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Hypothesizing that structural constraints in somatostatin (SRIF) analogues may result in
receptor selectivity, and aiming to characterize the bioactive conformation of somatostatin at
each of its five receptors, we carried out an Nâ-methylated aminoglycine (Agl) scan of the
octapeptide H-c[Cys3-Phe6-Phe7-DTrp8-Lys9-Thr10-Phe11-Cys14]-OH (SRIF numbering) (ODT-
8) that is potent at all SRIF receptor subtypes (sst’s) but sst1. We found that H-c[Cys-LAgl-
(NâMe,benzoyl)-Phe-DTrp-Lys-Thr-Phe-Cys]-OH (4), H-c[Cys-Phe-LAgl(NâMe,benzoyl)-Trp-Lys-
Thr-Phe-Cys]-OH (6), H-c[Cys-Phe-LAgl(NâMe,benzoyl)-DTrp-Lys-Thr-Phe-Cys]-OH (8), and
H-c[DCys-Phe-LAgl(NâMe,benzoyl)-DTrp-Lys-Thr-Phe-Cys]-OH (10) had high affinity (IC50 )
14.3, 5.4, 5.2, and 3.4 nM, respectively) and selectivity for sst4 (>50-fold over the other receptors).
The L-configuration at positions 7 and 8 (L7, L8) yields greater sst4 selectivity than the L7, D8

configuration (6 versus 8). Peptides with the D7, L8 (7) and D7, D8 (9) configurations are
significantly less potent at all receptors. H-c[Cys-Phe-Phe-DTrp-LAgl(âAla)-Thr-Phe-Cys]-OH
(16), H-c[Cys-Phe-Phe-DTrp-DAgl(âAla)-Thr-Phe-Cys]-OH (17), and their NâMe derivatives at
position 9 (18, 19) were essentially inactive. Potent but less sst4-selective were members of the
Agl-scan at positions 10, H-c[Cys-Phe-Phe-DTrp-Lys-LAgl(NâMe,HO-Ac)-Phe-Cys]-OH (20,
IC50 ) 6.5 nM), and 11, H-c[Cys-Phe-Phe-DTrp-Lys-Thr-LAgl(NâMe,benzoyl)-Cys]-OH (22,
IC50 ) 6.9 nM), while the D-configuration at positions 10 (21) and 11 (23) led to reduced affinity.
One of our best analogues, 8, is an agonist when tested for its ability to inhibit forskolin-
stimulated cAMP accumulation in sst4-transfected CCL39 cells (EC50 ) 1.01 nM). All Agl-
containing analogues were first synthesized using unresolved Fmoc-Agl(NâMe,Boc)-OH, and
the diastereomers were separated using HPLC. Chiral assignment at the Agl-containing residue
was subsequently done using enzymatic degradation and by de novo synthesis in the cases of
H-c[Cys-Phe-DAgl(NâMe,benzoyl)-DTrp-Lys-Thr-Phe-Cys]-OH (9) and H-c[DCys-Phe-DAgl-
(NâMe,benzoyl)-DTrp-Lys-Thr-Phe-Cys]-OH (11), starting with the papain-resolved Fmoc-DAgl-
(Boc). These results suggested that the orientation of side chains at position 6, 7, or 11 with
respect to the side chains of residues 8 and 9 may be independently responsible for sst4
selectivity.

Introduction

A general aim of our laboratories has been to study
the tissue distribution, mechanism of action, and physi-
ological role as well as pharmacological effects of the
hypothalamic releasing hormones [thyrotropin releasing
hormone (TRH),1 gonadotropin releasing hormone
(GnRH),2,3 somatostatin (somatotropin release inhibit-
ing factor, SRIF),4 corticotropin releasing factor (CRF),5
and growth hormone releasing hormone (GRF)6,7] in the
endocrine, exocrine, and nervous systems. To achieve
these goals, we need to design peptide analogues that

are (1) potent (IC50 smaller than the corresponding IC50

for the native ligand) and highly receptor-selective
(>100-fold) peptide ligands, (2) potent and highly recep-
tor-selective radiolabeled peptide tracers for binding
assays and scintigraphy studies, (3) potent and highly
receptor-selective peptide agonists, and (4) antagonists
for in vitro (mechanistic) and in vivo (functional/physi-
ological) studies. It would also be advantageous for these
analogues to be resistant to degradation in biological
fluids. Because some of these analogues have highly
constrained structures, they are valuable tools for
structural studies using NMR, as was the case for mono-
and dicyclic GnRH antagonists, leading to the determi-
nation of a consensus bioactive conformation.8

In the case of SRIF and SRIF-28 (see Figure 1) that
are short acting,9 with five membrane-associated G
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protein-coupled receptor subtypes (sst’s),10-17 fulfilling
these goals is daunting. SRIF is a major endocrine
hormone with multiple physiological actions18-28 modu-
lated by one or more of these receptors. The biological
role, as well as the cellular distribution of each receptor
subtype, is far from being completely understood. Avail-
ability of receptor subtype-selective ligands is critical
to our understanding of SRIF’s physiological role and
pharmacological potential. Indeed, we have recently
described sst1-selective analogues that fulfill criteria
1-3,29 and analogues that bind to sst3 that fulfill criteria
1, 2, and 4.30 We concluded from these studies that each
SRIF receptor recognized a unique conformation of SRIF
and that receptor selectivity could be achieved by
limiting the number of three-dimensional structures it
can assume to match the requirements of a given
receptor. In other words, the bioactive conformations of
the receptor-selective SRIF analogues had to be differ-
ent from each other, yet they would be available to
SRIF.

