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N-Acyl-�2/�3-dipeptide-amide somatostatin analogs, 5 ± 8, with �2-HTrp-�3-HLys (×natural× sequence) and
�2-HLys-�3-HTrp (retro-sequence) have been synthesized (in solution). Depending on their relative config-
urations and on the nature of the terminalN-acyl and terminalC-amino group, the linear �-dipeptide derivatives
have affinities for the human receptor hsst 4, ranging from 250 to � 10000 nanomolar (Fig. 3). Also, N-Ac-
tetrapeptide amides 9 and 10, which contain one �- and three �-amino acid residues (N-�-�-�-�-C), have been
prepared (solid-phase synthesis), with the natural (Phe, Trp, Lys, Thr) and the retro-sequence (Thr, Lys, Trp,
Phe) of side chains and with two different configurations, each, of the two central amino acid residues. The novel
−mixed×, linear �/�-peptides have affinities for the hsst 4 receptor ranging from 23 to � 10000 nanomolar
(Fig. 4), and, like −pure× �-peptides, they are completely stable to a series of proteolytic enzymes. Thus, the
peptidic turn of the cyclic tetradecapeptide somatostatin (Fig. 1) can be mimicked by simple linear di- and
tetrapeptides. The tendency of �-dipeptides for forming hydrogen-bonded rings is confirmed by calculations at
the B3LYP/6-31G(d,p) level (Fig. 2). The reported results open new avenues for the design of low-molecular-
weight peptidic drugs.

�-Peptides have recently emerged as a promising class of peptidomimetics for
medicinal chemistry. The ability of �-peptides (for reviews, see [1]) to adopt secondary
structures such as helices [1], sheets [2a] [3], and, especially, turns [3] suggests that
these compounds might be structural and functional mimics of natural peptides. The
potential of such mimics is evident from the facts that a) these secondary structures can
be readily designed [1 ± 5], and that b) the �-peptides are completely stable against
proteolytic degradation in vitro and in vivo [2a] [6].
So far, �-peptides, designed to form amphiphilic helices, have been shown to inhibit

an intestinal membrane-bound cholesterol- and lipid-transporting protein [5]. Also,
similar peptides have been shown to possess antimicrobial, and sometimes, hemolytic
activities [7].
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The hypothalamic hormone somatostatin, 1 (Fig. 1), is a cyclic �-tetradecapeptide
that possesses a number of important biological functions [8], such as the inhibition of
growth-hormone (GH) release from the anterior pituitary [8b], and the pancreatic
secretion of glucagon and insulin [8c]. It is also known to be involved in the regulation
of gastrin secretion from the gut [9]. Furthermore, SRIF14 (SRIF� Somatotropin
Release Inhibiting Factor) acts as a neurotransmitter in the central nervous system
[10], where it modulates numerous processes, including the release of other neuro-
transmitters [11]. Five different human somatostatin receptors (hsst 1 ± 5) [12] have
been cloned and characterized as G-protein-coupled transmembrane receptors [13]. So
far, the physiological function of only two, hsst 2 (GH regulation) and hsst 5 (insulin
regulation), are known. Receptors hsst 2 and hsst 5 also mediate the antiproliferative
effect of SRIF14 on tumor cell growth [14].
The various functions of somatostatin in biological systems make the receptors of

this peptidic hormone important targets to search for agonists and antagonists in the
treatment of several human diseases. However, the use of somatostatin itself is
hampered by the disadvantages of having a short half-life in blood serum (� 3 min) and
of being nonselective. To circumvent these problems, an immense search for analogs
has commenced, and some of these are in clinical use, e.g., octreotide (Sandostatin¾) 2
is applied in the treatment of acromegaly and of certain gastroentero pancreatic tumors
[15]. However, since the half-life of octreotide is also rather short (90 min), further
developments of new SRIF14 mimics remain a challenging research topic in industry
and academia.
The pharmacophore of somatostatin is known to involve the sequence Phe7-Trp8-

