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The binding affinity of short chain somatostatin (SRIF) analogues at the five human SRIF
receptors (sst) was determined to identify sterically constrained somatostatin receptor subtype
1 (sst1) selective scaffolds. Des-AA1,2,4,13-[D-Trp8]SRIF (2) retained high binding affinity at all
receptors but sst1, Des-AA1,2,4,5-[D-Trp8]SRIF (3) at sst4 and sst5, and Des-AA1,2,4,5,13-[D-Trp8]-
SRIF (4) at sst2 and sst4 (AA ) amino acid). Des-AA1,2,4,12,13-[D-Trp8]SRIF (6) was potent and
sst4-selective (>25-fold); Des-AA1,2,5,12,13-[D-Trp8]SRIF (7) and Des-AA1,2,4,5,12,13-[D-Trp8]-SRIF (9,
ODT-8) were most potent at sst4 and moderately potent at all other receptors. Dicyclic SRIF
agonists of the sst1-selective Des-AA1,5-[Tyr2,D-Trp8,IAmp9]SRIF, (14, sst1 IC50 ) 14 nM) were
prepared in which a lactam bridge introduced additional conformational constraint (IAmp )
4-(N-isopropyl)-aminomethylphenylalanine). Cyclo(7-12)Des-AA1,5-[Tyr2,Glu7,D-Trp8,IAmp9,-
hhLys12]SRIF (31) (sst1 IC50 ) 16 nM) and cyclo(7-12) Des-AA1,2,5-[Glu7,D-Trp8,IAmp9,m-I-
Tyr11,hhLys12]SRIF (45) (sst1 IC50 ) 6.1 nM) had equal or improved affinities over that of the
parent 14. Binding affinity was decreased in all other cases with alternate bridging constraints
such as cyclo (6-11), cyclo (6-12), and cyclo (7-11). Compound 45 is an agonist (EC50 ) 8.8
nM) in the adenylate cyclase assay.

Introduction

The cyclic peptide hormone somatostatin (SRIF), first
isolated from ovine hypothalamus in 1973,1 character-
ized,2 and synthesized3 in our laboratories, has since
been found to modulate numerous actions in the body
that are mediated by at least five SRIF receptors
(sst1-5).4-10 Among its most important roles, SRIF is an
inhibitor of growth hormone (GH),2 glucagon, and
insulin secretions.11

The aim of this study was to use the available
structure-activity relationships (SAR) of sst1-selective
analogues for the design of sst1-selective constrained
analogues amenable to NMR investigation for the
determination of the sst1 pharmacophore12 and to
generate compounds with high in vivo potency and
either agonist or antagonist activity for mechanistic
studies. An updated review of sst1 receptor localization
and function as well as a rationale for the need of sst1-
selective ligands is given in the preceding paper.13

The early observation that shortened chain analogues
of SRIF, both peptidic as well as nonpeptide mimet-
ics,14-17 retained significant biological activities18,19

ultimately led to the development of several drugs and
drug candidates. These include octreotide20 and deriva-
tives such as Octreoscan, vapreotide, and lanreotide
and, more recently, SOM23021 and KE108.22 Several
reviews describe the use of these analogues in the
management of numerous pathological conditions and
cancer treatments.14,17,23-27 Because these early ana-
logues had been tested for their relative potencies in

inhibiting GH, insulin, and glucagon secretions and
shown in some cases to be selective,19,28-31 we measured
their binding affinity for the five sst (Table 1).

In addition, highly constrained analogues that are
preferred as their solution conformations will help
define the structure of the pharmacophore using NMR
and computer modeling techniques.32-39 In our quest for
novel scaffolds that would lead to ligands with high-
binding affinity and sst selectivity, we synthesized a
series of shortened, presumably more structurally stable,
SRIF analogues (Table 1). This design strategy for a
constrained backbone motif has precedence in the design
of ODT-8 (Figure 1B),18,19 octreotide (Figure 1C),20 and
CH-275 (Figure 1D)40 as compared to SRIF (schemati-
cally depicted in Figure 1A). The ODT-8 scaffold origi-
nated from the observation that, in an alanine scan of
SRIF, substitutions at positions 4, 5, 10, 12, and 13
resulted in analogues essentially equipotent to SRIF
whereas substitutions at positions 6, 7, 8, 9, and 11
resulted in significantly less potent analogues (100-fold
loss).18,19 This suggested that double deletions such as
Des-AA4,13 and Des-AA4,5,12,13 may conserve the struc-
tural features of the postulated â-turn responsible for
activity. This was indeed the case as shown by us18,19