There are several approaches to restrain the structure
of peptides: NR- and CR-methylation as well as cycliza-
tion, for example, will constrain backbone conforma-
tions. Additionally, â-methylation will restrict side-chain
conformations. However, because the chiral synthesis
or resolution and characterization of the four stereo-
isomers is arduous, we recently proposed an alternative
approach. In four consecutive papers we are describing
a general strategy based on the use of betidamino acids
(betidamino acid scan of ODT-8, part 1) for lead discov-
ery and â-methyl amino acids (part 2)31 for further
enhancement of affinity and selectivity of sst4-selective
ligands that fulfill criteria 1-3 (part 3).32 Part 4
describes NMR studies that identified structural fea-
tures that may be responsible for sst4 selectivity.33

Betidamino acids are monoacylated derivatives of R-ami-
noglycine, as shown in Figure 2. The synthesis of NR-
Boc,Nâ-Fmoc-aminoglycine was originally described by
Qasmi et al.34 More recently, we published the optical
resolution of this derivative35 as well as the synthesis

of methylated derivatives.36 We had demonstrated that
betidamino acids were compatible with biological activ-
ity in more than one system (GnRH,37 CRF38). Addition-
ally, we have validated our strategy with the discovery
that H2N-CO-c[DCys3-Phe6-Tyr7-DAgl8(NâMe,2naphthoyl)-
Lys9-Thr10-Phe11-Cys14]-OH (des-AA1,2,4,5,12,13-[DCys3,-
Tyr7,DAgl8(NâMe,2naphthoyl)]Cbm-SRIF) is a potent
and highly sst3-selective antagonist.30 In short, while
the Nâ-monoacylated betidamino acids are homologous
to standard amino acids, the Nâ-monoacylated and Nâ-
methylated betidamino acids are homologous to the
â-methylated amino acids without a side-chain asym-
metric center. Because Nâ-methylated betidamino acids
are easy to obtain as compared to the corresponding
â-methyl amino acids, we hypothesized that the former
could be used to scan bioactive structures to identify
those residues most likely to benefit from â-methylation.
We report here the Nâ-methylated aminoglycine scan
of H-c[Cys-Phe-Phe-DTrp-Lys-Thr-Phe-Cys]-OH (ODT-
8) and partial scan of H-c[Cys-Phe-Phe-Trp-Lys-Thr-
Phe-Cys]-OH (OLT-8) (see Figure 1 for residue num-
bering) that led to the identification of sst4-selective
agonists and the definition of general principles for the
development of even more potent and selective ana-
logues of somatostatin.

Results and Discussion

We have used unresolved NR-Boc,Nâ-Fmoc-aminogly-
cine,34,39 and NR-Boc,Nâ-(CH3)Fmoc-aminoglycine36,39 as
templates for the introduction of betidamino acids in
ODT-8 (3) and OLT-8 (2). These were the first members
of the short/mini somatostatins with significant potency
when tested for their ability to inhibit growth hormone
release from rat pituitary cells in culture and to inhibit
glucagon and insulin in the rat.40,41 Their binding
affinity for human sst’s is shown in Table 1.

All the analogues shown in Table 1 were synthesized
either manually or automatically on a chloromethylated
resin using the Boc strategy. The peptides were purified
using preparative RP-HPLC in at least two different
solvent systems (TEAP pH 2.25 and 0.1% TFA on C18
silica) and characterized as shown in Table 1 using RP-
HPLC, CZE, and mass spectrometry as published
earlier.29 Because the starting Boc-Agl(Fmoc)-OH ini-
tially used in the scans was not resolved, we made the
diastereomeric mixtures that were then separated by
HPLC and fully characterized. The enzymatic cleavage
patterns of all diastereomers were compared to show
that the L-aminoglycine-containing analogue was hy-
drolyzed when the D-amino acid-containing analogue
was not. In two cases (9 and 11), the stereochemistry

Figure 1. Primary structures of SRIF, SRIF-28, and OLT-8/ODT-8 scaffolds, including residue numbering of SRIF as used
throughout parts 1-4.

Figure 2. General structure of betidamino acids derived from
the aminoglycine (Agl) scaffold.
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at the Agl residue was confirmed by comparison of the
HPLC retention times of each diastereomer with that
of the same analogue synthesized with resolved (R)-
Boc,Fmoc-aminoglycine.35 In brief, 9 and 11 were syn-
thesized with the papain-resolved, optically active (R)-
Boc,Fmoc-aminoglycine (same as Boc-LAgl(Fmoc)-OH or
Fmoc-DAgl(Boc)-OH), which was also synthesized from
(S)-Z-Ser to confirm the configuration of the chiral
center of aminoglycine.35 The Nâ-methyl group was
introduced on the resin by the method of Kaljuste.30,42

In short, after coupling Fmoc-DAgl(Boc)-OH, the side-
chain-protecting Boc group was removed as usual, and
the resulting free amino group was reacted with 4,4′-
dimethoxydityl chloride (Dod-Cl), followed by reductive
methylation of the Dod-alkylated amino group, treating
the resin with formaldehyde and sodium cyanoborohy-

dride in NMP. After the removal of the Dod group with
TFA (60%), the free secondary amino group was acy-
lated with benzoyl chloride. Removal of the NR-Fmoc
protecting group with 20% piperidine in NMP in two
successive 5- and 15-min treatments allowed the elon-
gation of the peptide backbone until completion of the
peptide. The resulting peptides (9 and 11) coeluted on
HPLC, with the first eluting diastereomers of the pairs
(8 + 9 and 10 + 11) obtained with unresolved Fmoc-D/
LAgl(NâMe,Boc)-OH.