Lys9-Thr10, which comprises a type-II� �-turn spanning the Trp-Lys fragment. It was also
shown that the Trp8 and Lys9 residues are essential for activity, whereas the Phe7 and
Thr10 residues can undergo minor −revisions×, provided that residues with hydrophobic
side chains are next to Trp, and those with hydrophilic side chains next to Lys [16]. With
this in mind, we have previously constructed �-peptidic SRIF14 analogs: in a first
attempt, the �3-homologs of Phe, Tyr, Lys, and Thr [17a,b] were incorporated in a cyclic
�-tetrapeptide, but a much better affinity for one of the receptors (hsst 4) was obtained
with an open-chain �-tetrapeptide, notably, containing a central �2/�3-peptidic segment
(cf. 3 and 4) [17c]. We knew that such a segment would promote turn formation (cf. the
12/10 helix formed by �-peptides built of �2- and �3-amino acids [2d,f]).
In the present study, we examined a) whether simple �-dipeptide derivatives, which

contain a �2- and a �3-amino acid residue with the correct side chains, would result in
formation of a turn, i.e., in affinity to somatostatin receptor(s)4), and b) whether a �2-
amino acid in the tetrapeptidic somatostatin analogs can be replaced by an �-amino
acid residue.
In a first attempt to scrutinize the intrinsic potential of the �2/�3-structural element

for forming a turn, we used a computational approach [19a]. High-level ab-initio
calculations (HF and DFT) showed that an N-acylated �2-HAla-�3-HAla dipeptide
bearing a terminal C-methylamino group is flexible, but that the conformations having
a ten- or a twelve-membered H-bonded ring are indeed preferred over alternative
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4) During the course of our work, it has been reported that certain �-dipeptide derivatives show a high affinity
for the hsst 2 receptor [18].



�
���

�����
	


��

���
�
���

±
V
ol.84

(2001)
3505

Fig. 1. Somatostatin (1), octreotide (2), and two linear �-peptidic somatostatin analogs. The molecular formulae of 1, of 2, and of the linear �-peptides 3 and 4 are shown
together with the corresponding binding affinities to the cloned hsst 4 receptor. The sequence Phe-Trp-Lys-Thr labeled in red is decisive for the affinity of somatostatin
to the hsst receptors, and the neighborhood of the Trp and Lys side-chains in a turn structure is evident from shielding in the NMR spectrum of the Lys CH2 groups by

the indole ring. In the �-peptides 3 and 4, the side chains of Lys and Trp are arranged in reversed sequence, as compared to the natural somatostatin.



conformations by at least 3 kcal mol�1 (B3LYP/6-31G(d,p)), while the ten- and the
twelve-membered rings are almost isoenergetic (�0.5 kcal mol�1) (Fig. 2).
This preference is independent of the configurations at the two stereogenic centers;

only the chirality of the �3-amino acid determines the handedness of the resulting turn.
Although the lowest-energy conformations (Fig. 2) have a more helical-turn than
reverse-turn-type appearance, other conformers, also comprising ten- and twelve-
memberedH-bonded rings but with a more parallel arrangement of the backbone, were
found with energies only 0.5 ± 1 kcal mol�1 above the global minimum [19]. Thus, these
calculations suggest that the side chains of a �-dipeptide, built of a �2- and a �3-residue
can have a turn-like conformation (as part of a rapidly interconverting ensemble of
different conformers).
Even though the conformational preference of an unbound molecule might be

completely different from its biologically active conformation when bound to a
receptor, these predictions encouraged us to synthesize ± in solution ± the potential �-
peptidic somatostatin analogs composed of �2-HLys [17c] and �3-HTrp bearing a �-
hydroxybutyryl at the N-terminus and a 2-phenylamino group at the C-terminus.
The peptides 5 and epi-5 (Fig. 3) were tested for their binding to cloned human

somatostatin receptors (hsst 1 ± 5)5). Compound 5 shows a good binding to hsst 4
(KD� 245 n�) comparable to �-tetrapeptide 4 (KD� 83 n�), while the epimer epi-5a
has a greatly reduced affinity (KD� 5 ��).
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Fig. 2. HF/6-31G(d,p)-Optimized geometries of the lowest-energy conformations of Ac-(R)-�2HAla-(R)-�3-
HAla-NMe. The ten-membered H-bonded ring conformer (a) is 0.5 kcal mol�1 more stable than the twelve-
membered ring conformer (b) (B3LYP/6-31G(d,p)//HF/6-31G(d,p)). Other conformations, also having ten-
and twelve-membered H-bonded rings, are found within 1 kcal mol�1 of these structures, while alternative
conformations, such as eight-membered H-bonded rings and extended arrangements, are at least 3 kcal mol�1

higher in energy. The Me groups in the side chains are represented by red balls to highlight the positions of the
side chains in these turns.

5) The binding affinities were determined by a radioligand binding assay, based on the displacement of
[125I][Tyr10]CST14 [20] from the corresponding receptors expressed in CCL-39 cells [17]. Since all peptides
investigated in this study showed the highest affinity for the hsst 4 receptor, only the binding constants to
hsst 4 will be presented in the present paper.



