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Metastin, also known as KiSS-1, the cognate ligand for the metastin receptor GPR54, is a peptide known
to dramatically reduce metastasis in experimental models. Despite this, there is no reported structure for
metastin nor any small molecule modulators of metastin function that could be used either clinically or
experimentally. Here we report the NMR solution structure of a 13-residue metastin peptide in a membrane-
like environment (SDS micelles) and find it to have a relatively stable helix conformation from residues 7

to 13. In assays for metastin receptor binding and calcium flux with receptor-transfected HEK-293 cells, we
demonstrate through alanine scanning and amino acid substitutions that the peptide C-terminus shows helix
periodicity in an NMR structural model and that Phe9, Arg12, and Phel3 are crucial to the activity of the
peptide. These three residues lie on one face of the helix and define a pharmacophore site for metastin. We
used these pharmacophore features in small molecule database searches to identify hits with submicromolar
affinity for the metastin receptor. We also show here that molecules mimicking key elements of this
pharmacophore site bind to the metastin receptor and act as full agonists, albeit with reduced potency compared
to that of metastin itself. Together this structuigetivity approach may yield pharmacologically useful
compounds relevant in defining and modulating metastin receptor function.

Introduction patients, the loss of metastin receptor expression was also

Metastin, also known as kisspeptin or KiSS-1, was first observed, v_vhile in thyroid cancer, th_e expression o_f KiSS-_l
described as a tumor suppressor in 1898licrocell-mediated and metastin receptor was mc_reased in less aggressive papillary
chromosome transfer was used to identify the gene, first thoughtCancers but was decreased in more aggressive follicular ad-
to be localized to chromosome 6. Subsequent mapping of €N0mMas?

KiSS-1 revealed that the gene was actually on chromosome The basic biology of metastin and metastin receptor, or what
1134suggesting that a trans-acting regulator of its expression, Signals and pathways are responsible for its biological action,
perhaps a transcriptional activator, was present on chromosomeg€émains poorly defined. It has been reported that the receptor
6 that permitted its expression. In 2001, an orphan G protein- iS exclusively coupled to Gqg, activates ERK, and promotes FAK
coupled receptor, termed hOT7T175, was identified as the and paxillin phosphorylation and cytoskeletal rearrangefent.
KiSS-1 receptoP. The same receptor was isolated by three Earlier reports suggest the metastin peptide is a substrate for
different groups and alternately called AXOR1® GPR54 matrix metalloproteinases and downregulates their expression
Simultaneously, the ligand, metastin, was identified as a Via the NFxB pathway34A more recent report suggests that
C-terminal amidated peptide of 54, 13, or 10 amino acids in the receptor activates a pathway different from other Gg-coupled
length. The small fragments were the result of metastin GPCRs and may upregulate proapoptotic genes that lead to cell
proteolysis and were detectable in placental extract as well asCycle arrest and apoptosisThere has also been a recent surge
in human seruni-8 A minimal length of 10 amino acids Of interest in metastin centered on the regulation of gonado-
[YNWNSFGLRF] and C-terminal amidation were found to be trophin releasing hormone and its apparently critical role in
critical for biological activity. Transfection of the receptor into ~ Séxual maturation and control of the hypothalarpduitary—
highly metastatic melanoma cells followed by administration gonadal axig$7

of KiSS-1 ligand dramatically reduced the number of lung  Considering this body of knowledge, it is surprising that little
metastases with little or no effect on the primary turh®p. is known about the detailed mechanism through which metastin

In the clinic, several analyses suggest that either a reductionexerts its biological effects. Furthermore, there appears to be
in metastin ligand or a reduction in receptor expression correlateslittle effort directed toward finding biological or small molecule
with a poorer prognosis and more aggressive metastasis inmodulators of metastin, even though there is evidence that the
cancer patients. In esophagéaladderi? gastric!! and thyroid peptide and its receptor might be pharmaceutically attractive
cancet? patients whose tumors showed a loss of KiSS-1 ligand targets for intervention against cancer and in the area of
expression invariably suffered a poorer prognosis and had areproduction. One reason for this may be the perceived
greater metastatic potential. In studies of esophageal carcinomantractability of modulating a peptide receptor with a small
molecule therapeutic, combined with the prospect of lengthy
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on peptide SAR (structureactivity relationship) information. 2.9,3.3-35,4.0,5.0, and 6.0 A, respectively. The lower bound
Recently, for example, we reported the ORL-1 (OP4) receptor restraint between nonbonded protons was set to 1.8 A. Hydrogen
binding pharmacophore site of the nociceptin peptide 17mer, bond constraints were identified from the pattern of sequential NOEs
based on SAR information derived from the NMRuclear involving NH and GH protons, initial structure calculations
magnetic resonance spectroscopy) structure and receptor binding?e”(‘.)rmed without hydrogen bond constraints, and evidence of
and functional assays. Using this SAR approach led to a much elatively slow amide protonasolvent exchange and NH temperature

. . ; . . . factors. Each hydrogen bond identified was defined using two
higher hit rate than conventional random screening to identify istance constraintsiy_o = 1.8 10 2.5 A andy_o = 2.5 t0 3.3 A.

small molecules that interact with the receptdin this report, Final structure calcluations were performed with hydrogen bond
we used the same approach to identify a metastin pharmacophoregestraints.

that was useful in database mining of small molecules. These Derived internuclear distance constraints were used in calculating
molecules bind the metastin receptor and provide potential leadsstructures for the metastin peptide by using X-PLORIetastin

for further investigation. was created using parallhdg.pro force fields. A template coordinate
set was generated by using tliemplateroutine. The ab initio
Experimental Section simulated annealing (SA) protocol was then used. The SA procedure

ran high-temperature dynamics (3000 K for 120 ps) and then cooled
down to 100 K in 50 K steps with 1.5 ps molecular dynamics at
each step. Powell minimization was performed at 100 K for 1000
steps. Structure refinement was done based on simulated annealing
starting at 1000 K and ending at 100 K. Final structures were
subjected to the X-PLOR Accept routine with the violation threshold
for NOEs of 0.5 A and dihedral angles of.5f the Accept routine

g Yielded no or few structures due to restraint violations, various

peptide was dissolved to 1 mM in water B or D,O) or in 100 internuclear restraint_s_ were either _relaxec_i or rem_oved. In no
mM SDS (sodium dodecyl sulfate)/water, and the solution pH was circumstance were critical backbone interaction restraints removed.
adjusted to pH 5.5 by addind- quantities of NaOH or HCI to the Angles, bond lengths, or impropers were not allowed to deviate
sample. NMR spectra were acquired at various temperatures O™ ideal geometry more tharf,50.05 A, and 5, respectively.
between 5°C and 40°C on a Varian UNITY Plus-600 NMR Structztéres were superimposed using the viewing program MOL-
spectrometer. MOL.