The compounds were tested for their ability to bind
to the five human SRIF receptor subtypes in competitive
experiments using 125I-[Leu8,DTrp22,Tyr25]SRIF-28 as
radioligand. Cells stably expressing the cloned five
human sst’s were grown as described previously.43 Cell
membrane pellets were prepared and receptor autora-

Table 1. Physicochemical Properties and sst1-5 Binding Affinities (IC50, nM) of sst4-Selective Analogues and Control Peptides

MSc

purity (%) IC50 (nM)d

no. compd HPLCa CZEb
M(mono)

calcd
MH+(mono)

obsd sst1 sst2 sst3 sst4 sst5

1 somatostatin-28 98 98 3146.5 3147.7 3.9 ( 0.3 3.3 ( 0.2 7.1 ( 0.7 3.8 ( 0.3 3.9 ( 0.3
2 H-c[Cys-Phe-Phe-Trp-Lys-Thr- 97 98 1078.44 1079.4 5.3 ( 0.7 130 ( 65 13 ( 0.7 0.7 ( 0.3 14 ( 4

Phe-Cys]-OH (OLT-8) (3) (3) (3) (3) (3)
3 H-c[Cys-Phe-Phe-DTrp-Lys-Thr- >94 98 1078.44 1079.2 27 ( 3 41 ( 9 13 ( 3 1.8 ( 0.7 46 ( 27

Phe-Cys]-OH (ODT-8) (4) (6) (4) (4) (3)
4 H-c[Cys-LAgl(NâMe,benzoyl)-Phe- 92 98 1121.45 1122.5 667 ( 164 374 ( 87 >10K 14 ( 6 >1000

DTrp-Lys-Thr-Phe-Cys]-OH (3) (4) (3) (3) (3)
5 H-c[Cys-DAgl(NâMe,benzoyl)-Phe- 97 97 1121.45 1122.4 >10K >1000 >10K >1000 >1000

DTrp-Lys-Thr-Phe-Cys]-OH (2) (3) (2) (2) (2)
6 H-c[Cys-Phe-LAgl(NâMe,benzoyl)- 99 99 1121.45 1122.3 >10K >1000 403 5.4 >1000

Trp-Lys-Thr-Phe-Cys]-OH (2) (2) (500; 305) (2.8; 7.9) (2)
7 H-c[Cys-Phe-DAgl(NâMe,benzoyl)- 95 97 1121.45 1122.4 >10K >1000 725 133 >1000

Trp-Lys-Thr-Phe-Cys]-OH (2) (2) (650; 799) (90; 176) (2)
8 H-c[Cys-Phe-LAgl(NâMe,benzoyl)- 93 87 1121.45 1122.5 >1000 460 ( 87 447 ( 169 5.2 ( 1.1 768 ( 129

DTrp-Lys-Thr-Phe-Cys]-OH (3) (4) (3) (3) (3)
9 H-c[Cys-Phe-DAgl(NâMe,benzoyl)- 97 98 1121.45 1122.5 >10K >1000 >1000 153 >1000

DTrp-Lys-Thr-Phe-Cys]-OH (2) (3) (2) (88; 217) (2)
10 H-c[DCys-Phe-LAgl(NâMe,benzoyl)- 98 94 1121.45 1122.6 >1000 533 382 3.4 460

DTrp-Lys-Thr-Phe-Cys]-OH (2) (390; 676) (260; 504) (5.1; 1.7) (260; 659)
11 H-c[DCys-Phe-DAgl(NâMe,benzoyl)- 96 95 1121.45 1122.4 >1000 >1000 136 31 >1000

DTrp-Lys-Thr-Phe-Cys]-OH (2) (2) (90; 181) (35; 27) (2)
12 H-Tyr-c[Cys-Phe-LAgl(NâMe,benz- 99 98 1284.51 1285.3 >1000 >10K 319 24 >1000

yl)-Trp-Lys-Thr-Phe-Cys]-OH (2) (2) (150; 487) (18; 29) (2)
13 H-Tyr-c[Cys-Phe-DAgl(NâMe,benz- 86 88 1284.51 1285.3 >1000 >1000 453 159 >1000

oyl)-Trp-Lys-Thr-Phe-Cys]-OH (2) (2) (500; 405) (140; 178) (2)
14 H-Tyr-c[Cys-Phe-LAgl(NâMe,benz- 99 97 1284.51 1285.4 >10K 594 ( 79 273 ( 74 18 ( 3 34 ( 15

oyl)-DTrp-Lys-Thr-Phe-Cys]-OH (3) (3) (3) (3) (3)
15 H-Tyr-c[Cys-Phe-DAgl(NâMe,benz- 99 99 1284.51 1285.4 >10K >1000 >1000 56 >1000

oyl)-DTrp-Lys-Thr-Phe-Cys]-OH (2) (2) (2) (22; 90) (2)
16 H-c[Cys-Phe-Phe-DTrp-LAgl(âAla)- 99 92 1093.42 1094.6 >10K >1000 >1000 >10K >10K

