of NPS positions 3 and 4, respectively. In line with
previous results>!?, in the calcium mobilization assay NPS
increased intracellular calcium levels in a concentration dependent
manner showing high potency (pECsq ~8) and efficacy (Emax ~
2.5-fold over the basal values).

For investigating the chemical features required in positions 3
and 4 of NPS for NPSR interaction, we adopted a classical approach
in which the original amino acid residues were replaced with
coded and non-coded amino acids. The substitution of Arg> with
aromatic residues (compounds 1-3) produced a drastic loss of bio-
logical activity; the best compound ([His>|NPS) being more than
100-fold less potent than the natural peptide. Similar results were
obtained with non-aromatic lipophilic residues (compounds 4-5).
The introduction in position 3 of residues with hydrophilic neutral
(compounds 6-11), basic (compound 12) or acidic (compounds
13-14) character produced low potency or inactive NPS analogues.
Among these, only [Lys®|NPS displayed a potency value similar to

NH,
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H,N” “COOH  H,N” “COOH H2N COOH  H,N” “COOH  H,N” “COOH
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Figure 1. Chemical formula of the non-coded amino acids employed in this study.
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Table 1

Effects of NPS and [X*]NPS analogues in HEK293 cells expressing the mNPSR

No. Compound PECs0 (CLosy) Emax ¥ SEM
NPS 7.92 (7.83-8.01) 267 +10%

1 [Phe®]NPS Crc incomplete: at 10 uM 46 + 6%

2 [Tyr®]NPS Crc incomplete: at 10 pM: 73 +4%

3 [His®]NPS 5.81 (5.20-6.42) 273 +18%

4 [Leu®|NPS Crc incomplete: at 10 pM 36 + 9%

5 [Val®>]NPS Crc incomplete: at 10 pM 129 + 30%

6  [Thr’]NPS 6.06 (5.97-6.15) 272 +20%

7 [Ser®|NPS Crc incomplete: at 10 pM 175 + 19%

8 [Cys’INPS 6.43 (5.97-6.89) 256 +26%

9  [GIy’|NPS 5.90 (5.71-6.09) 264+ 7%

10 [Asn®]NPS Crc incomplete: at 10 uM 161 £ 33%

11 [GIn®]NPS 6.89 (6.76-7.02) 295 +21%

12 [Lys’INPS 7.74 (7.70-7.78) 290 + 17%

13 [Asp’]NPS Crc incomplete: at 10 uM 73 £ 24%

14  [GIW’]NPS Crc incomplete: at 10 uM 89 + 3%

15  [Orn?|NPS 7.50 (7.24-7.76) 318+ 11%

16  [Nva®]NPS
17  [Abu®]NPS
18 [Dab’]NPS
19 [Dap’]NPS

6.87 (5.95-7.79) 207 £23%
6.29 (5.43-7.15) 218 £17%
6.69 (6.12-7.26) 207 £32%
6.62 (6.32-6.87) 196 +17%
)

20 [Cit’]NPS 6.78 (6.45-7.11 285+ 11%
21 [hArg®]NPS 7.97 (7.70-8.24) 288+ 16%
22 [Arg(Me),>(Asym)]NPS 7.65 (7.52-7.78) 281 +15%
23 [Arg(Me),>(Sym)|NPS  7.50 (7.40-7.60) 272 +10%
24  [Arg(NOy)’INPS 7.66 (7.49-7.83) 288+17%
25  [Arg(Tos)’]NPS Crc incomplete: at 10 pM 104 + 16%

26  [Lys(Tfa)’]NPS 7.07 (6.60-7.54) 231+18%

27  [2-Pal’]NPS
28  [3-Pal’]NPS
29  [4-Pal’]NPS

Crc incomplete: at 10 uM 19 * 4%
Crc incomplete: at 10 uM 42 + 11%
Crc incomplete: at 10 uM 154 + 17%

PECso: the negative logarithm to base 10 of the molar concentration of an agonist
that produces 50% of the maximal possible effect.

CLoss: 95% confidence limits.

Emax: the maximal effect elicited by the agonist expressed as % over the baseline.
SEM: standard error of the mean.

crc: concentration response curve.