A second set of dipeptides 6 ± 8was then prepared, in which the side-chain positions
of �-HLys and �-HTrp are interchanged (Fig. 3): they contain a �2- rather than a �3-
HTrp and a �3- rather than a �2-HLys residue6). To keep the structures as similar as
possible, aryl-substituted acetyl groups were attached to the N-terminus and 2-
hydroxypropylamino groups to the C-terminus. The binding of these compounds to hsst
4 is clearly dependent on the nature of the hydrophobic group at the N-terminus:
derivatives 6 and epi-6with a (naphthalen-2-yl)methyl group show a markedly stronger
binding (KD� 2690 n� and KD� 724 n�) than the benzyl-substituted compound 7
(KD� 10 ��) and the benzyloxy derivative 8 (KD� 4170 n�). In contrast to the
situation with the retro-�2-HLys-�3-HTrp series (4, 5, and epi-5), inversion of the
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Fig. 3. Somatostatin analogs 5 ± 8 containing the �2-HLys-�3-HTrp and the �2-HTrp-�3-HLys sequences. The
molecular formulae of the dipeptide derivatives 5 ± 8 are shown together with the corresponding binding

affinities to the cloned hsst 4 receptor.

6) �2-HTrp has been obtained by alkylation of the Evans enolate of indole-3-propionic acid with bromoacetate
and subsequent Curtius degradation.



configuration of the �2-HTrp in the �2-HTrp-�3-HLys series (6, epi-6, 7, and 8) leads to
the compound with the highest affinity.
We wondered whether it might be possible to replace a �2- by an �-amino acid

residue in the �-tetrapeptide of type 4 without losing hsst affinity7). Thus, mixed �/�3-
tetrapeptides 9, epi-9, 10, and epi-10 were prepared ± by solid-phase synthesis ± and
their affinities for the somatostatin receptors were investigated (Fig. 4)8)9)10).

Surprisingly, two of these peptides had high affinity for the somatostatin hsst 4
receptor. Peptide 9 showed a 23 n� binding, i.e., even higher than the all-�-tetrapeptide
4, and is one of the most tightly binding so-called ligands for this receptor!
Configurational inversion at the Trp residue (cf. epi-9) leads to a decrease of affinity
(KD� 707 n�), whereas reversing the sequence (cf. 10 (KD� 2630 n�) and epi-10
(KD� 10000 n�)) causes a drastic drop of affinity. The large difference in affinity of

Fig. 4. Somatostatin analogs 9 and 10 containing an �- and three �3-amino acids. The molecular formulae of the
tetrapeptides 9 and 10 are shown together with the corresponding binding affinities to the cloned hsst 4 receptor.
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7) Indeed, a simple molecular-mechanics conformational search of the �/�3-dipeptide Ac-(R)-Ala-(S)-�3-
HAla-NMe on the basis of the MMFF94 force field predicts that nine- and eleven-membered H-bonded
rings are among the lowest-energy conformers.

8) Since Abderhalden [21], the incorporation of �-amino acids into �-peptides was tested as a means of
increasing proteolytic stability and of modifying structural and pharmacological properties [22].

9) Recently,Gellman and co-workers [23] have used cyclic �-amino acid residues to construct an otherwise �-
peptidic haripin turn.

10) We have previously shown that the CD spectrum indicating the presence of a 314-helical structure of a �3-
hexapeptide changes drastically upon incorporation of a central Ala or Aib residue [2b].



these molecules indicates a complex relationship between the sequence and relative
configuration of the side chains.
Since proteolytic stability is a prerequisite for possible pharmacological applica-

tions, we have tested the new peptides in vitro with several peptidases: pronase,
proteinase K, carboxypeptidase A, chymotrypsin and trypsin11). All four compounds 9,
epi-9, 10, and epi-10 are stable against these peptide-cleaving enzymes for at least 48 h.
In conclusion, the study has shown that functional analogs of somatostatin, an �-

tetradecapeptide, can be made from simple �2-HLys-�3-HTrp or �2-HTrp-�3-HLys
dipeptides, properly functionalized at the N- and C-termini. Furthermore, it was
demonstrated that the �2-amino acid in the formerly reported �-tetrapeptide 4 can be
successfully replaced by an �-amino acid. This modification does not seem to affect the
proteolytic stability of the resulting compounds. Also, �-amino acids are, of course,
much more readily available than �2-amino acids, which, hitherto, are cumbersome to
prepare. Thus, we expect that the findings reported here will be seminal for the
development of peptidomimetics.