Thr-Phe-Cys]-OH (2)
17 H-c[Cys-Phe-Phe-DTrp-DAgl(âAla)- 98 99 1093.42 1094.6 >10K >1000 >1000 >1000 >10K

Thr-Phe-Cys]-OH (2)
18 H-c[Cys-Phe-Phe-DTrp-LAgl(NâMe, 95 97 1107.43 1108.5 >1000 >1000 >1000 >1000 >1000

âAla)-Thr-Phe-Cys]-OH
19 H-c[Cys-Phe-Phe-DTrp-DAgl(NâMe, 97 97 1107.43 1108.4 >10K >10K >1000 429 >1000

âAla)-Thr-Phe-Cys]-OH (2) (3) (2) (378; 480) (2)
20 H-c[Cys-Phe-Phe-DTrp-Lys-LAgl- 95 96 1121.45 1122.5 45 ( 8.73 >1000 >1000 6.5 211 ( 85

(NâMe,HO-Ac)-Phe-Cys]-OH (4) (4) (3) (5.6; 7.3) (3)
21 H-c[Cys-Phe-Phe-DTrp-Lys-DAgl- 91 94 1121.45 1122.5 860 >1000 >1000 38 389

(NâMe,HO-Ac)-Phe-Cys]-OH (3) (2) (54; 21) (530; 247)
22 H-c[Cys-Phe-Phe-DTrp-Lys-Thr- 78 78 1121.45 1122.4 >10K 455 235 6.9 220

LAgl(NâMe,benzoyl)-Cys]-OH (390; 520) (340; 130) (9.2; 4.5) (210; 230)
23 H-c[Cys-Phe-Phe-DTrp-Lys-Thr- 86 84 1121.45 1122.4 >10K >1000 >1000 80 ( 23 >1000

DAgl(NâMe,benzoyl)-Cys]-OH (3) (4) (3) (3) (3)
24 L-803,087 (Merck)45 >1000 >1000 >1000 4.2 ( 1.9 >10K

(4) (4) (4) (3) (4)

a Percent purity determined by HPLC using buffer system: A ) TEAP (pH 2.5) and B ) 60% CH3CN/40% A with a gradient slope of
1% B/min, at flow rate of 0.2 mL/min on a Vydac C18 column (0.21 × 15 cm, 5 µm particle size, 300 Å pore size). Detection at 214 nm.
b Capillary zone electrophoresis (CZE) was done using a Beckman P/ACE System 2050 controlled by an IBM Personal System/2 model
50Z and using a ChromJet integrator; field strength of 15 kV at 30 °C. Mobile phase: 100 mM sodium phosphate (85:15, H2O:CH3CN),
pH 2.50, on a Supelco P175 capillary (363 µm o.d × 75 µm i.d. × 50 cm length). Detection at 214 nm. c The calculated m/z of the monoisotope
compared with the observed [M + H]+ monoisotopic mass. d The IC50 values (nM) were derived from competitive radioligand displacement
assays, reflecting the affinities of the analogues for the cloned somatostatin receptors using the nonselective 125I-[Leu8,DTrp22,Tyr25]SRIF-
28 as the radioligand. Mean value ( SEM when N g 3 (shown in parentheses). In the other cases, mean is shown with single values in
parentheses.
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diography was performed as depicted in detail previ-
ously.43 The binding affinities are expressed as IC50

values that were calculated after quantification of the
data using a computer-assisted image-processing system
as described previously.43,44 Control peptides include
SRIF-28, OLT-8 (2), ODT-8 (3), and the sst4-selective
non-peptide L-803,087 (24).45 One of the most potent
analogues (8) was evaluated for its agonist/antagonist
properties by measuring inhibition of forskolin-stimu-
lated cyclic adenosine monophosphate (cAMP) produc-
tion (Figure 3).30

From the affinities of OLT-8 (2) and ODT-8 (3) for
the five sst’s (Table 1), it is notable that both have
greater affinity (5-fold and 2-fold, respectively) for sst4

than SRIF-28 while having similar affinities at the other
four receptors. On the basis of this observation, we
concluded that the octapeptide scaffold with either the
L- or DTrp at position 8 would be a good lead for the
design of sst4-selective analogues. The first diastereo-
mers, 4 (IC50 ) 14.3 nM at sst4) and 5 (IC50 > 1000 nM
at sst4), have the Phe at position 6 substituted by the
Nâ-methylated betide phenylalanine. Whereas 4 gained
in sst4 selectivity as compared to 3, it also lost signifi-
cant affinity (10-fold), while 5 is inactive at all receptors.
Substitution of Phe7 by L-NâMe-betidePhe7 in 2 yielded
6 with >80-fold sst4 selectivity and high sst4 affinity
(IC50 ) 5.4 nM). On the other hand, substitution of Phe7

by D-NâMe-betidePhe7 in 2 yielded 7 with considerable
loss of binding affinity at all sst’s. Interestingly, the
results are almost parallel when Phe7 was substituted
by L-NâMe-betidePhe7 and D-NâMe-betidePhe7 in 3 to
yield 8 and 9, respectively. sst4 selectivity of 8 is again
>80-fold with retention of high affinity (IC50 ) 5.2 nM),
while 9 is inactive at all receptors, except maybe at sst4
(IC50 ) 153 nM). Compound 8 was found to be an
agonist in its ability to inhibit forskolin-induced cAMP
accumulation with an EC50 value of 1.01 nM, compared
to a value of 0.37 nM for SRIF-28 (n ) 2). Figure 3
shows that 8 behaves similarly to SRIF-28: not only
does it inhibit forskolin-stimulated cAMP accumulation

to the same level as SRIF-28, but it also does it at
similar concentrations.