and confirmed later by others with the octreotide
scaffold (Figure 1C)20 and the work by the Merck group
headed by R. Hirschmann, which made the seminal
observation that the π-stacking of the phenylalanine
side chains at positions 6 and 11 of SRIF may have a
structure-stabilizing role32,33 critical for the propitious
alignment of the side chains of residues 7-10 in a
bioactive conformation. The scaffold of CH-275 was first
identified by Sarantakis et al.41 who observed that Des-
Ala1,Gly2,Asn5-SRIF, {H-cyclo[Cys3-Lys4-Phe6-Phe7-Trp8-
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Lys9-Thr10-Phe11-Thr12-Ser13-Cys14]-OH}, was a potent
and selective inhibitor of insulin and not glucagon.

Here, we followed two distinct approaches for the
design of conformationally constrained and sst-selective
SRIF analogues. In the first one, analogues that had
been synthesized and tested more than 20 years ago for
their ability to inhibit GH, insulin, and glucagon in the
rat were now tested for their ability to bind to the five
sst. In the second one, a strategy similar to that carried
out by the Merck group33,42 whereby, starting with the
CH-275 scaffold40 (Figure 1D), an additional bridge
between residues 7 and 12 (SRIF nomenclature, Figure
1E, Table 2) that is compatible with retention of high
affinity for sst1 was identified. It was hypothesized that
deletion of the cystine-containing ring shown in Figure
1E in a manner shown in Figure 1F may result in a
shorter sst1-selective analogue.

Results and Discussion
Synthesis. All of the analogues shown in Tables 1

and 2 were synthesized either manually or automati-
cally on a chloromethylated resin using the Boc strategy
and N,N′-diisopropylcarbodiimide (DIC) for amide bond
formation (Boc ) tert-butoxycarbonyl). The side chains
of the internal bridgeheads were protected with the
base-sensitive OFm and Fmoc groups (OFm ) γ-9-
fluorenylmethyl ester, Fmoc ) 9-fluorenylmethoxy-
carbonyl). Cyclization was achieved after piperidine
treatment of the fully protected peptide resin using
BOP as described originally by Felix et al.43 or TBTU
(BOP ) (benzotriazol-1-yloxy)tris(dimethylamino)phos-
phonium hexafluorophosphate, TBTU ) 2-(1H-benzo-
triazol-1-yl)-tetramethyluronium tetrafluoroborate). The
peptide resins were treated with hydrogen fluoride in
the presence of scavengers to liberate the fully de-
blocked, lactam-bridged analogues. Cyclization of the
cysteines was mediated by iodine in an acidic milieu.44

Purification was carried out using multiple high-
performance liquid chromatography (HPLC) steps,45 and
characterization by HPLC,45 capillary zone electro-
phoresis,46 and mass spectrometry. The measured masses
obtained using matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI-MS) were as expected.
Because 2-4, 6, and 9-12, made on solid phase, had
been purified using partition chromatography or coun-
tercurrent distribution, it was important to check first
whether they had retained their chemical integrity upon
standing more than 25 years in a freezer and most
importantly whether they were indeed the expected
compounds. It was very rewarding to find out that these
analogues, the purification of which had been monitored
by thin-layer chromatography, were stable, had the
expected molecular weights, and were of high purity
(determined by HPLC and capillary zone electrophoresisT
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Figure 1. Illustration of established and proposed scaffolds
for the design of sst1-selective ligands.
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(CZE)) equivalent to that obtained nowadays using
HPLC (Table 1).

Biological Testing. The compounds were tested for
their ability to bind to 20 µm thick cryostat (Leitz 1720,
Rockleigh, NJ) sections of a membrane pellet of cells
transfected with each of the five human sst receptor
subtypes as described earlier.13,47-49 The most potent
and selective analogues were then evaluated for their
agonist/antagonist properties measuring the forskolin-
stimulated production of cyclic adenosine monophos-
phate (cAMP).