Two-dimensional (2D) homonuclear magnetization transfer (HO- Meta_lstin Bindir_lg Assay.Binding assays were perforr_ned using_
HAHA) spectra, obtained by spin-locking with a MLEV-17 metastin-expressing membranes purchased from Perkin-Elmer Life

sequenc® with a mixing time of 60 ms, were used to identify spin Sciences according to manufacturer’s directions. Briefly, between

systems. NOESY (nuclear Overhauser effect spectroscopy) experi-1 a”nd 2ug |0f membranle (cfependfing orl;.lcg[.) W%S f?dde%in a 96-
ment$2were performed for conformational analysis. All 2D-NMR ‘4"? mgFODHa;eJnlgtOta I\\;Io umi 0 I\/almELD'II'R 'r_‘rg tl: er (5 ?de
spectra were acquired in the states-TPPI phase sensitive#de. 11S-HCl pH 7.4,10 mM MgGl, 1 m ). To this was adde

The water resonance was suppressed by direct irradiation (0.8 st #L Of peptide or compound and 5L of **3-metastin (final
at the water frequency during the relaxafion delay between scansconcentration, 0.5 nM) diluted in binding buffer supplemented with
as well as during the mixing time in NOESY experiments. 2D- 0.5% BSA. Binding reactions were incubated at room temperature

NMR spectra were collected as 512 t1 experiments, each with 2048{3r 1 hwith shak(ijng, _tneg glgg/red olverhGlF/ c _filt_erplaltzgls (Perkin-
complex data points over a spectral width of 8 kHz in both EImer prewetted with 0.03% polyethyleneimine. Filters were

dimensions with the carrier placed on the water resonance. ForWashed six times with 50 mM Tris-HCI, pH 7.4, and dried under

HOHAHA and NOESY spectra, 8 and 16 scans, respectively, were vzt(:jut&m. Micr0ﬁcint C(iPehrkin-lEImer) in the arln(éunt gf A0 waz .
time averaged per t1 experiment. Data were processed via NM-2dded per well, and the plates were sealed and counted in a
RPip&5 on an SGI workstation. Data sets were multiplied in both 1oPCount (Perkin-Elmer). Competition binding curves #nualues

dimensions by a 30 to 60 degree shifted sine-bell function and a Were calqulated u_sing GraphPad Prism Y'S'O software. .
Gaussian function. In addition, data sets were also zero-filled in . Metastin Functional Assay.The metastin receptor cloned into
the t1 dimension with linear prediction applied prior to Fourier the pcDNA3 vector was used to transfect HEK-293 cells, which

transformation. To reduce residual solvent noise, residual water was/Vere then selected using G418. Initial clones were screened using
muted on NMRPipe processig. FL]PR-3$4 (Molecular ng[ces) to obtain a clone with a high signal/
Backbone NH exchange experiments were performed on metastin0iSe ratio and an Eg similar to that reported elsewheté.The
peptides in 100 mM SDS/water at pH 5.5. Fresh peptides or clone selected had an g&of 17.3 nM in the calcium flux assay
hydrogen-exchanged peptides were quickly dissolved in solution d€scribed below andi§ = 1.3 nM, as determined by the previously
immediately prior to acquisition of a series of HOHAHA spectra, described metastin receptor binding assay. This cell line was

Data were processed as described above, and resonance intensitiét$Signated 4B1 and used for all experiments. Functional assays
were used to assess relative backbone NH exchange rates. IfVere performed by first seeding 96-well black/clear microplates

addition, HOHAHA data were acquired on metastin peptides BD Biosciences) with 80 000 c;ells/well two days prior to assay.
dissolved in 100 mM SDS/water, as a function of solution 1he day of assay, SOL of calcium 3 dye (Molecular Devices)
temperature, and temperature factors were determined as describey@S added to the existing 5L of media without removal or
in the literature?® The presence of relatively low NH temperature washing. Cells were incubatedr fb h before initiating experiments.

factors were taken to indicate involvement of a particular backbone FOr the assay, 10 1-second baseline images were obtained in the
NH in a hydrogen bond. FLIPR-384, and then 2aL of peptide diluted in water to 5-fold

Structural Modeling. Interproton distance constraints were the indicated final concentration was added. Images were then taken
derived from NOEs (nuclear Overhauser effect) assignetHin ~ ONce every second for 60 s and then onceye8es for an additional
NOESY spectra acquired with mixing times of 200 and 400 ms. 60 s. The difference between the peak and baseline fluorescence
NOESs were classified as strong, medium, weak, very weak, or very, Values was calculated and ECvalues were generated using

very weak, corresponding to upper bound distance constraints of GraphPad Prism v.3.0. ) , _
Three-Dimensional Database SearchingThree-dimensional

a Abbreviations: NMR, nuclear magnetic resonance spectroscopy; (SD.) flex searches were performed using the.Unit.y 4.2 program
NOESY, nuclear Overhauser effect spectroscopy; NOE, nuclear Overhauser( T"iPOs, Inc., 1699 South Hanley Road, St. Louis, Missouri 63144)
effect; HTS, high-throughput screening; SDS, sodium dodecyl sulfate; Bztc, With implementation of the directed tweak algorithm for confor-
benzethonium hydrochloride. mational searching of the corporate database. Three point queries

Peptides and ReagentdMetastin was purchased from Phoenix
Pharmaceuticals (Belmont, CA) or synthesized by SynPep Corpora-
tion. All amino acid substituted peptides of metastin were synthe-
sized by SynPep?3-metastin was purchased from Perkin-Elmer
Life Sciences. Benzethonium chloride, neuropeptide Y, neuropep-
tide FF, prolactin releasing peptide (BIBP 3226) and2 (GR
231118) were purchased from Sigma.