REFERENCES

[1] a) D. Seebach, J. L. Matthews, Chem. Commun. 1997, 2015; b) S. H. Gellman, Acc. Chem. Res. 1998, 31,
173; c) K. Gademann, T. Hintermann, J. V. Schreiber, Curr. Med. Chem. 1999, 6, 905; d) W. F. DeGrado,
J. P. Schneider, Y. Hamuro, J. Peptide Res. 1999, 54, 206; e) R. P. Cheng, S. H. Gellman, W. F. DeGrado,
Chem. Rev. 2001, 101, 3219.

[2] a) D. Seebach, M. Overhand, F. N. M. K¸hnle, B. Martinoni, L. Oberer, U. Hommel, H. Widmer, Helv.
Chim. Acta 1996, 79, 913; b) D. Seebach, P. E. Ciceri, M. Overhand, B. Jaun, D. Rigo, L. Oberer, U.
Hommel, R. Amstutz, H. Widmer, Helv. Chim. Acta 1996, 79, 2043; c) D. H. Appella, L. A. Christianson,
I. L. Karle, D. R. Powell, S. H. Gellman, J. Am. Chem. Soc. 1996, 118, 13071; d) D. Seebach, K. Gademann,
J. V. Schreiber, J. L. Matthews, T. Hintermann, B. Jaun, L. Oberer, U. Hommel, H. Widmer, Helv. Chim.
Acta 1997, 80, 2033; e) D. H. Appella, L. A. Christianson, D. A. Klein, D. R. Powell, X. L. Huang, J. J.
Barchi, S.H. Gellman, Nature 1997, 387, 381; f) D. Seebach, S. Abele, K. Gademann, G. Guichard, T.
Hintermann, B. Jaun, J. L. Matthews, J. V. Schreiber, Helv. Chim. Acta 1998, 81, 932; g) T. Sifferlen, M.
Rueping, K. Gademann, B. Jaun, D. Seebach, Helv. Chim. Acta 1999, 82, 2067; h) D. H. Apella, J. J. Barci,
S. R. Durell, S. H. Gellman, J. Am. Chem. Soc. 1999, 121, 2309; i) M. Rueping, B. Jaun, D. Seebach, Chem.
Commun. 2000, 2267; j) X. Wang, J. F. Espinosa, S. H. Gellman, J. Am. Chem. Soc. 2000, 122, 4821; k) D.
Seebach, A. Jacobi, M. Rueping, K. Gademann, M. Ernst, B. Jaun, Helv. Chim. Acta 2000, 83, 2115; l) P. I.
Arvidsson, M. Rueping, D. Seebach, Chem. Commun. 2001, 649; m) T. D. W. Claridge, J. M. Goodman, A.
Moreno, D. Angus, S. F. Barker, C. Taillefumier, M. P. Watterson, G. W. J. Fleet, Tetrahedron Lett. 2001, 42,
4251.

[3] D. Seebach, S. Abele, K. Gademann, B. Jaun, Angew. Chem., Int. Ed. 1999, 38, 1595.
[4] a) X. Daura, K. Gademann, H. Sch‰fer, B. Jaun, D. Seebach, W. F. van Gunsteren, J. Am. Chem. Soc. 2001,

123, 2393; b) D. Seebach, J. V. Schreiber, S. Abele, X. Daura, W. F. van Gunsteren, Helv. Chim. Acta 2000,
83, 34.

[5] M. Werder, H. Hauser, S. Abele, D. Seebach, Helv. Chim. Acta 1999, 82, 1774.
[6] a) T. Hintermann, D. Seebach, Chimia 1997, 50, 244; b) D. Seebach, S. Abele, J. V. Schreiber, B. Martinoni,

A. K. Nussbaum, H. Schild, H. Schulz, H. Hennecke, R. Woessner, F. Bitsch, Chimia 1998, 52, 734; c) J.
Frackenpohl, P. I. Arvidsson, J. V. Schreiber, D. Seebach, ChemBioChem. 2001, 2, 445.

[7] a) Y. Hamuro, J. P. Schneider, W. F. DeGrado, J. Am. Chem. Soc. 1999, 121, 12200; b) E. A. Porter, X.
Wang, H.-S. Lee, B.Weisblum, S. H. Gellman,Nature 2000, 404, 565 (Erratum:Nature 2000, 405, 298); c) D.
Liu, W. F. DeGrado, J. Am. Chem. Soc. 2001, 123, 7553; d) P. I. Arvidsson, J. Frackenpohl, N. S. Ryder, B.
Liechty, F. Petersen, H. Zimmermann, G. P. Camenisch, R. Woessner, D. Seebach, ChemBioChem. 2001, 2,
771.

��������� 	
����� ���� ± Vol. 84 (2001) 3509

11) We gratefully acknowledge the help from Dr. J. Frackenpohl with these experiments.