The observation of Bass et al.,46,47 demonstrating that
inversion of chirality at position 3 of the agonist Ac-
Phe2(4NO2)-c[Cys3-Tyr7-DTrp8-Lys9-Thr10-Cys14]-DTyr15-
NH2 to Ac-Phe2(4NO2)-c[DCys3-Tyr7-DTrp8-Lys9-Thr10-
Cys14]-DTyr15-NH2 yielded an antagonist, was followed
by contributions of Hocart et al.48,49 and Rajeswaran et
al.50 suggesting that this modification may be generally
applicable for the generation of SRIF antagonists. This
led us to investigate the influence of the introduction
of DCys3 in 8 and 9 to yield 10 and 11. Again, the
LAgl7(NâMe,benzoyl)-containing 10 is more potent and
selective than the corresponding DAgl7(NâMe,benzoyl)-
containing 11. In fact, 10 is the most potent and sst4-
selective analogue in this series and is an agonist in its
ability to inhibit forskolin-induced cAMP accumulation
(data not shown).

To generate an iodinatable analogue, a tyrosine
residue was introduced at the N-terminus of 6-9 to
yield 12-15. As shown in Table 1, these analogues lost
significant affinity (IC50 > 18 nM) for sst4 and therefore
some selectivity, too. At this point, we stopped following
this lead to pursue it with the use of â-methyl amino
acids (see part 2).31

Substitution of Lys9 in 2 by NâMe-betideLys [LAgl9-
(NâMe,âAla)] resulted in two inactive analogues, 18 and
19. This was not surprising in view of the recognized
importance of lysine at position 9 for binding to all
sst’s.51

Scanning position 10 of 3 with NâMe-betideThr yielded
20 and 21. It is noteworthy that 20 retained significant
affinity at both sst1 (IC50 ) 45 nM) and sst4 (IC50 ) 6.5
nM) while remaining inactive at all other sst’s. It should
be noted that the diastereomer 21 also retained some
sst4 (IC50 ) 38 nM) and sst5 (IC50 ) 389 nM) affinity.

Finally, introduction of NâMe-betidePhe at position
11 of 3 yielded the L-diastereomer 22, with high affinity
for sst4 (IC50 ) 6.9 nM) and limited selectivity over the
other receptors (ca. 20-fold).

In conclusion, scanning of ODT-8 and OLT-8 with the
corresponding â-methylated betidamino acids at posi-
tions 6, 7, 9, 10, and 11 yielded several analogues with
high sst4 affinity and selectivity (4, 6, 8, 10, and 22).
This family of compounds appears to represent agonists
in their ability to inhibit forskolin-induced cAMP ac-
cumulation, since not only 8 but also 6 and 10 (data
not shown) showed this property. Our efforts to derive
useful betidamino acid-containing sst4-selective radio-
iodinatable ligands were, however, unsuccessful. Struc-
ture-activity relationship studies suggested interesting
new substitutions that proved to be beneficial (see parts
231 and 332 of this series).

Experimental Section
Abbreviations. The abbreviations for the common amino

acids are in accordance with the recommendations of the
IUPAC-IUB Joint Commission on Biochemical Nomenclature
(Eur. J. Biochem. 1984, 138, 9-37). The symbols represent
the L-isomer except when indicated otherwise. Additional
abbreviations: Agl, aminoglycine; Boc, tert-butoxycarbonyl;
Bzl, benzyl; Z(2Br), 2-bromobenzyloxycarbonyl; Z(2Cl), 2-chlo-
robenzyloxycarbonyl; Cbm, carbamoyl (NH2-CO-); CZE, cap-
illary zone electrophoresis; DIC, N,N′-diisopropylcarbodiimide;
DIPEA, diisopropylethylamine; Fmoc, 9-fluorenylmethoxycar-
bonyl; HOBt, 1-hydroxybenzotriazole; IBMX, 3-isobutyl-I-

Figure 3. Effect of various concentrations of somatostatin-
28 (SRIF-28), and the sst4-selective agonist 8 on forskolin-
stimulated cAMP accumulation in CCL39 cells expressing sst4.
Concentration-response curves were obtained with increasing
concentrations of SRIF-28 (b) and 8 (9). Data are expressed
as % forskolin-stimulated cAMP accumulation. The plot
represents the mean of two independent experiments. Ana-
logue 8 behaves as an agonist.
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methylxanthine; Mob, 4 -methoxybenzyl; Nal, 3-(2-naphthyl)-
alanine; NMP, N-methylpirrolidinone; OBzl, benzyl ester;
SRIF, somatostatin; sst’s, SRIF receptors; TEA, triethylamine;
TEAP, triethylammonium phosphate; TFA, trifluoroacetic acid.