Structure-Activity Relationships. After the ob-
servation that the N-terminus dipeptide of SRIF, the
H-Ala-Gly-OH, could be deleted with retention of poten-
cies in all of the assays available at the time (inhibition
of GH, insulin, and glucagon),50 most analogues of SRIF
described in the literature are shortened at the N-
terminus by two residues with the exception of those
that have a tyrosine or a chelating agent for the purpose
of labeling. Additionally, most somatostatin analogues
have a D aromatic amino acid at position 8.51 Here we
show that deletion of one or several additional amino
acids within the cycle of [D-Trp8]SRIF results in either
maintenance or loss of binding affinity at one or more
receptors. Deletion of Lys4 and Ser13 in addition to the
N-terminus dipeptide yields 2, which retains significant
binding affinity except for sst1. However, deletion of
Lys4-Asn5 results in 3 with very high potency to inhibit
GH and insulin while inactive at inhibiting glucagon
secretion.29-31,52

Deletion of the additional Ser13 results in 4 with high
binding affinity at sst2 and sst4, moderate binding
affinity at sst3 and sst5, and poor binding affinity at sst1.
We have shown that introduction of IAmp9 in the
undecapeptide Des-AA1,2,5-[D-Trp8]SRIF to yield Des-
AA1,2,5-[D-Trp8,IAmp9]SRIF (CH-275) and in AA1,5-
[Tyr2,D-Trp8]SRIF to yield Des-AA1,5-[Tyr2,D-Trp8,IAmp9]-
SRIF (CH-288, 14) resulted in significant selectivity
for sst1 (IAmp ) 4-(N-isopropyl)-aminomethylphenyl-
alanine).40 It was therefore hypothesized that the same
substitution in an analogue shortened by two residues
would retain such selectivity. The fact that 5 is es-
sentially inactive at all of the receptors suggests that
the scaffold of CH-275 is unique and necessary for both
sst1 affinity and selectivity. Deletion of one residue
adjacent to Cys3 and two residues adjacent to Cys14 to
yield 6 favors sst4 selectivity with retention of moderate
binding affinity at all other receptors. Interestingly,
deletion of Asn5 rather than Lys4 and the two residues
adjacent to Cys14 yields 7 with increased binding affinity
and similar sst4 selectivity to that of 6. This strongly
suggests that a basic residue (in this case Lys4 versus
Asn5) is important for receptor interaction. This finding
is in keeping with the recent description of a biologically
stable pan-somatostatin, KE108, where an arginine
residue has been introduced at the equivalent position.22

Substitution of Lys9 by IAmp9 in 7 to yield 8 abolishes
binding affinity (>100-fold loss) at all of the receptors
except possibly at sst1. In Table 1, we also show the
structure of ODT-8 (9) for reference purposes as this
analogue has been extensively described in the litera-
ture and this scaffold was used for the discovery of sst3-
selective antagonists53 and sst4-selective agonists.54

Further deletions as shown in 10-13 result in almost

complete loss of binding affinity at each receptor and
extremely low relative potencies to inhibit GH, insulin,
and glucagon secretion.

When we compare binding affinities and relative
potencies to inhibit GH, insulin, and glucagon, we find
some correlation between sst2 binding affinities and GH
secretion as expected.55,56 Although several of these
shortened analogues (2-4, 6, 7, and 9) are highly potent,
there is no obvious correlation between their binding
affinities and inhibition of GH, insulin, or glucagon. We
suspect that the paucity of in vivo data and the fact that
pituitary and pancreatic secretions may respond to the
combined stimulation of more than one receptor, thus
emphasizing the need for truly sst-selective ligands.

Because this first screen did not seem to identify
promising leads for the design of constrained sst1-
selective analogues, we hypothesized that structural
constraints such as internal lactam bridges in the lead
sst1-selective analogue (14, CH-288) could fulfill this
aim.

An obvious bridging opportunity was suggested by the
prior observation that stacking of benzene rings of the
two phenylalanines at positions 6 and 11 played a
significant role in stabilizing the structure of SRIF.32,33