Table 2

Effects of hNPS and [X*]hNPS analogues in HEK293 cells expressing the mNPSR

No. Compound PECs0 (CLosy) Emax £ SEM
NPS 7.99 (7.65-8.33) 234 +12%

30 [Asp*INPS Crc incomplete: at 10 uM 146 + 6%

31 [Phe*]NPS Crc incomplete: at 10 uM 118 + 19%

32 [Thr*]NPS 6.99 (6.86-7.12) 253 +10%

33 [GIn*]NPS 6.25 (5.65-6.85) 210+ 19%

34 [Dab*]NPS Crc incomplete: at 10 uM 169 * 18%

35 [Ova*|NPS Crc incomplete: at 10 uM 136 +17%

36 [Nva*]NPS Crc incomplete: at 10 uM 240 + 39%

37 [Nmm*]NPS Crc incomplete: at 10 uM 188 + 18%

38 [Ndm*]NPS Crc incomplete: at 10 uM 89 + 12%

PECso: the negative logarithm to base 10 of the molar concentration of an agonist
that produces 50% of the maximal possible effect.

CLosy: 95% confidence limits.

Emax: the maximal effect elicited by the agonist expressed as % over the baseline.
SEM: standard error of the mean.

crc: concentration response curve.

that of native NPS. These results, obtained by exchanging Arg> with
coded amino acids, suggest that position 3 does not tolerate substi-
tution with aromatic and aliphatic branched residues. The Arg>
replacement with hydrophilic residues with short side chain pro-
duced in general low potency peptides (compounds 6-10). Inter-
estingly, while the substitution of Arg> with GIn (compound 11)
reduced peptide potency only by 10-fold, exchanges to Asn or
Glu lead to inactive analogs. These results, together with the inac-
tivity of [Val’NPS, indicate that a linear 3-carbon atom moiety of
the amino acid side chain, which is similar in both Arg and GIn,
but not in Val or Ala,”"'! is important for binding the NPSR pocket

that harbors the Arg> side chain. However, this same pocked does
not tolerate an acidic side chain as demonstrated by the lack of
activity of [Glu®>]NPS. Moreover, the data obtained by the replace-
ment Arg/Gln suggested that basicity in position 3 is not crucial for
bioactivity.

The shortening of the Lys side chain by one carbon atom (com-
pound 15) appears to be well tolerated producing a peptide only 2-
fold less potent. In addition, the elimination of the primary amino
function (compound 16) produced a modest reduction of biological
activity corroborating the hypothesis that basicity in position 3 is
not a stringent requirement for NPSR interaction. Further shorten-
ing of the side chain (compound 17) reduced peptide potency
while the addition on the ethyl moiety of an amino function, as
in Dab (compound 18), produced an NPS analog with similar po-
tency as compound 16. Finally, the elimination of a methylene
group from the side chain of 18 (compound 19) produced negligi-
ble changes in biological activity. Collectively, these data indicate
that the length of the side chain of the amino acid in position 3
and its linear shape seem to be more important for biological activ-
ity than its basic character. Surprisingly, the transformation of the
guanidine function into urea (compound 20) generated a peptide
10-fold less potent than NPS. Since compound 20 is also less potent
than compound 12 or 15, it is probable that the reduction of NPSR
binding is due to the urea carbonyl (C=0), rather than to its non-
basic character.

An increase in length of the side chain of Arg> (compound 21) or
its methylation (compounds 22 and 23) are completely tolerated.
The elimination of the basic character of the Arg> side chain ob-
tained with compound 24 was tolerated while that obtained with
compound 25 was not. Collectively these results corroborate the
hypothesis that the guanidine moiety and its basicity are not par-
ticularly relevant for biological activity. In addition, the steric hin-
drance of the guanidine moiety does not seem to represent a
particularly stringent chemical requirement since it can be en-
larged (as in compounds 22-24) without loss of potency. However,
this does not apply for moieties as bulky as tosyl since compound
25 was found inactive.

The elimination of the Lys side chain basicity (compound 26)
produced a 3-fold decrease of activity compared to 12; this could
be due, at least in part, to the increase of the side chain steric hin-
drance, similar to what observed with compound 25. Finally we in-
serted in position 3 amino acids with a pyridine nucleus as side
chain, which combines in the same moiety aromatic character
and a nitrogen atom able to accept hydrogen bond (compounds
27-29). In line with previous findings (see compounds 1-3) this
chemical substitution was not tolerated, corroborating the evi-
dence that aromaticity in position 3 is detrimental for NPSR
binding.