Peptide Synthesis. Peptides were synthesized by the solid-
phase approach either manually or on a CS-Bio peptide
synthesizer, model CS536.52 Peptide couplings were mediated
for 1 h by DIC in CH2Cl2 or NMP and monitored by the
qualitative ninhydrin test. A 3-equiv excess of amino acid
based on the original substitution of the resin was used in most
cases. Boc removal was achieved with trifluoroacetic acid (60%
in CH2Cl2, 1-2% m-cresol) for 20 min. An isopropyl alcohol
(1% m-cresol) wash followed TFA treatment, and then suc-
cessive washes with triethylamine solution (10% in CH2Cl2),
methanol, triethylamine solution, methanol, and CH2Cl2 com-
pleted the neutralization sequence. The completed peptide was
then cleaved from the resin by HF containing the scavengers
anisole (10% v/v) and methyl sulfide (5% v/v) for 60 min at 0
°C. The diethyl ether-precipitated crude peptides were cyclized
in 75% acetic acid (200 mL) by addition of iodine (10% solution
in methanol) until the appearance of a stable orange color.
Forty minutes later, ascorbic acid was added to quench the
excess of iodine. All Agl-containing peptides were synthesized
using the unresolved Boc,Fmoc-Agl. Additionally, 9 and 11
were synthesized starting with Fmoc-DAgl(Boc)-OH (see be-
low).35

Synthesis of H-c[Cys3-Phe6-DAgl7(NâMe,benzoyl)-DTrp8-
Lys9-Thr10-Phe11-Cys14]-OH (SRIF numbering) (9) and
H-c[DCys3-Phe6-DAgl7(NâMe,benzoyl)-DTrp8-Lys9-Thr10-
Phe11-Cys14]-OH (11) with Optically Active Fmoc-DAgl-
(Boc)-OH. After coupling Fmoc-DAgl(Boc)-OH in position 7,
the side-chain-protecting Boc group was removed with 60%
TFA, washed, and neutralized, and to the 0.9-g peptide resin
(0.36 mmol/g) swollen in dichloromethane was added Dod-Cl
(130 mg, 0.5 mmol) along with DIEPA (500 µL). The mixture
was shaken for an hour to complete the alkylation. The resin
was washed, and shaken after the addition of formaldehyde
(2 mL, 37% solution) in NMP (18 mL) and acetic acid (100
µL). After 5 min, sodium cyanoborohydride (300 mg) was
added, and the mixture was shaken for 60 min. After the
removal of the Dod group with TFA (60%) for 30 min, benzoyl
chloride (500 µL) was used to acylate the free secondary amino
group of the side chain. Removal of the NR-Fmoc protecting
group with 20% piperidine in NMP in two successive 5- and
15-min treatments was followed by the standard elongation
protocol until completion of the peptide. The peptides were
cleaved, deprotected, and cyclized as described above.

Purification of Peptides. The crude, lyophilized peptides
were purified by preparative RP-HPLC53 on a 5-cm × 30-cm
cartridge, packed in the laboratory with reversed-phase 300
Å Vydac C18 silica (15-20 µm particle size) using a Waters
Associates Prep LC/System 500A system. The peptides eluted
with a flow rate of 100 mL/min using a linear gradient of 1%
B per 3-min increase from the baseline % B (eluent A ) 0.25
N TEAP, pH 2.25; eluent B ) 60% CH3CN, 40% A). All
peptides were subjected to a second purification step carried
out with eluents A ) 0.1% TFA in water and B ) 60% CH3-
CN/40% A on the same cartridge, using a linear gradient of
1% B per min increase from the baseline % B. Analytical HPLC
screening of the purification was performed on a Vydac C18

column (0.46 × 25 cm, 5 µm particle size, 300 Å pore size)
connected to a Rheodyne injector, two Beckman 100A pumps,
a model 420 system controller programmer, a Kratos 750 UV
detector, and a Houston Instruments D-5000 strip chart
recorder. The fractions containing the product were pooled and
subjected to lyophilization. The final yield for these purified
peptides was about 5%.

Characterization of SRIF Analogues. (See Table 1
footnote.) The purity of the final peptides was determined by
analytical RP-HPLC performed with a linear gradient using
0.1 M TEAP, pH 2.5, as eluent A and 60% CH3CN/40% A as
eluent B on a Hewlett-Packard Series II 1090 liquid chro-
matograph connected to a Vydac C18 column (0.21 × 15 cm, 5
µm particle size, 300 Å pore size), controller model 362, and a

Think Jet printer. CZE analysis was performed as described
earlier.54 Peptides are >90% pure by HPLC and CZE in most
cases: 13 and 23 still contained 5-10% of the earlier-eluting
diastereomers 12 and 22, respectively. Compound 22, on the
other hand, was not significantly contaminated with 23 (<3%).
Mass spectra (MALDI-MS) were measured on an ABI-Persep-
tive DE-STR instrument. The instrument employs a nitrogen
laser (337 nm) at a repetition rate of 20 Hz. The applied
accelerating voltage was 20 kV. Spectra were recorded in
delayed extraction mode (300 ns delay). All spectra were
recorded in the positive reflector mode. Spectra were sums of
100 laser shots. Matrix R-cyano-4-hydroxycinnamic acid was
prepared as saturated solutions in 0.3% trifluoroacetic acid
in 50% acetonitrile. The observed monoisotopic (M + H)+

values of each peptide corresponded with the calculated (M +
H)+ values.