To prove this hypothesis, Veber et al. introduced cova-
lent constraints between the side chains of residues at
both positions 6 and 11, which resulted in analogues
with retention of high potency in assays that measured
inhibition of GH, insulin, and glucagon secretions. As
shown in Table 2, using the radioiodinatable sst1-
selective CH-288 as a parent analogue, introduction of
lactam rings of different sizes (22 atoms in 15 and 24
atoms in 17) and configuration (D configuration at
residues 6 and 11 in 16) resulted in analogues that were
essentially inactive. This suggested to us that either or
both phenylalanines were critical elements of a putative
sst1 pharmacophore. Alternatively, such bridging pre-
vented the analogues from assuming an sst1-compatible
conformation. Whereas an Asp6-Dap12 lactam bridge in
CH-288 led to the inactive 18 (23 atoms in the cycle),
the less constrained Glu6-Dab12 lactam bridge (25 atoms
in the cycle) led to 19 with both limited binding affinity
(IC50 ) 104 nM) and sst1-selectivity (>10-fold) (Dap )
2,3-diaminopropionic acid, Dab ) 2,4-diaminobutyric
acid). The fact that a larger ring size (27 atoms as in
20) led to a less potent analogue suggested that the
extension of the ring size had reached its optimal length
(25 atoms) and configuration as shown in 19. We then
moved the head of the bridge to position 7 and found
that none of the analogues with bridges from Xaa7 to
Xbb11 (21-23, with ring sizes ranging from 19 to 21
atoms) or D-Glu7 to D-Dab11 (24) had any affinity for any
of the five sst.

However, first attempts at bridging side chains at
positions 7 and 12 seemed more promising. Systemati-
cally increasing the size of the bridging ring going from
20-atom-membered rings (25) to 26-atom-membered
rings (26-30) ultimately led to 31 with a binding
affinity comparable to that of the parent CH-288. It is
noteworthy that two analogues (26 and 27) with the
same number of atoms in the cycle yet with the lactam
bridge shifted by one methylene group (Asp7 to Orn12

in 26 versus Glu7 to Dab12 in 27) differ in their binding
affinities for sst1; 27 shows at least 5 times greater
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binding affinity at sst1 than 26. This emphasizes how
important it is to mimic as closely as possible the
bioactive conformation and placement of functional
groups found in the native molecule in order to elicit
high binding.

We then synthesized a series of analogues in which
the length of the side chain at position 12 was incre-
mentally increased by one methylene group (27-31)
while retaining Glu at position 7. A 5-fold increase in
sst1-binding affinity was observed when the ring size
was increased from 22 (27) to 24 (29) atoms and by as
much as 15 times when the number of atoms in the cycle
is increased from 22 (27) to 26 (31) atoms using Dab12

(27, IC50 ) 241 nM at sst1), Orn12 (28, IC50 ) 554 nM
at sst1), Lys12 (29, IC50 ) 53 nM at sst1), hLys12 (30,
IC50 ) 94 nM at sst1), and hhLys12 (31, IC50 ) 16 nM at
sst1), respectively. We have no explanation why the
overall improvement in binding affinity with increasing
size of the lactam bridge is not linear as 28 and 30 have
sst1-binding affinities somewhat worse than expected.
Noteworthy is that 31, dicyclo (3-14, 7-12)H-Tyr2-Cys3-
Lys4-Phe6-Glu7-D-Trp8-IAmp9-Thr10-Phe11-hhLys12-Ser13-
Cys14-OH (i.e., cyclo(7-12) Des-AA1,5-[Tyr2,Glu7,
D-Trp8,IAmp9,hhLys12]SRIF) has a binding affinity com-
parable to that of its parent 14. Because we used D,L-
hLys and D,L-hhLys in the synthesis of 30 and 31, we
were able to also isolate in highly purified form the
diastereomers 32 (IC50 ) 782 nM at sst1) and 33 (IC50
) 204 nM at sst1) (hLys ) homo-lysine ) 2,7-diamino-
heptanoic acid, hhLys ) homo-homo-lysine ) 2,8-
diaminooctanoic acid). We cannot exclude the possibility
that some of the binding affinity of these analogues is
due to some minor contamination by the parent 30 and
31. It is however clear that a D residue at position 12 is
detrimental to binding affinity.

Another strategy to increase the size of a bridge is to
include an additional amino acid such as Gly (34), âAla
(35), and Gaba (36) in the cycle (Gaba ) γ-aminobutyric
acid). Whereas 34 with 25 atoms in the cycle was
inactive at all receptors, 35 (26 atoms in the ring) and
36 (27 atoms in the ring) were comparable in size to 31
and were equipotent (IC50 ) 74 and 61 nM at sst1, for
35 and 36, respectively) and selective (>10-fold) for sst1.
Following the same strategy of further increasing the
size of the lactam bridge using an additional amino acid,
we synthesized 37-39 (27 to 29 atoms in the cycle,
respectively), which showed mediocre affinity and sst1-
selectivity.