Data obtained substituting Asn* in NPS with a limited series of
coded and non-coded amino acids are summarized in Table 2. The
replacement of position 4 with amino acids with acidic (compound
30) or aromatic (compound 31) side chains produced inactive
derivatives. Previous findings'? indicated that aromaticity in posi-
tion 4 is detrimental for biological activity since [His*]NPS was
found more than 100 fold less potent than NPS. A 10-fold reduction
of potency has been obtained by replacing Asn with Thr (com-
pound 32) while the Asn related amino acid GIn (compound 33)
produced a larger decrease of biological activity (55-fold). To inves-
tigate in details the contribution of the primary amide function of
Asn* to biological activity, we substituted either alone (compound
34 and 35) or in combination (compound 36) the C=0 and -NH,
groups with —-CH, and -CH3, respectively. A profound loss of bio-
logical activity (>1000-fold) was observed with all these analogs
suggesting a pivotal role of the amide function of the Asn* side
chain for biological activity. In compounds 37 and 38 this moiety
was mono- or dimethylated generating, also in this case, inactive
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peptides. These latter modifications reduced or eliminated the
hydrogen bond donor properties of the amide function and at the
same time progressively increased the steric hindrance of position
4. The relative importance of these factors in the loss of NPSR bind-
ing can not be clearly unraveled. Collectively, these results, to-
gether with previous Ala- and p-amino acid scan indications”'!,
underline the importance of Asn* for the activity of NPS and sug-
gest strict chemical requirements of the agonist binding pocket
in NPSR allocating the side chain of this residue.

3. Conclusions

In the present SAR study, we investigated the chemical require-
ments of NPS position 3 (Arg) and 4 (Asn) for NPSR binding. Results
related to position 3 suggest that (i) the guanidine moiety and its
basic character are not crucial requirements, (ii) an aliphatic amino
acid with a linear three carbon atom long side chain is sufficient to
bind and fully activate NPSR, (iii) the receptor pocket allocating the
side chain of position 3 can accommodate slightly larger side
chains at least to a certain degree [hArg, Arg(NO,) or Arg(Me),
but not Arg(Tos)]. Position 4 seems to be more sensitive to amino
acids replacement compared to position 3; in fact, all the amino
acid replacements investigated produced an important decrease
of biological activity or generated inactive derivatives suggesting
a pivotal role of the Asn” side chain for NPS bioactivity.

4. Experimental
4.1. General information

Amino acids, protected amino acids, resins for solid phase syn-
thesis and chemicals were purchased from Bachem, Novabiochem,
Fluka or Chem-Impex International. Stock solutions (1 mM) of pep-
tides were made in distilled water and kept at —20 °C until use. All
other reagents were from Sigma (Poole, UK) or Merck (Darmstadet,
Germany) and were of the highest purity available.

4.2. General procedures for the solid phase peptide synthesis

All peptides were synthesised following the procedures previ-
ously reported in details'? using Fmoc/t-butyl chemistry with a
Syro XP multiple peptide synthesizer (MultiSynTech GmbH, Witten
Germany). Fmoc-Ser(tBu)-4-Benzyloxybenzyl Alcohol resin was
used for the synthesis of all peptides. The peptides were cleaved
from the resin using reagent B!'®; after filtration of the exhausted
resin, the solvent was concentrated in vacuo, and the residue
was triturated with ether.

4.3. Peptide purification and analytical determinations

Crude peptides were purified by preparative reversed-phase
HPLC using a Waters Delta Prep 4000 system with a Jupiter column
Cis (250 x 30 mm, 300 A, 15 pum spherical particle size). The col-
umn was perfused at a flow rate of 25 mL/min with a mobile phase
containing solvent A (10%, v/v, acetonitrile in 0.1% TFA), and a lin-
ear gradient from 0% to 50% of solvent B (60%, v/v, acetonitrile in
0.1% TFA) over 25 min for the elution of peptides. Analytical HPLC
analyses were performed on a Beckman 116 liquid chromatograph
equipped with a Beckman 166 diode array detector. Analytical pur-
ity and retention time (tg) of the peptides were determined using
two different HPLC conditions.

Retention time I was obtained using a Luna C;g column
(4.6 x 100 mm, 3 pm particle size) with the above solvent system
(solvents A and B) programmed at a flow rate of 0.5 mL/min using a
linear gradient from 0% to 65% B over 25 min. Retention time Il was

obtained using a Hypersil BDS C;g column (4.6 x 250 mm, 5 pm
particle size) with solvent A: 35 mM NaH,PO,4 (pH 2.1) and solvent
B: 59 mM NaH,PO, (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 60% 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 Micromass ZMD-2000, val-
ues are expressed as MH". The analytical properties of NPS ana-
logues are reported in Table 3.