Determination of the Stereochemistry of Agl in the
Peptides. Since the L- and D-enantiomers of Boc-Agl(Fmoc)-
OH and Boc-Agl(NâMe,Fmoc)-OH, used for the synthesis of
peptides, were not resolved initially, two diastereomers were
generated, isolated, and tested. Resolution of the L- from the
DAgl-containing peptides was achieved using RP-HPLC.53,55

The absolute configuration of the Agl was deduced from
enzymatic hydrolysis studies with aminopeptidase M, carbox-
ypeptidase A, trypsin, and R-chymotrypsin, respectively. Pep-
tides 2 and 3 were used as controls to follow the specificity of
all enzymes as well as the kinetics of degradation.

Aminopeptidase M is a metalloprotease, which can hydro-
lyze peptides at a free R-amino group of L-amino acids (except
for X-Pro bonds and the amino groups of Asp, Gln, or âAla).
Aminopeptidase M was employed to determine the absolute
configuration of Agl in 4-9 and 12-15. The hydrolysis of the
peptides was monitored by RP-HPLC. When it was possible,
the mass of the resulting fragments was determined by
MALDI mass spectrometry. The observed and calculated
masses for the predicted degradation products were compared.
The treatment of 6 and 12 with aminopeptidase M resulted
in very hydrophilic products. The nonidentifiable small mass
values of these fragments (the matrix shows several denomi-
nations in this low range as well) indicated that the peptide
had been completely hydrolyzed, providing evidence that these
analogues contained the L-enantiomer of Agl in their sequence.
The treatment of both 7 and 13 with aminopeptidase M for
up to 5 weeks resulted in products with a mass of 771.31. This
mass could be assigned to H-Agl(NâMe,benzoyl)-Trp-Lys-Thr-
Phe-OH. This observation showed that the hydrolysis stopped
at the Agl residue; thus, analogues 7 and 13 contained the
D-enantiomer of the Agl derivative. Analogues 4, 5, 8, 9, 14,
and 15 contain a D-residue at position 8 (DTrp); therefore, a
complete enzymatic hydrolysis could not be expected for any
of these compounds. The treatment of 5 with aminopeptidase
M for 42 h did not result in any degradation product, but the
same treatment of 4 resulted in the complete disappearance
of the starting material and the appearance of several very
hydrophilic new fragments. This suggests that 5 contained the
DAgl derivative in the sequence, resulting in its resistance to
the enzymatic hydrolysis. The enzymatic hydrolysis of 8, 9 and
14, 15 with aminopeptidase M for 5 days showed different
patterns, as followed by RP-HPLC. A fragment with a mass
of 771.31 from 9 and 15 (similar to what had been observed
for 7 and 13) could be identified, suggesting that 9 and 15
contained the D-enantiomer of the Agl derivative. These
observations were in agreement with the finding that 9,
synthesized with papain-resolved, optically active DAgl,35

N-methylated on the resin,42 coeluted on RP-HPLC with the
earlier-eluting diastereomer obtained from the synthesis with
unresolved Agl derivative. Enzymatic hydrolysis of the pep-
tides from both origins followed the same kinetics and finger-
print of degradation. Control peptide 2, containing all L-amino
acids, was completely hydrolyzed with aminopeptidase M after
3 h. The aminopeptidase M-mediated hydrolysis of 3, contain-
ing a DTrp at position 8, for 5 weeks resulted in a product with
a mass of 581.27. This mass could be assigned to that of H-Trp-
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Lys-Thr-Phe-OH, showing that further hydrolysis was stopped
at the DTrp residue.

Determination of the absolute configuration at the R-carbon
of Agl(âAla) and Agl(NâMe,âAla) in peptides 16-19 needed a
different approach since these amino acids were introduced
into the sequence after DTrp8, which blocks further cleavage
by aminopeptidase M, as observed in the case of 3. These
analogues were digested with carboxypeptidase A, which
preferentially cleaves off L-amino acids with aromatic or
branched side chains starting at the C-terminus. Digestion of
disulfide-bridge-containing peptides with carboxypeptidase A
can be limited, if not impossible. First, we tried to hydrolyze
2 and 3 to find out if this method could be applied. The degree
of hydrolysis for peptides 2 and 3 was 35% and 92% starting
material and 65% and 8% hydrolyzed products, respectively,
after 7 days, suggesting that some hydrolysis could be achieved
even in the DTrp-containing analogue 3. Peptides 16-19 were
exposed to carboxypeptidase A digestion for 7 days. Analogue
17 showed no sign of any hydrolysis as followed by HPLC,
while 16 slowly degraded, with 85% of the starting material
remaining intact under the same conditions, suggesting that
16 contained the LAgl derivative in its sequence. Analogue 19
was quite resistant to carboxypeptidase A’s digestion, retaining
95% integrity after 7 days. Its diastereomer 18, on the other
hand, degraded 50% under the same conditions and was
therefore assumed to contain the LAgl residue. Carboxypep-
tidase A did not hydrolyze 20-23 after 5 days of incubation.