One advantage of developing subtype-selective ana-
logues is to be able to radiolabel them and use them as
in vitro tracers to selectively detect sst1 tissues or, as
in vivo tracers, for diagnostic purposes or for tumor
treatment. Within these premises, we synthesized the
monoiodinated 40, which resulted in an IC50 ) 89 nM
at sst1 comparable to that of its parent 29 which is
clearly inadequate for diagnostic or therapeutic pur-
poses. Carbamoylation of the N-terminus has been
shown earlier to be a favorable substitution in the
design of sst1-selective analogues.57 This substitution,
introduced in 29 to yield 41, is clearly unfavorable
because it resulted in a 4-fold increase in IC50. Previous
results showing that the introduction of a tyrosine at
other positions than position 2 could have a beneficial
effect on potency led us to synthesize 42 with a tyrosine

residue at position 11. The IC50 value of 42 (18 nM at
sst1) is about 3 times lower than that of the homologous
29 (53 nM at sst1). We then wondered whether an
additional constraint-inducing modification such as NR-
methylation of residue 9 shown earlier to be favor-
able13 would further enhance sst1-biding affinity. An
IC50 ) 62 nM at sst1 for 43 suggested otherwise.
Monoiodination of 43, yielding 44, however, resurrected
high-binding affinity as shown earlier in some in-
stances.57 From these data, we concluded that NR-
methylation of residue 9 in dicyclic analogues was not
favorable in contradistinction with monoiodination of
Tyr11. Hence, we synthesized 45, related to 31, our best
analogue so far, with an hhLys residue at position 12.
This combination of substitutions m-I-Tyr11,hhLys12 in
the Des-AA1,2,5-cyclo(7-12) [Glu7,D-Trp8,IAmp9]SRIF
scaffold is clearly optimized as it resulted in 45 with
an IC50 ) 6.1 nM at sst1. NR-Methylation of 45 at
position 9 to yield 46 was clearly detrimental. As in the
case of 32 and 33, the D-hhLys-containing isomers (47,
48) of 45 and 46 were significantly less potent.

Finally, to test our earlier premises that once we
had identified a dicyclic analogue with high affinity we
could likely eliminate the cystine-containing ring as
superfluous, we synthesized cyclo(7-12) Des-AA1-5,14-
[Glu7,D-Trp8,IAmp9,Lys12]SRIF (i.e., H-Phe6-cyclo[Glu7-
D-Trp8-IAmp9-Thr10-Phe11-Lys12]-Ser13-OH) (49) the sup-
posedly active core of the sst1 pharmacophore. This is
in keeping with the observation of Veber et al. that the
potent dicyclic SRIF analogue cyclo[Lys-Cys-Phe-Phe-
D-Trp-Lys-Thr-Phe-Cys-Ser]32,33 could be shortened to
yield the already known ODT-8 (Figure 1B)18,19 upon
deletion of the Ser-Lys residues forming the second ring.
The octapeptide 49 is inactive at all receptors suggesting
that the constraint resulting from the presence of the
second cycle or the functional groups present in that
cycle are important for receptor recognition and activa-
tion.

To distinguish agonists from antagonists, the effect
of our best sst1 analogue (45) was evaluated on forsko-

Figure 2. Effect of various concentrations of the sst1-selective
agonist (45) and the sst3-selective antagonist sst3-ODN-8,53

in comparison with SRIF-28 as positive control, on forskolin-
stimulated cAMP accumulation in CCL39 cells expressing sst1.
Concentration-response curves were obtained with increasing
concentrations of SRIF-28 (b) (EC50 ) 0.23 nM) and 45 (9)
(EC50 ) 8.8 nM). Sst3-ODN-8 (2), as negative control, has no
effect. Data are expressed as % forskolin-stimulated cAMP
accumulation. The plot represents the mean of four indepen-
dent experiments in triplicate (mean ( SEM).
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lin-stimulated cAMP production in sst1-expressing CCL39
cells. The data are shown in Figure 2. The agonist
somostatin-28 (SRIF-28) potently inhibited forskolin-
stimulated cAMP accumulation by more than 74% at a
peptide concentration of 100 nM, with an EC50 ) 0.23
nM; it was used as positive control. Our best sst1
analogue (45) was tested in this system and showed
agonistic properties with an EC50 ) 8.8 nM. The sst3-
selective sst3-ODN-853 was used as negative control.
In addition, we tested compound 45 in the presence of
an increasing dose of SRIF-28 in order to further exclude
antagonistic properties of 45. The agonistic effect of
SRIF-28 seen in concentration-response curves could
indeed not be antagonized with a fixed concentration
of 200 nM of 45, confirming the agonistic properties of
45 (data not shown).