4.4. Calcium mobilization experiments

HEK293,,,npsr cells were generated as previously described? and
maintained in DMEM medium supplemented with 10% fetal bovine
serum, 2 mM L-Glutamine, Hygromycin (100 mg/L), and cultured
at 37 °Cin 5% CO, humidified air. HEK293,,npsr cells were prepared
for calcium mobilization experiments as previously described.!?
Concentrated solutions (1 mM) of NPS and related peptides were
made in bidistilled water and kept at —20 °C. Serial dilutions were
carried out in HBSS/HEPES (20 mM) buffer (containing 0.02% BSA
fraction V). 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 temperature (~22 °C). On-line additions were carried out in
a volume of 50 pL/well.

Table 3
Analytical properties of the NPS analogues
No. Abbreviated names iy PMH*
I II Calculated Found

hNPS 11.88 19.42 2188.5 2188.2
1 [Phe®]NPS 11.32 19.95 2179.5 2178.9
2 [Tyr3]NPS 10.67 18.86 21955 21943
3 [His>]NPS 10.82 19.07 2169.5 2168.7
4 [Leu®]NPS 11.40 20.15 21455 2144.7
5 [Val’]NPS 11.44 19.11 2131.5 2131.0
6 [Thr|NPS 10.76 19.06 21334 21332
7 [Ser*]NPS 11.14 18.87 21194 2118.9
8 [Cys®INPS 11.83 19.27 21344 2135.0
9 [Gly3]NPS 11.12 19.55 2089.4 2087.9
10 [Asn®]NPS 10.42 18.38 2146.4 21451
11 [GIn®INPS 10.98 19.42 2160.5 2159.5
12 [Lys®]NPS 10.86 19.04 2160.5 2158.9
13 [Asp>|NPS 10.84 18.99 21474 2146.8
14 [GIu?INPS 11.04 19.52 2161.4 2160.6
15 [Orn®|NPS 10.06 17.94 2146.5 2147.1
16 [Nva®]NPS 11.77 19.38 2131.5 21314
17 [Abu3]NPS 11.33 19.12 21174 21164
18 [Dab*|NPS 10.87 19.06 21325 2132.0
19 [Dap?|NPS 10.08 18.00 21185 2117.6
20 [Cit’]NPS 10.15 18.03 2189.5 2190.1
21 [hArg?|NPS 10.20 18.11 2202.5 2201.8
22 [Arg(Me),3(Asym)]NPS 10.60 18.86 22155 2216.0
23 [Arg(Me),3(Sym)]NPS 11.00 19.28 22155 2216.2
24 [Arg(NO,)?|NPS 10.11 18.07 22335 2188.9
25 [Arg(Tos)?|NPS 13.62 22.02 23427 23424
26 [Lys(Tfa)>]NPS 13.18 21.96 2256.5 2256.4
27 [2"-Pal*|NPS 11.30 19.46 2180.5 2180.2
28 [3’-Pal®>]NPS 11.90 19.35 2180.5 2180.2
29 [4’-Pal®>]NPS 10.89 19.39 2180.5 2180.2
30 [Asp*INPS 9.63 11.79 2189.5 2189.2
31 [Phe*]NPS 11.07 13.88 2221.6 2222.0
32 [Thr*]NPS 10.87 13.32 2175.5 2175.6
33 [GIn*]NPS 11.18 13.79 2202.6 2203.2
34 [Dab*]NPS 9.51 11.64 2174.5 2175.0
35 [Ova*]NPS 10.91 13.28 2186.5 2186.2
36 [Nva*|NPS 8.64 10.78 2173.6 2173.8
37 [Nmm*|NPS 9.79 12.01 2202.5 2202.2
38 [Ndm*]NPS 9.65 11.82 22166 22168

@ tg is the retention time determined by analytical HPLC.
> The mass ion (MH*) was obtained by electro spray mass spectrometry.
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4.5. Data analysis and terminology

The data were expressed as mean + SEM of at least four inde-
pendent experiments made in duplicate. Maximum change in fluo-
rescence, expressed in percent of baseline fluorescence, was used
to determine agonist responses. Non-linear regression analysis
using GraphPad Prism software (v.4.0) allowed logistic iterative fit-
ting of the resultant responses and the calculation of agonist
potencies and maximal effects. Agonist potencies are given as
PECs (the negative logarithm to base 10 of the molar concentra-
tion of an agonist that produces 50% of the maximal possible ef-
fect). Differences in maximal effects between ligands were
statistically analyzed via one-way analysis of variance followed
by the Dunnett’s test for multiple comparisons.
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