Trypsin, which is highly specific toward positively charged
side chains with lysine and arginine, was able to open the ring
structure of 20-23 after the lysine residue, resulting in
products that eluted earlier on the RP-HPLC and showed
higher mass by 18. The rate of reactions was very much
different. Because 75% of 20 could be hydrolyzed in 5 days,
while 21 remained essentially intact, we suggest that 20
contains the L-isomer of the Agl derivative and 21 its enan-
tiomer. Interestingly, a faster reaction rate could be observed
in the case of 22. Indeed, no starting material could be detected
after digestion of 22 with trypsin for 1 day, while 95% of 23
remained intact under the same conditions, suggesting that
22 contained the L-isomer of the Agl derivative and 23 its
enantiomer. To explain the difference in reaction rates of these
enzymatic hydrolyzes, we propose that in 20, the Agl derivative
bonded to the Lys residue limits the access of trypsin to the
cleavage site more than in the case of 22, in which a threonine
follows the lysine prior to the aminoglycine derivative. The
enzymatic hydrolysis of our controls (2 and 3) with trypsin
showed similar results, in that 2 fully hydrolyzed (100%)
within 4 h, whereas the presence of the DTrp8 in the sequence
of 3 slowed the rate of the hydrolysis to 35%.

In 10 and 11, the Agl derivative has an adjacent D-amino
acid (DTrp) and the peptide sequence starts with a D-amino
acid (DCys). In this case, we anticipated that 10 and 11 could
be labile to R-chymotrypsin, since there are two Phe residues
in their sequence. However, we also expected the rates of
hydrolysis to be different, depending on the presence or
absence of a DAgl derivative. After 1 week, 11 retained 60%
integrity while a hydrolysis product, which eluted faster on
RP-HPLC, showed an 18-mass-unit increase, suggesting that
the ring structure had opened. Under the same conditions, only
25% of 10 remained intact, while all hydrolysis products had
lower masses and eluted faster on RP-HPLC, suggesting that
the peptide was further hydrolyzed to smaller fragments after
ring-opening and that this analogue had to contain the LAgl
derivative. The hydrolysis of 3 with R-chymotrypsin was very
slow compared to that of 2. After 2 h, no starting material
could be detected in the hydrolysis products of 2, while only
2% of 3 had been hydrolyzed. The presence of two D-amino
acids in 10 and three D-amino acids in 11 explains the
difference in the rate of hydrolysis with this enzyme.

All enzymatic hydrolyses were carried out according to the
protocols suggested by the manufacturers. Briefly, aminopep-
tidase M (Roche, 25 µL ) 0.5 unit) was added to peptide (0.1
µmol) dissolved in 100 µL of 0.06 M sodium phosphate buffer
(pH ) 7.0), and the hydrolysis was followed by RP-HPLC for

one month. Carboxypepdiase A (Sigma, 5 µL ) 5 units) with
10% LiCl (50 µL) was added to peptide (0.1 µmol) dissolved in
0.025 M Tris buffer (100 µL, pH ) 7.6) containing 0.1 M NaCl,
and the hydrolysis was followed by RP-HPLC for one week.
R-Chymotrypsin (Sigma, 0.5 µg) in 0.01 N HCl (50 µL) was
added to peptide (0.025 µmol) dissolved in 0.08 M Tris buffer
(pH ) 7.8, 50 µL), and the hydrolysis was followed by RP-
HPLC for one week. Trypsin (Roche, 5 µg) in 0.05% TFA (20
µL) was added to peptide (0.02 µmol) dissolved in 0.046 M Tris
buffer (200 µL, pH ) 8.1) containing 0.01 M CaCl2, and the
hydrolysis was followed by RP-HPLC for 5 days.

The results of these enzymatic hydrolyses are consistent
with our findings that analogues containing an LAgl derivative
in position 6, 7, 10, or 11 show higher binding affinity and
selectivity for sst4 than analogues with a DAgl derivative in
the same position in the sequence.

Receptor Autoradiography. CHO-K1 or CLL39 cells
stably expressing the cloned five human sst’s were grown as
described previously.43,56 All cell culture reagents were supplied
by Gibco BRL, Life Technologies (Grand Island, NY). The
receptor autoradiographical experiments were performed using
125I-[Leu8,DTrp22,Tyr25]SRIF-28 as extensively described previ-
ously.43

Adenylate Cyclase Activity. Modulation of forskolin-
stimulated adenylate cyclase activity was determined using a
radioimmunoassay measuring intracellular cAMP levels by
competition binding.30 sst4-expressing CLL39 cells30 were
subcultured in poly-D-lysine-coated 96-well culture plates at
2 × 104 cells/well and grown for 24 h. Culture medium was
removed from the wells, and 100 µL of fresh medium contain-
ing 0.5 mM IBMX was added to each well. Cells were
incubated for 30 min at 37 °C. Medium was then removed and
replaced with fresh medium containing 0.5 mM IBMX, with
or without 10 µM forskolin and various concentrations of
peptides. Cells were incubated for 30 min at 37 °C. After
removal of medium, cells were lysed and cAMP accumulation
was determined using a commercially available cAMP scintil-
lation proximity assay (SPA) system according to the instruc-
tions from the manufacturer (RPA 538, Amersham Bioscienc-
es, Little Chalfont, UK). cAMP data were expressed as per-
centage of stimulation over the nonstimulated level. Values
of EC50 (the agonist concentration causing 50% of its maximal
effect) were derived from concentration-response curves.
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