NMR Measurements. For NMR measurements, freeze-drie
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Conformational modeling was performed using NOE data
acquired for metastin-13, 13-i10A11, and delGly10 in the
presence of SDS micelles. A total of 294, 300, and 231 NOE
distance constraints were derived from analysis of NOESY
spectra for each of the peptides, respectively. These include 173,
159, and 125 intraresidue constraints; 95, 69, and 64 sequential
constraints; and 26, 72, and 42 medium-rangje—(j| < 5)
constraints for metastin-13, 13-i10A11, and delGly10, respec-
tively. A total of four hydrogen bonds for metastin-13 could be
identified by inspection of long-lived backbone NHs (residues
9,11, 12, and 13) for metastin-13, in addition to eight hydrogen
bonds identified by temperature factors (residue9411—13).

The combination of these two experiments gave a net of 8
hydrogen bonds and 16 hydrogen bond constraints. No hydrogen
bonds could be identified for 13-i10A11 via inspection of long-
lived backbone NHs via exchange experiments; however, seven

- hydrogen bonds could be identified via inspection of temperature

Lu factors (residues 4,-610, 13, 14), giving rise to 14 hydrogen
0 bond constraints. A total of seven hydrogen bonds could be
44 x4 identified by inspection of long-lived backbone NHs (residues
FoQ0 4,6-9, 11, 12) for delGly10 in addition to six hydrogen bonds
FI30 identified by temperature factors (residues 4,9% 11, 12),

NS giving rise to 14 hydrogen bond distance restraints. The total
=) number of experimentally derived constraints was, therefore,
R e Pl 310, 314, and 244 for metastin-13, 13-i10A11, and delGly10,

TH chemical shift, ppm respectively, giving an average of 24, 22, and 20 constraints
i i i ) per residue for metastin-13, 13-i10A11, and delGly10, respec-
Figure 1. TOCSY spectra for metastin-13 in water and in the presence tivel
of SDS. TheoN fingerprint regions from 600 MH#H NMR TOCSY y .
spectra are shown for metastin in water (A) and in the presence of Initially, 100 structures for each peptide were calculated as
SDS micelles (B). Peptide concentration was 1 mM in 90800% described in Experimental Section. From the Accept routine in
D20, £100 mM SDS, pH 5.5 and 2€C. Spectra were accumulated  XPLOR, the 33 lowest energy structures for metsatin-13 were
with 2048 k data points over a sweep width of 8000 Hz. selected and are superimposed (backbohatéms) in Figure
] o o ] 2A. These structures showed no NOE violations greater than
were defined for explicit atom types within the peptide pr}sz\arma- 0.5 A and satisfy experimental constraints quite well. Structural
g?g:g;? duséﬁ?ng'sssigfeeucs%résﬁmz \f/lvtlatfibtlcél?s?:r%iﬁg %he'Unity statistics are summarized in Table 1. For these 33 structures,
database was created from the command line starting from athe ?‘.“’m'c RMS differences with respect to the mean coordinate
i . positions were 0.56 0.16 A for backbone N, § and C atoms
Concord-generated 3D sd file. . >
and 1.50+ 0.27 A for all heavy atoms. The best defined region
in metastin-13 is at the C-terminus with a helix running from

NMR Conformational Analysis. Initially we ran NMR Asn7 to Phe_13. . . .
spectra for metastin-46, metastin-10, and metsatin-13 in water For metastin variant peptide 13-110A11, the 29 lowest energy

and in the presence of SDS micelles. Because metastin-agStructures were selected from the Accept routine in XPLOR.

displayed significant resonance overlap and metastin-10 peptide! '€S€ Structures are superimposed (backbohetGms) in

gave relatively poor NMR spectra, we focused our efforts on Figure 2B and also show no NOE violations greater than 0.5 A

metastin-13, which gave acceptable spectra when in solutionand_ ;atisfy experim_enta_l constraints q“iFe well. Structural
with SDS micelles. In water, TOCSYAN cross-peaks for statistics are summarized in Table_ 1. Analysis qfthese structures
metastin-13 are weak and rather broad and not even apparentloWs @ well-formed helix running from residue 6 through
for some resonance cross-peaks (Figure 1A). In the presencées'due 14, with a less st_ructurally_defmed N-te_rmmus. For these
of SDS micelles, metastin-13 displays more well-defined and 29 structures, the atomic RMS differences with respect to the
better dispersed TOCS¥N cross-peaks (Figure 1B). This mfan coordinate positions were 0.810.3 A for backbone N,
sample was then used to acquire NOESY data for structure €™ @nd C atoms and 1.84 0.39 A for all heavy atoms.
elucidation. Figure 2A (bottom) summarizes backbone to  For metastin variant peptide delGly10, the 18 lowest energy
backbone NOEs, along with NH temperature factors and slow structures were selected from the Accept routine in XPLOR.
NH exchange, observed for metastin-13. The pattern of NOEs These structures are superimposed (backboheatGms) in
suggests formation of hefat the C-terminus from Asn7 to  Figure 2C, and show no NOE violations greater than 0.5 A and
Phel13 and a somewhat less-ordered structure at the N-terminus$ati5fy experimental constraints quite well. Structural statistics
Slow exchange of NHs for metastin-13 residues F9, L11, R12, are also summarized in Table 1. In this case, helix runs from
and F13 and\0/AT values more positive than4.5 ppb/K for residue 2 through residue 12, and the atomic RMS differences
all residues except L1, P2, N3, G10, and L11 are consistentWith respect to the mean coordinate positions were @32
with the presence of helix. Two variant peptides of metastin- 0.14 A for backbone N, € and C atoms and 1.1# 0.20 A

