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Cyclic hexapeptides, incorporating a dipeptide unit in place of the disulfide bond found in urotensin, were prepared and screened at the

human urotensin receptor. The bridging dipeptide unit was found to influence dramatically the affinity for the urotensin receptor. Alanyl- N-
methylalanyl and alanylprolyl dipeptide bridges failed to afford active ligands, while the alanyl-alanyl unit yielded a ligand with submicromolar

affinity for the urotensin receptor. Further development led to a hexapeptide agonist with nanomolar affinity (2.8 nM).

Urotensin (U-11) is a urophysial peptide hormone originally concentrationd.The endogenous target for U-Il, the urotensin
isolated from gobyGillichthy mirablis The cDNA encoding (UT) receptor, is a member of the G-protein-coupled receptor
the U-Il precursor has since been identified and sequencedGPCR) family* The urotensin peptide and receptor are
in many specie.The overall length of mature U-Il is  found in the heart, lungs, blood vessels, kidneys, and central
variable, ranging from 11 residues in humans to 14 residuesnervous systerh.U-II levels appear to be regulated post-
in mice; however, the core cyclic hexapeptide (CFWKYC) — ) .

. : . . (2) Itoh, H.; Itoh, Y.; Rivier, J.; Lederis, KAm. J. Physiol1987,252,

is conserved across all species and is the minimal fragmentzzg5{_Rr366.

required for biological activity. U-ll is among the most (3) (8) Conlon, J. M.; Yano, K.; Waugh, D.; Hazon, Bl. Exp. Zool.
potent known vasoconsrictors, inducing contraction of 193,215, 226 238, () gehm, £ Pernow, 3 3 Pharacel2002,

isolated arterial rings in rats and humans at nanomolar 2000,10, 229—237.
(4) Ames, R. S.; Sarau, H. M.; Chambers, J. K.; Willette, R. N.; Aiyar,
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translationally in a tissue-specific manner. In blood vessels, side chains of Trfh Lys?, and TyP comprise the minimal
urotensin activity is influenced by anatomical location, spe- pharmacophore of hU-Il. The above observations are sup-
cies, and the surrounding endothelium. Thus, the physiology ported by the moderate affinity of the truncated hexapeptide
of urotensin is not straightforwafdindeed, hU-Il has been  analogue? (K; = 95 nM). Inclusion of the Aspand Vat!
reported to behave as a vasodilator in some human tigsues.residues which flank the disulfide bridge in native U-II,
Despite the inherent complexity, the U-11/U-1l receptor sys- affording octapeptide analogu®& dramatically enhances
tem possesses therapeutic potential. It regulates cardiovasaffinity (Ki = 0.25 nM), possibly by constraining the
cular function at several levels including vascular tone, myo- connected cysteine side chafdslntroduction of further
cardial contraction, heart rate, and cell growth and prolifera- conformational rigidity within3, by replacing Cyswith
tion.# Recent work also demonstrated up-regulated urotensinpenicillamine (3,3-dimethyl cysteine), gave analogijehe
activity in disease states such as congestive heart fdilure, most potent urotensin agonist reported to da€g= 0.2
pulmonary hypertensiolf,and chronic renal failur&: nM).23 Disulfide-bridged octapeptide ligands for somatostatin
The tissue and species variability of U-Il response and neuromedin receptors have shown moderate affinity for
complicates direct comparison of structaeetivity relation- the urotensin receptor, indicative of similarities among these
ships, though some qualitative trends are apparent from thethree receptor¥!
growing body of data (Figure 2¥.The endocyclic residues The structural similarities between SRIF and hUIl led us
to ask if our previous experience with somatostatin SARs
_ could be applied to urotensin. The endocyclic pharmacophore
of somatostatin-14 (5) containsfaturn between Trpand
H-Glu!~Thr--Pro—Asp?--Cys5--Phe-Trp’ Lys® with Thr'® in the i + 3 positiont®* The analogous
HO—Val——C},llslo—Tyr9—L3I/ss 1 presume$-turn .o.f hU-I! (1) spans Tr'pand Lys with Tyr®
in thei + 3 position (Figure 2). Previous work has shown