[8] a) A. Janecka, M. Zubrzycka, T. Janecki, J. Peptide Res. 2001, 58, 91; b) P. Brazeau, W. Vale, R. Burgus, N.
Ling, M. Butcher, J. Rivier, R. Guillemin, Science 1973, 179, 77; c) L. Mandarino, D. Stenner,W. Blanchard,
S. Nissen, J. Gerich, N. Ling, P. Brazeau, P. Bohlen, F. Esch, R. Guillemin, Nature 1981, 291, 76.

[9] S. R. Bloom, C. H. Mortimer, M. O. Thorner, G. M. Besser, R. Hall, A. Gomez-Pan, V. M. Roy, R. C.
Russel, D. H. Coy, A. J. Kastin, A. V. Schally, Lancet 1974, 2, 1106.

[10] a) V. Havlicek, M. Rezek, H. Friesen, Pharmacol. , Biochem. Behav. 1976, 4, 455; b) J. Epelbaum, Prog.
Neurobiol. 1986, 27, 63.

[11] a) M. F. Chesselet, T. Reisine, J. Neurosci. 1983, 3, 232; b) M. Gothert, Nature 1980, 273, 674.
[12] D. Hoyer, G. I. Bell, M. Berelowitz, J. Epelbaum, W. Feniuk, P. P. A. Humphrey, A. M. Ocarroll, Y. C.

Patel, A. Schonbrunn, J. E. Taylor, T. Reisine, Trends Pharmacol. Sci. 1995, 16, 86.
[13] T. Reisine, G. I. Bell, Endochrinol. Rev. 1995, 16, 427.
[14] a) C. Liebow, C. Reilly, M. Serrano, A. V. Schally, Proc. Natl. Acad. Sci, U.S.A. 1989, 86, 2003; b) S. W.

Lamberts, E. P. Krenning, J.-C. Ruebi, Endocrinol. Rev. 1991, 12, 450; c) L. J. Hofland, H. A. Visser-
Wisselaar, S. W. Lamberts, Biochem. Pharmacol. 1995, 50, 287.

[15] a) W. Bauer, U. Briner, W. Doepfner, R. Haller, R. Huguenin, P. Marbach, T. J. Petcher, J. Pless, Life Sci.
1982, 31, 1133; b) −Progress in Basic and Clinical Pharmacology×, Eds. P. Lomax, C. Scarpignato, E. S.
Vesell, Karger, Basel, 1996, Vol. 10.

[16] a) R. M. Freidinger, D. S. Perlow, W. C. Randall, R. Saperstein, B. H. Arison, D. F. Veber, Int. J. Pept.
Protein Res. 1984, 23, 142; b) G. Melacini, Q. Zhu, G. Osapay, M. Goodman, J. Med. Chem. 1997, 40, 2252.

[17] a) K. Gademann, M. Ernst, D. Hoyer, D. Seebach,Angew. Chem., Int. Ed. 1999, 38, 1223; b) K. Gademann,
M. Ernst, D. Seebach, D. Hoyer,Helv. Chim. Acta 2000, 83, 16; c) K. Gademann, T. Kimmerlin, D. Hoyer,
D. Seebach, J. Med. Chem. 2001, 44, 2460.

[18] B. A. Hay, B. M. Cole, F. DiCapua, G. W. Kirk, M. C.Murray, R. A. Nardrone, D. J. Pelletier, A. P. Ricketts,
A. S. Robertson, T. W. Siegel, Bioorg. Med. Chem. Lett. 2001, 11, 2731.

[19] a) Y. D. Wu, D. P. Wang, J. Am. Chem. Soc. 1999, 121, 9352; b) J. V. Schreiber, P. I. Arvidsson, D. Seebach,
in −Peptides 2000: Proceedings of the Twenty-Sixth European Peptide Symposium×, Eds. J. Martinez, J.-A.
Fehrentz, EDK, Paris, 2001, pp. 1003; c) P. I. Arvidsson, D. Seebach, unpublished results.

[20] S. Siehler, K. Seuwen, D. Hoyer, Naunyn-Schmiedberg−s Arch. Pharmacol. 1998, 357, 483.
[21] E. Abderhalden, F. Reich, Fermentforschung 1928, 10, 173; E. Abderhalden, R. Fleischmann,

Fermentforschung 1928, 10, 173.
[22] D. L. Steer, R. A. Lew, P. Perlmutter, A. I. Smith, M.-I. Aguilar, J. Peptide Sci. 2000, 6, 470.
[23] B. R. Huck, J. D. Fisk, S. H. Gellman, Org. Lett. 2000, 2, 2607.

Received October 27, 2001

��������� 	
����� ���� ± Vol. 84 (2001)3510