13 (to be discussed further below) were also structurally for all heavy atoms.

investigated (bottom of Figure 2B and C), one with an alanine  Metastin Structure—Activity Relationships. Structure is
addition (13-i10A11) making a peptide 14mer and one with a only one component used to define SAR for a peptide.
G10 deletion (delGly10) making a peptide 12mer. Biological activity is the other. Because metastin is a Gg-coupled

TH chemical shift, ppm

4.2

4.6 N0

N3Q

Results
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Figure 2. Summary of NOEs and derived structures. Structural information is provided for metastin-13 (A) in SDS, along with two variants:
13-i10A11 (B) and delGly10 (C). Observed backbone-to-backbone NOEs are summarized at the bottom of each set of superimposed structures
(Final Accept structures), with the thickness of the bar being proportional to the magnitude of the NOE. Relatively long-lived backbone NHs are
indicated by circles and low-temperature factors are indicated with solid squares.

Table 1. Structural Statistics for the Lowest Energy Structures Table 2. Binding of Metastin and Metastin-Derived Peptides to the
13mer (33) 14met (29) 12met (18) Metastm Receptork;) and Calcium Release Functional Activity (EfC
of Peptides
RMS deviation (A) - ,
NOE (140)  0.085:0.002  0.084:0.002  0.08%% 0.004 peptide Ki (nM) ECso (M)
H-bonds 16 14 14 10-meR 1.3+ 0.6 17.3+10.7
Y4A 10.5+ 3.3 33.0+ 14.8

deviations from idealized geometry

bonds (&)  0.0098: 0.0002  0.0096- 0.0002 0.009G: 0.0003 NSA 211t 4.7 80.3+14.9
angles {) 0.9+ 0.02 0.97+ 0.02 1.0+ 0.02 W6A 18+04 113£2.9
N7A 33.4+95 39.5+ 6.6

energies (kcamol™1) S8A 0.8+ 0.3 29.4+ 15.7

Enoe® 110+5 110+ 5 93+ 8 FOA 198.3+ 38.1 285.0+ 76.4

Ebond 22+0.7 22+1.0 18+ 1.1 G10A 5.0+ 1.4 22.2+10.4

Eangle 48+ 3.5 61+ 3 57+ 1.7 L11A 295+ 7.7 108.3+ 38.0
Etotal 200+ 9 224+8 220+ 14 R12A 82.7+ 11.0 87.8£ 3.3

2The number of structures over which values have been averagads ESA 242‘ﬁ 8744 3327 B&i il)lg"l

deviations from experimental distance restraints (A). None of the final 4 -mer ’ 1'2 ' 1 '4

structures exhibited distance restraint violations greater than 0.5 A or 6-mer 31 80.3+ 10.
dihedral angle violations greater thah RMSD values represent the mean aResults are averaged from a minimum of four experiments performed

and standard deviations for the structur€she final values of the NOE in duplicate (receptor binding) or triplicate (calcium release).

(ENOE), torsion angle (ECDIH), and NCS (ENCS) potentials have been
calculated with force constants of 50 keabl~1-A~2, 200 kcaimol~t-rad2,

and 300 kcamol-1-A 2, respectively. the sequential numbering of the 13-mer, that is, Tyr4 through

Phel3.

receptor, we used calcium release as a functional assay together Initially, we performed an alanine scan on metastin-10 and
with a competitive metastin receptor binding assay to assessassayed these peptides for receptor binding and calcium release.
activity on metastin and a number of amino acid substituted Representative curves for receptor binding and calcium release
variants of metastin-13. are illustrated in Figure 3A and B, respectively. These data are
Initially, we performed these assays on metastin-46, metastin- more easily digested by plotting the ratios of receptor binding

13, and metastin-10 [YNWNSFGLRFK; values (receptor  and calcium release of the variants to those of the parent
binding) and EGo values (calcium mobilization) are presented metastin-10 peptide, as shown in bar graph format in Figure
in Table 2. The activity of the three peptides in both binding 4A and B. The higher the bar, the more reduced is either receptor
and functional assays were essentially the same; thereforebinding or signaling relative to that of the native metastin. The
further substitution studies were performed only on metastin- correlation coefficient for receptor binding and calcium release
10. Because the NMR structure was done on metastin-13, weis 0.97 < 0.0001), as shown in Figure 4. From these data, it
shall hereafter in this section refer to the residues according tois apparent that alanine substitutions at Phe9, Arg12, and Phel3
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Figure 3. Binding and functional properties of metastin-10 peptide variants. Exemplary dose response curves for competitive metastin receptor
binding (A) and calcium release (B) are shown for some alanine substituted variants. Competitive receptor binding and calcium release were
performed as described in Experimental Section. Values represent the average of at least four independent experiments. Numerical values for these
data are summarized in Table 2.

produce the most dramatic decreases in activity, although metastin receptor binding and calcium release assays. Results
another sensitive position is Leull. are provided in Table 3.