H-Cys®--Phe--Trp’

I 1 2
HO-Cyst0- Ty Lyt "

H'ASP4“C)I’SS"Phe“TTIP7 3 H-Alal--Gly--Cys3--Lys--Asn--Phe®--Phe’--Trp8
5
HO-Val--Cys10-Tys5-Lys? HO-Cys4—-Ser--The--Phell-Thrl0-Tys?
H-Asp?*--Pen’--Phe--Trp’ l
l 14 6 8
HO-Val-Cys10-TyrS-Lys® H-DPhe--C)Ifs --Phe-DTlI-p N-Me-Alla--Tyr-D'I‘Irp
HO-CH,-Thr--Cys!1--Thr--Lys’ Phe--Val--Lys
Figure 1. Urotensin SARs have identified the minimal active 6 7

fragment as the core cyclic hexapeptide spanning® @yough
Cys!0. Modification of the disulfide moiety in octapeptide deriva- 1 I
tives of U-Il has been used to construct potent agonists at the human HO-Val--Cys!0-Tyr-Lys®
urotensin receptor. The three letter abbreviation Pen represents
penicillamine (3,5-dimethylcysteine).

H-Glu!--Thr--Pro--Asp?*--Cys’--Phe--Trp’

Xxx--Phe--Trp Xxx =N-Me-Ala (8a)
| | Xxx =Pro (8b)
Ala--Tyr--Lys Xxx—Ala (9)

of hU-11 (1), bounded by the disulfide bridge between Tys Figure 2. The demonstration by the Merck group that the cyclic

and Cy$°, are critical for biological activity. Alanine and  hexapeptide7 is a more potent mimic of SRIF-14) led us to
p-amino acid scans of this fragment have shown that the explore the possibility that a cysteine free cyclic hexapeptide could
be designed to mimic urotensii)( Indeed,9 binds the hUT

(6) Thanassoulis, G.; Huyhn, T.; Giaid, Reptides2004, 25, 1789— receptor.

1794.
(7) Russell, F. D.; Molenaar, P.; O'Brien, D. Br. J. Pharmacol2001,

132, 5-9. . 1 . .
(8) Russell, F. DPharmacol. Therapeu2004,103, 223—243. that replacing the Pl#Phe! residues of SRIF-14 with

(9) Douglas, S. A.; Tayara, L.; Ohlstein, E. H.; Halawa, N.; Giaid, A.  disulfide-linked cysteines maintains full potentyas sub-

Lancet2002,359, 1990—1997. . . .
(10) Cheung, B. M.; Leung, R.; Man, Y. B.. Wong, L. ¥. Hypertens. sequently incorporated into sandosta#i). (Remarkably, it

2004,22, 1341—1344.
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Ito, S.; Kikuya, M.; Ohkubo, T.; Hashimoto, J.; Imai, Peptides2004, R.; Maggi, C. A.; Novellino, E.; Rovero, B. Med. Chem2002 45, 4391~
25, 1809—-1814. 4394,

(12) (a) Kinney, W. A.; Almond, H. R.; Qi, J.; Smith, C. E.; Santulli, R. (14) (a) Rossowski, W. J.; Cheng, B.-J.; Taylor, J. E.; Datta, R.; Coy,
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was found by Veber and colleagues that #Plkeé?, which
stabilize the bioactive conformation of SRIF-14, could be

replaced not only by a cystine bridge but also by the R A EEa T VT TR
phenylalanyIN-methylalanyl dipeptide, affording the cyclic o
hexapeptide MK-678 (7" This simple peptide showed
enhanced potency at the somatostatin receptor. ¥ 4
Building on this research, we designed and synthesized | o o e H-Bonding |
c-hexapeptide3a in which the disulfide bridge of hUIl is o i, 10 . HN ;
replaced by an alanyW-methylalanyl dipeptide, mimicking b NPy NWHV\/\ﬁH"
that of MK-678 (7). Unexpectedly8a failed to bind that Lo H 0 2
receptor. The fact that prolyl congergy also failed to bind ; aromatic
this receptor suggests that secondary amino acids such as Eumansin Gy PO~
N-Me-Ala or Pro induce conformationally unfavorable ; Receptor
changes at the hUT receptor. We were encouraged, however,
by the observation that congerggicontaining an alanylalanyl
dipeptide, showed modest binding affinity; (= 221+ 11 e o
nM). H AN AN
The combination of in vitro and in silico studies has HN H § 20)
yielded a putative binding model for hU-II peptides at the o Q yHN
hUT receptor which proposes a charge-reinforced hydrogen N NWNHZ
bond between Lysof U-1l and an aspartic acid residue within - 2