The NMR-derived structure (Figure 2A) indicates that the  First, we modified the C-terminal amide to the free acid,
metastin peptide forms a helix from residue Asn7 to Phel3, which led to a dramatic loss of activity in agreement with
which encompasses these functionally key residues. This modelprevious studies (Table 3).Then, we made a series of
has Phe9 and Phel3 lying nearly on top of one another on onesubstitutions. Substitutions of Phe9 and Phel3 with Tyr, Trp,
face, with Glyl0 and Leull on the other face, and Argl2 cyclohexylalanine (CHA), and 3-pyridinylalanine (3-Pal) were
positioned at the side (Figures 2A and 5A). While one cannot well tolerated at both positions, with little or no significant
conclude definitively from the NMR-derived structure that a change in either binding affinity or agonist potency. These data
helix is the bioactive conformation, further analysis of the indicate that neither position requires an aromatic ring and that
alanine scanning data for metastin receptor binding and signalingboth positions tolerate a nitrogen-substituted aromatic ring.
strongly supports this view. Namely, helix periodicity from Phe9 Further, a hydrophobic group may be sufficient for activity as
to Phel3 is reflected in the alanine-substitution activity profiles reflected by the activity of the cyclohexylalanine substitutions.
(Figure 4), where activity is decreased in Phe9Ala (residue In contrast, substitution of Phe9 or Phel3 with His, Arg, Leu,
and then again in Argl2Ala (- 3) and more so in Phel3Ala or GIn produced significant decreases in both receptor binding
(i + 4). Albeit only over one turn of a helix, this is consistent affinity and agonist activity. In each case, the effect of
with the NMR-derived structure. In effect, these structure  substitution at Phel3 was correspondingly greater than that at
function relationships yielded a working model for a pharma- Phe9, suggesting that Phe9 better tolerates these substitutions.
cophore site of the metastin peptide. This model has the phenylWhen either Ala or Arg was substituted at Phe9 and Phel3,
ring of Phe9 on top of that of Phel3 and flanked by Argl2 and simultaneously, receptor binding and function were completely
suggests that the metastin peptide, when folded in this fashion,lost. Together, these data suggest that positions 9 and 13 prefer
interacts with its receptor via both hydrophobic aromatic ring a six-membered ring but that aromaticity and nitrogen substitu-
residues and a positively charged arginine residue. This modeltion, as well as distance of the ring from the peptide backbone,
can be used to identify novel nonpeptide modulators of metastin are not critical.
receptor as potential drug candidates, as discussed further below. Next, we investigated the effect of substitutions at Gly10,

Chemical Substitutions at the Pharmacophore SiteHaving Leull, and Argl2. Based on the helical conformation of the
identified a pharmacophore site for metastin, we then neededpeptide, helix-breaking Pro residues were introduced at Gly10
to determine its sensitivity to chemical substitution. This and Leull in two single-substituted variants. Both of these
information is crucial to screen small molecule libraries using peptides displayed greatly reduced affinity and agonist activity
search algorithms that rely on selecting spatially related points (Table 3) compared to the native peptide. Substitution of Gly10
in a structure and assigning chemical substituents for pharma-with Leu also significantly reduced both affinity and activity.
cophore queries. To this end, we performed an additional round At Leul1, substitution with lle was less tolerated than with Nle.
of substitutions limited to residues within the pharmacophore This may be explained, at least in part, by the propensity of lle
site [Phe9 to Phel3] and screened these variant peptides in théo form g structure compared to that of Leu, which has more
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25+ R Table 3. Binding of Metastin-10 Variant Peptides to Metastin Receptor
o A gggi (Ki) and Calcium Release Functional Activity (&fC
§ K peptide Ki (nM) ECso (nM)
© RRX B
B 95955 9620 . . . .
g 1 i Egya 1?3 721 2 2 38 gi 2054
S FoL 1418+ 27.2 290.3+ 85.5
2 s F9Cha 2.0£0.6 17.6+ 8.3
3 s FOH 109.6+ 28.8 101.4+ 12.2
x5 K5 % F9-3-Pal 47£0.7 11.8+ 4.3
------ R B FIQ 298.2+ 27.4 215.2+ 65.8
0 FOR 196.7+ 49.3 86.7+ 23.9
250 F13W 1.6+ 0.4 33.8+ 14.4
- F13Y 22401 46.3+ 11.3
£ 5004 B F13L 80.8+ 7.2 392.8+ 107.4
3 o e F13Cha 11.31.9 91.7+ 20.0
= 150 R e F13H 161.8+ 25.4 385.2+ 71.8
£ R B F13-3-Pal 9.3 1.0 102.9+ 36.5
£ e o F13Q 494.9+ 63.3 2097.3 305.8
0 1909 35 o B F13R 10000 10000
£ s K51 B33 FOAF13A 10 000 10 000
2 % K K51 K55 FORF13R 10 000 10 000
s B35 ks delG10 10 000 10 000
0B TS G10L 775.2+ 108.4 791.8+ 144.8
Y NWNSF F G10P 10 000 10 000
L11l 51.5+10.9 110.0+ 29.2
Residue L11Nle 15.84 4.3 25.84+ 15.6
L11P 10 000 644.8 129.6
R12K 9.4+ 6.0 69.8+ 12.5
o8 R12Cit 88.1+ 7.9 213.7+ 84.3
9 C R12Bphe 10 000 10 000
S ol 13-i110A1 94.8+ 16.4 290.2+ 46.3
T 13(-acid) 551.8+ 54.0 1068.5+ 116.1
F 15 a Results are averaged from a minimum of four experiments performed
“8 10 in duplicate (receptor binding) or triplicate (calcium release).
g above) on both variants and calculated their NOE-based
5 ° structures, as was done with parent metastin-13. Backbone
£ ol superpositions of their calculated structures are illustrated in

Figure 2B and C. As can be seen, both variant peptides maintain
helical conformation like metastin-13. However, Phe9 and Phel3
in either variant have a different spatial relationship compared
Figure 4. Relative K; values and functional E& values for the to these residues in parent metastin-13. Together these data
metastin-10 alanine-scanning substitutions. Data shown in panels Ajndicate that the precise spatial arrangement of residues within
and B were obtained by calculating the natural logarithm of the i hharmacophore site of metastin-13 is crucial to activity.

experimental value for an alanine-substituted peptide divided by the . -
value for native metastin-10. A correlation plot for metastin receptor Small Molecule Database Searching Using the Pharma-

binding and calcium release is shown as an insert; a standard linear fitCOPhore Model. The metastin peptide SAR highlights the
gives a correlation coefficient of 0.97. biological relevance of four amino acid side chains, Phe-9, Phe-

13, Leu-11, and Arg-12, along with the C-terminal amide group.
a-helical potential, and Nle, which has an intermediate pro- Three four-point pharmacophore-based search queries were
pensity3? Substitution of Arg12 with Lys was better tolerated designed that included these biologically relevant chemical
than that with Ala, in respect to binding affinity, but only features. The first query comprised two phenyl rings representing
marginally improved in agonist activity (Table 3). In contrast, Phe-9 and Phe-13 phenyl groups, an ionizable basic group
substitution of Arg12 with citrulline (urea) produced a peptide representing the positively charged guanidine group of Arg-
with Ala-like receptor binding affinity but considerably poorer 12, and an isopropyl group to represent the side chain of Leu-
agonist function. This observation suggests that a positive chargell (Figure 5B). These groups were chosen for the following
is more important than hydrogen-bonding potential for receptor reasons. Both Phe-9 and Phe-13 substitutions with Tyr residues
binding affinity, but less critical for agonist function. In contrast, showed little effect on activity, with these mutants being almost
substitution of Argl2 with3-phenylalanine completely abro- equipotent to the native peptide. Therefore, the phenyl group
gated receptor binding and functional activity. It is likely that was used as a feature at both C-terminal Phe locations.
the introduction of this bulky hydrophobic group significantly ~Substitution of Arg-12 with a citrulline side chain led to a
alters interaction with the receptor binding pocket. substantial loss in activity, demonstrating the importance of the

To test how much variance may be allowed within the positively charged terminus. This was further supported by
pharmacophore site, we increased and decreased the length dfiological data showing the tolerance of a Lys substitution at
metastin-13 by one residue. Two variants were made: deletionArg-12. From these data, we selected the positively charged
of Gly10 (delGly10) and insertion of an alanine residue between terminus as an additional pharmacophore feature. Finally, when
residues Gly10 and Leull (13-i10A11). DelGly10 produced an Leu-11 was changed to Ala or even lle, a substantial loss in
essentially inactive peptide and the alanine insertion variant (13- activity resulted. Therefore, the explicit Leu side chain isopropyl
i10A11) significantly reduced both receptor binding and agonist group was specified in the pharmacophore.
activity but did not abolish it. To further explore this structtre The second four-point pharmacophore-based search query was
activity effect, we acquired NMR structural data (described nearly identical to the first, except for the change of the Phe-9

0 50 100 150 200 250
Relative binding activity
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7.5(4.99.0)

R12
e

F13

F9

7.5(4.5-9.0)

Hydrophobic

Figure 5. Pharmacophore queries 1, 2, and 3 are shown superimposed over the lowest energy NMR-derived structure of metastin-13. (A) The
lowest energy NMR-derived structure of metastin-13 exhibiting residues F9 through F13 is shown with the backbone atoms in red, side chain atoms
in gray, and guanidinium nitrogens in blue. (B) Distance constraints for F9, L11, R12, and F13 with side chain centroids represented as spheres are
shown superimposed with blue lines representing distance constraints. Also labeled are the mean distance constraints between pharmacophore
points with the highest and lowest distances for each constraint from the 33 lowest energy NMR-derived structures from metastin-13. (C) Same as
for (B), with the exception of a general hydrophobic constraint replacing the centroid for F9. (D) Distance constraints for F9, L11, F13, and F13
C-terminus amide with side chain centroids represented as spheres shown superimposed with blue lines representing distance constraints. Distance
are as for B and C.

Table 4. Screening Data for Metastin Pharmacophores

hit ratet hit ratet
numbef pharmacophore features (for 50% inhibition) (for 60% inhibition)
1 2 phenyl, positive ionizable, isopropyl 61/8367.3% 50/836= 6.0%
2 2 hydrophobic, positive ionizable, isopropyl 86/595.4.4% 50/595= 8.4%
3 2 hydrophobic, isopropyl, amide 24/3666.6% 19/366= 5.2%

aThe number of the pharmacophore refers to the description in the text, the features of each pharmacophore are noted, and the hit rate is based on percent
inhibition of 123-metastin-10 in a competitive receptor binding assay performed at a screening concentratigiVofTt& number of hits and hit rates are
provided for a cutoff of either 50% or 60% inhibition.

phenyl feature to a general hydrophobic group (Figure 5C). This broader condition of hydrophobicity rather than an explicit
change in the query was made because the peptide SARphenyl group at the Phe-9 and Phe-13 positions. These hit rates
demonstrated that the Phe-9-CHA substitution had no significant exceed the expected 0.5% to 1% hit rate typically observed with
effect on activity (Table 3), illustrating the importance of a large random high-throughput screening (HTS).
bulky hydrophobic group, but not necessarily an aromatic group, To further explore the quality of these compounds, we
at that position. selected a total of 55 compounds that demonstrated 80% or

The third four-point query used the Leu-11 isopropyl group, greater inhibition of metastin binding at the &M screening
the Phe-9 hydrophobic group, and the Phe-13 phenyl group,concentration and obtaineld; values for metastin receptor
together with the C-terminal amide (Figure 5D). The C-terminal binding. This represents an overall hit rate of 3.1% (55
amide was included in this query because deamidation to thecompounds of 1797 screened). Of these 55 compounds, 21
free acid form was shown to significantly inhibit both receptor (38%, 1.2% of 1797 screened compounds) exhibitedalues
binding and agonist function (Table 3). equal to or less than &M, with the most potent compound

To demonstrate that these pharmacophore-based queries couldaving aK; of 0.29 uM.
lead to small molecule hits that possessed affinity for the  We then tested these 21 compounds further for functional
metastin receptor, the corporate Johnson & Johnson library wasactivity as agonists or antagonists. For agonist activity, com-
searched using these three pharamacophore queries, whiclpounds were added directly to cells expressing metastin receptor
resulted in identification of nearly 2000 compounds. These and assayed as described for peptides in Experimental Section.
compounds were assayed using competitive receptor bindingWe discovered four compounds with detectable agonist activity
at a concentration of 1pM for the initial screen. Screening  compared to vehicle background, ranging from 11 to 38% of
data are summarized in Table 4. Hit rates range from 5.2% to maximal activity, which was defined as the maximal calcium
8.4% using 60% inhibition of binding at a 1M screening mobilization exhibited by 10uM metastin 10-mer. Two
concentration as the cutoff. Relaxing the cutoff to 50% inhibiton compounds were derived from pharmacophore-based query 1
of binding did not yield an appreciable increase in hits, with and one each from pharmacophore-based queries 2 and 3. The
the exception of the second pharmacophore, which imposed thecompound with the best agonist activity, (JNJ-8706646}
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desensitization that was dose-dependent and proportional to their
potency as agonists (data not shown).