the transmembrane domain of the receptor (Figur¥ 3).
similar model for interaction of hexapeptides with the OH
somatostatin receptors was suggested previd@isiplecular

modeling, wherein ligands were docked with the hUT

receptor based upon the crystal structure of rhodopsin, o] =

suggests that the A$pide chain of hU-Il might form >)\N N N\ _NH
hydrogen bonds with extracellular residues of the receftor. HN H 0

The landscape of the TYbinding pocket was probed in a oi\ 2 ﬁ L

previous structureactivity study which showed that replace- N \ng\/\NHz
ment of TyP with a -naphthylalanine residue enhanced 11

affinity in full length U-Il and derived octapeptidé® We Oe

reasoned that if lead compoudbound the UT receptor
according to the putative model, the above findings could Figure 3. Putative binding model for peptides at the urotensin
be exploited in the construction of higher affinity cyclic receptor based on thturn somatostatin binding mod#i.
hexapeptides targeting the human urotensin receptor (Figure
3).

Congenerl0 was designed to incorporate an acidic side
chain, spatially analogous to the Agsidue of native hU-
I, by replacing the Ala-Ala dipeptide dd with a Glu-Ala
moiety. A noticeable gain in affinity was observed ftd
(Ki =109+ 20 nM) relative tad; however, the acidic group
of 10 might not be long enough to achieve optimal interaction
with the receptor as for hU-1l. Hexapeptidd, in which
Tyr® of lead compoun@ is replaced with #-naphthylalanine
residue, bound the human urotensin receptor with much
higher affinity Ki = 2.8 nM) than the disulfide-bridged

hexapeptide counterpag;(Table 2). Importantly bot and
11 proved to be urotensin agonists in the rat aortic ring assay.
Equally significant,11 was completely stable to chymo-
trypsin, while2 displayed modest hydrolysis, perhaps sug-
gesting that the larger macrocycle size of the disulfide-
bridged peptide facilitates enzymatic hydrolysis.

Finally, we determined the binding affinities afand11
at somatostatin receptor subtypes 2 and 5 (h%8d@ hSSY).
Both 2 and11 exhibited significantly lower binding affinities
at somatostatin receptors than at the urotensin receptor. In
contrast to MK-678 1), cyclic hexapeptidell displayed

— higher affinities for hSSqrelative to hSST(Table 1)?* The

(17) (a) Veber, D. F.; Freidinger, R. M.; Perlow, D. S.; Paleveda, W. J., . .
Jr.; Holly, F. W.; Strachan, R. G.; Nutt, R. F.; Arison, B. H.; Homnick, C.; SUrprising lack of affinity shown b@afor the hUT receptor
Randall, W. C.; Glitzer, M. S.; Saperstein, R.; HirschmanriyRure1981, also stands in marked contrast to potent cyclic hexapeptides
N1 Brady. 5. P Curley, P Perlow. D 5., Paleveda, W/ 1. Colton ¢, b; {rgeting the somatostatin receptor, typified by MK-67 (

Zacchei, A. G.; Tocco, D. J.; Hoff, D. R.; Vandlen, R. L.; Gerich, J. E.;
Hall, L.; Mandarino, L.; Cordes, E. H.; Anderson, P. S.; Hirschmann, R. (21) Weckbecker, G.; Lewis, I.; Albert, R.; Schmid, H. A.; Hoyer, D.;