Given that3 was the best compound identified from our
search, we wanted to compare that structure with the orientation
of residues Phe9, Argl2, and Phel3 from the NMR-derived
metastin pharmacophore-based query 3. The 2D chemical
structure of3 is shown in Figure 6A, while3 is shown
overlapping pharmacophore-based query 3 in Figure 6B and
C. Figure 6B compares pharmacophore-based query 3 with an
energy-minimized 3D model & showing how the query points
corresponding to the F13 aromatic, C-terminus amide, and L11
hydrophobic groups correspond to an aromatic group, amine,
and hydrophobic group froi8. Figure 6C shows an alternative
structure where the sulfur-containing aromatic grouj3 efas
allowed to rotate. Here query 3 points corresponding to
aromatics from F9 and F13 match aromatics fr@nand the
guanidinium from query 3 corresponds to the amine fl@m

Furthermore, differences in distances (see the triangles)
among these peptide variants parallel differences in the func-
tional data. Peptide delGly10 has inter-residue distances that
are closer to those of metastin-13 than of peptide 13-i10A11
and is also more biologically active in the metastin assays than
peptide 13-i10A11. Once again, this supports our NMR
structure-derived pharmacophore model and provides some

L1 1 10.2 (7.8-11.3) limits on allowed structural variance to the model.
F1 3 N H2 Discussion
Figure 6. Chemical structure 08 and the NMR-derived pharmaco- Here we employed a peptide SAR approach, combining NMR

phore site. (A) The chemical structure of our best agoBiss shown : P .
in 2D. This compound is 38% active (calcium release assay) aMLO structural studies, receptor binding, and a functional assay, to

and has &; = 0.7084M for metastin receptor binding. (B) The energy 1d€ntify & pharmacophore for metastin. Our initial SAR studies
minimized3 is superimposed over pharmacophore-based query 3. (C) On metastin peptide demonstrate that functionally key amino
Compound3 is superimposed over pharmacophore-based query 3 in acid residues are Phe9, Argl2, and Phel3, along with the
3D. The final molecule structure is shown distorted compared to the C-terminal amide group and to a lesser extent Leull. This
minimized structure in Figure 6B to ShOW how bond_ rotation could fit information alone indicates that metastin behaves simi|ar|y to
the pharmacophore-based query. Distance constraints for B and C areyier mempers of the RF-amide family of receptors that include
the same as for that in Figure 5D. . . . . . .
prolactin-releasing peptide and neuropeptide FF in which the
C-terminal Arg-Phe is critical for activity2-33 With metastin,
our data show that although positions 9 and 13 prefer a six-
membered ring, aromaticity and distance of the ring from the
peptide backbone are not crucial. Further, a positively charged
nitrogen at the terminus of Arg 12 is not necessary because an
amide terminus is also tolerated at this position. A similar though
less extensive SAR study done with neuropeptid& EFowed
that its C-terminal phenylalanine residue appeared to be much
less tolerant than that of metastin to substitutions that shortened
or lengthened the distance of the aromatic ring from the peptide
backbone. However, similar to metastin, substitution of alanine
at the C-terminal phenylalanine dramatically reduced the affinity
and activity of NPFF. In addition, various studies using
invertebrate RW-amide peptides as metastin ligands suggest that
tryptophan is well tolerated at the C-terminal positfé.hus,
access to a hydrophobic pocket on the receptor may be the
Figure 7. Structures of benzethonium chloride is shown superimposed Principal function of these residues.
over pharmacophore-based queries 1 and 3 in A and B, respectively. Lange et aP® suggested that molecules that mimic the
C-terminal structure of an RF-amide peptide could act as
. . o . agonists for the RF-family of receptors. For example, benze-
(Figures 6 gnd 7), was |d(_ent|f|ed using ph"’“m"’mOph(_)rf“"b"’lsedthonium hydrochloride (Bztc; Figure 7) activates an RF-amide
query 3. This compound displayedavalue of 708 nMin the  recentor present in locust oviduésThe locust oviduct RF-
metastin receptor binding assay. Of the remaining compounds g mide peptide has a C-terminal sequence of Val-Phe-Leu-Arg-
that were devoid of detectable agonist activity, none demon- ppe whereas metastin has Phe-Gly-Leu-Arg-Phe. Bztc mimics
strated the ability to inhibit calcium mobilization elicited by 1  the structure of metastin in the C-terminal portion of the peptide
uM metastin peptide 10-mer, even at compound concentrationshecause it possesses two phenyl rings that resemble the two
up to 10uM. In contrast, the metastin 10-mer and the four Phe residues, a positively charged group similar to Argad
compounds with agonist activity demonstrated typical receptor an isoleucyl group. Because metastin belongs to the RF-amide
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family of peptides, we tested whether Bztc could also bind to are consistent with terminal alpha-helical structure being neces-
and activate the metastin receptor. Bztc does indeed bind tosary for effective binding.