Life Sci.1984,34, 1371-1378. Bruns, C.Nat. Rev. Drug Discover003,2, 999—1017.
(18) Flohr, S.; Kurz, M.; Kostenis, E.; Brkovich, A.; Fournier, A.; (22) Arison, B. H.; Hirschmann, R.; Veber, D. Bioorg. Chem1978,
Klabunde, T.J. Med. Chem2002,45, 1799—1805. 7, 447—-451.
(19) Nutt, R. F.; Veber, D. F.; Curley, P. E.; Saperstein, R.; Hirschmann, (23) Veber, D. F.; Freidinger, R. M.; Perlow, D. S.; Paleveda, W. J., Jr.;
R. Int. J. Peptide Protein Re4.983,21, 66-73. Holly, F. W.; Strachan, R. G.; Nutt, R. F.; Arison, B. H.; Homnick, C.;
(20) Lavecchia, A.; Cosconati, S.; Novellino, & Med. Chem2005, Randall, W. C.; Glitzer, M. S.; Saperstein, R.; Hirschmanr\&ure1981,
48, 2480—2492. 292, 55-58.

Org. Lett, Vol. 8, No. 9, 2006 1801



Table 1. Binding Affinities of Cyclic Hexapeptides at the Table 2. Chemical Shifts of Lys/-Methylene Protons in Lys,
Urotensin and Somatostatin Receptors D-Trp-Lys, and Cyclic Hexapeptides
compd K; (hUT) K; (hSST5) K; (hSSTs) compd K; (hUT) 0 Lys y-CHs (ppm)

2 95 nM 1.7 uM 2 uM Lys?? n.d. 1.51

11 2.8 nM 1.2 uM 120 nM D-Trp-Lys?2 n.d. 0.58

MK-678 (7)%1 n.d.® 0.1 nM 13 nM L-363,30123% n.d. 0.6, 0.4

L . 9 221 nM 0.6, 0.3
a b
n.d. indicates not determined. 116 9.8 nM 0.5,0.26

aProton NMR spectra were obtained in@at ambient temperature using

Replacing theN-methylalanine residue da with proline a 500 MHz Bruker instrument.c[Phe-Pro-Phe-Trp-Lys-Thr].
also gave an inactive compounghj, suggesting a subtle
conformational effect induced by the secondary amino acids 9 yielded a potent urotensin agonisk. This cyclic hexapep-
N-Me-Ala and Pro on thg-turn residues involved in binding  tide demonstrates greater affinity and stability relative to
the UT receptor not seen with MK-678 and L-363,301 disulfide-bridged hexapeptides while maintaining lower
[c-(Phe-Pro-Ph@-Trp-Lys-Thr)] at the somatostatin recep- molecular weight compared to nanomolar or subnanomolar
tor. Riviera and co-workers observed that the replacementoctapeptide ligands. Further studies examining the confor-
of Trp8 of SRIF-14 by thep-Trp diastereomer results in a mational features df1 underlying activity are planned. The
10 fold increase in potency. Subsequently, the Merck group cyclic hexapeptide scaffold might also prove valuable in the
pointed out that this affinity enhancement is accompanied design of urotensin antagonists.
by an upfield shift induced in thg methylene protons of _ ) )
Lys® by thep-Trp. Table 2 lists the chemical shifts of the Acknowledgment. Financial support was provided by the
methylene protons of Lysy-Trp-Lys, and for L-363,301 Naponal Institutes of Health (Institute of General Medical
[c-(Phe-Pro-Phe-Trp-Lys-Thr)]. It can be seen that in every ~ Sciences) through Grant No. GM-41821. We also thank Dr.
case thep-Trp compounds induce a shielding of the Rakesh Kol for performl_ng h!gh—resolu'uon mass spectrom-
methylene protons. Interestingly, the urotensin congeders €try on peptides used in this study. We acknowledge an
and11, both of which contain-Trp, nevertheless reveal a unrestricted grant from Merck and Co., Inc.
comparable upfield shift in the Lyg-methylene protons
suggesting either that the lysine is shielded by the aromatic
amino acids Tyr or naphthylalanine in the- 3 position, or
that these two aromatic amino acids enable even g
to shield the lysine.

In summary, the rational optimization of lead compound 0OL060278H
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