the metastin receptor with a rather weldkof 3.6 uM, and Aside from identifying functionally key residues in metastin,
although Bztc is functionally considerably less potent than we have also produced a refined “working model” for a metastin
metastin, it is nonetheless able to evoke a signal in the calciumpharmacophore based on a more complete SAR on the metastin
release assay of similar magnitude to metastin, albeit at apeptide. This refined pharmacophore has two six-membered (or
concentration of 10@M. Interestingly, a similar compound in  greater) aromatic or alkyl (with or without nitrogen substitution)
our library (JNJ-1148108) that differs from Bztc only by the rings (Phe9 and Phe 13 in metastin-13) on top of one another
presence of a methyl group on the first phenyl ring, also binds and proximal to a positively charged group (Arg 12 in metastin-
to and activates metastin receptor with a potency like that of 13) as well as to an amide moiety (the amidated C-terminus of
Bztc. Similar to our results, Bztc was less potent on the oviduct the metastin peptide). This metastin pharmacophore, and the
receptor than the native ligad@lit is possible that information ~ use of a pharmacophore-based approach to this peptide ligand
in the N-terminal region of the peptide, as well as C-terminal @S Opposed to random HTS, is validated by several observations.
amidation, which are both absent from Bztc, are required for FIrst, compounds with submicromolar afflnlty were |dent|f|ed,
optimal binding and function. Pharmacophore queries 1 and 3 @Mong which were several weak agonists from the primary
superimpose well on Bztc (Figure 7). These results appear toSCreen- Second, benzethonium chloride, which mimics many
validate the main features of our metastin peptide SAR studies. Properties we selected for our pharmacophore, also displays
These compounds may provide the basis for further optimization potent binding and agonist activity toward the metastin receptor.

of a small molecule agonist, as well as for other receptor Th'rd'_ fa”dor_“ screening 1S rarely 0|_:)t|ma_l for the more
modulators. complicated interaction between peptide ligands and their

. . . _,_cognate receptors. Random HTS hits are distributed among a
'Other RF'. or RY"?‘m'.de peptide _agonlsts_ gnd antagonists | iqe variety of structural types and likely reflect many different
might also display binding or functional activity toward the binding modes, whereas a structure-derived pharmacophore
metastin receptor. Reasoning for this lies in the observation thaty, ooy yields cémpounds that should be similar with regard to
neuropeptide Y ligands bind to the neuropeptide FF recéstor e gisposition of key functional groups and, therefore, have a
and act. as antagonists, anql prolactin-releasing peptide binds tchigher probability of binding to the corresponding receptor in
and activates the neuropeptide FF recefitblowever, we found 3 manner similar to the native peptide. Because it is likely that
that none of the following compounds, neuropeptide Y, neu- g |arge number of compounds in any small molecule-based
ropeptide FF, prolactln-releaslng peptide {131), the ml_Xed library possess aromatic, positive ionizable or leucinyl-like
NPY1 antagonist/NPY4 agonig or the NPY1 antagonist, groups, the spatial releationships imparted by a 3D model are
could effectively compete with metastin-10 for binding to the critical to explicitly define those compounds in a way that is
metastin receptor. Only, when tested at concentrations up to  mgst likely to mimic the native peptide interaction with receptor.
100uM, displayed a modest ability to displace metastin-10. In Our results indicate that a pharmacophore-based selection
addition, none of these peptides or compounds displayed Eitherprocess is advantageous in screening compounds and can
agonist or antagonist activity toward the metastin receptor in significantly reduce the time and effort expended to find lead
the calcium release assay (data not shown). In conttastd compounds. This SAR-based pharmacophore approach was also
2 were reported to displace NPFF binding to their receptor with applied successfully in identifying ligands of the nociceptin
affinities of between 50 nM and 100 nR4,and prolactin (ORL-1, OP4) receptoi®
releasing peptide was reported to have ad€ 170 nM on
the NPFF receptot Thus, interaction of metastin with metastin
receptor appears to have fundamentally distinct properties
compared to other RF-amide family members.

Conclusions

Our directed SAR approach with metastin peptide has
identified compounds from the corporate library that have
o . . measurable agonist activity toward the metastin receptor.

In contrast to our binding assay, Niida et al. have utilized an cjearly, because compounds identified by the pharmacophore
assay system in yeast in which downsized metastin-t# g¢reen failed to approach the affinity and potency of the native
peptide or peptide analog activity was determined via quanti- jigand, one must consider the N-terminal portion of the metastin
fication of af-galactosidase activity encoded by a pheromone- peptide as well as the receptor bound-state structure of the ligand
sensitive FUS1-lacZ reporter geffeln alanine-scanning ex- o derive small molecules with full agonist properties. In
periments, they also found that substitution of Phe50 and Phe54,qition, directed analog synthesis will likely be required to
(corresponding to Phe9 and Phe13 in our nomenclature) resultetendow these molecules with optimized functional properties.
in a complete loss of agonistic activity. Substitution of Leu52 | ast, our directed SAR approach was shown to be more efficient
showed complete loss of activity in contrast to our results than random HTS. Given the paucity of structural data available
(decreased but not ablated activity), and substitution of Arg53 for G protein-coupled receptors, the ability to rapidly identify
yielded a decrease in activity in contrast to our results (ablation small molecule leads by other means is of paramount impor-
of activity). One possible explanation for this discrepancy could tance.

be ‘{'_“e to dlfference_s in the assay te‘?h”'q“?- ) Acknowledgment. This work was supported by Johnson &
is important, as substitution of N48, PheS0, Gly 51, Leu52, M A K. was supported in part by a T-32 Hematology Training
Arg53, and Phe54 with the correspondimgmino acid g-Ala Grant from the National Institutes of Health (5T32HL07062).

in the case of Gly51) significantly decreased peptide agonist M.J.0. and M.A.K. contributed equally to this work.
activity. Interestingly, cyclized peptides consisting of the five
terminal amino acids or various substitutions yielded no agonist
ity i i iti _ (1) Lee, J. H.; Miele, M. E.; Hicks, D. J.; Phillips, K. K.; Trent, J. M.;
activity in .the. assay, which SqueTQ'tS that. th.e critical phar_ma Weissman, B. E.; Welch, D. R. KiSS-1, a novel human malignant
cophore site is perturbed from an ideal binding conformation. melanoma metastasis-suppressor gdndlatl. Cancer Inst1996

These findings also support and compliment our results that 88, 1731-1737.
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