Conclusions

Using an iterative approach to the design of high
affinity sst1-selective analogues with constrained struc-
tures, we identified dicyclo(3-14, 7-12)H-Cys3-Lys4-
Phe6-Glu7-D-Trp8-IAmp9-Thr10-m-I-Tyr11-hhLys12-Ser13-
Cys14-OH (45) as the most potent and sst1-selective
analogue reported so far. Because structural constraints
may interfere with receptor activation, it was imperative
to demonstrate that 45 was an agonist. Interestingly,
the additional constraint {cyclo(7-12)} that led to
retention of sst1-selectivity is different from that identi-
fied by Veber et al. that yielded mostly sst2 selectivity.
Unlike Veber’s discovery that the cycle furthest from
the turn defined by Phe-Trp-Lys-Thr could be deleted,
our shortened analogues lost binding affinity, suggest-
ing an important role for the amino acids at positions
4, 6, and 13 as shown in the proposed consensus NMR-
derived bioactive conformation described in the follow-
ing paper.12

Experimental Procedures

Starting Materials. The Boc-Cys(Mob)-CM resin with a
capacity of 0.3-0.5 mequiv/g was obtained according to
published procedures (Mob ) 4-methoxybenzyl).58 All of the
NR-tert-butoxycarbonyl (BOC) protected amino acids with
side chain protection were purchased from Bachem Inc.
(Torrance, CA), Chem-Impex Intl. (Wood Dale, IL), Novabio-
chem (San Diego, CA), or Reanal (Budapest, Hungary). The
side chain protecting groups were as follows: Asp(OFm),
Cys(Mob), Dab(Fmoc), Dap(Fmoc), Glu(OFm), Lys[Z(2Cl)],
Lys(Fmoc), Orn(Fmoc), Ser(Bzl), Thr(Bzl), Tyr[Z(2Br)], m-I-
Tyr[Bzl(3Br)]. Boc-IAmp(Z),59 Boc-D/L-hLys(Fmoc), and Boc-
D/L-hhLys(Fmoc)60 were synthesized in our laboratory (Z )
benzyloxycarbonyl, Bzl ) benzyl, Bzl(3Br) ) 3-bromobenzyl,
Z(2Br) ) 2-bromobenzyloxycarbonyl, Z(2Cl) ) 2-chlorobenzyl-
oxycarbonyl. Fmoc-â-Ala and Fmoc-Gaba were the products
of Chem-Impex Intl. (Wood Dale, IL). Boc-NRMe-IAmp(Z) was
also synthesized in our laboratory as described in the litera-
ture.13,61 Trypsin was purchased from Roche Molecular Bio-
chemicals (U.S.A.). All of the reagents and solvents were
reagent grade or better and used without further purification.

Peptide Synthesis. Peptides were synthesized by the solid-
phase approach with Boc chemistry either manually or on a
CS-Bio Peptide Synthesizer model CS536. Boc-Cys(Mob)-CM
resin with a capacity of 0.3-0.5 mequiv/g was used. Couplings
of the protected amino acids were mediated by DIC in CH2Cl2

or N-methylpyrrolidinone (NMP) for 1 h and monitored by the
qualitative ninhydrin test.62 A 3-equiv excess of the protected
amino acids based on the original substitution of the resin was
used in most cases. Boc removal was achieved with trifluoro-
acetic acid (60% in CH2Cl2, 1-2% m-cresol) for 20 min. An

isopropyl alcohol (1% m-cresol) wash followed trifluoroacetic
acid (TFA) treatment and then successive washes with tri-
ethylamine solution (10% in CH2Cl2), methanol, triethylamine
solution, methanol, and CH2Cl2 completed the neutralization
sequence. After complete synthesis of peptide sequence, lactam
bridges were constructed on the resin by first treating the
orthogonally protected peptide with 20% piperidine in NMP
in two successive 5 and 15 min treatments to remove the Fmoc
and OFm protecting groups from the side chain of Dab, Dap,
Lys, hLys, hhLys, Orn, Asp, and Glu, followed by the addition
of 2 equiv of TBTU in NMP while solution was kept basic by
the addition of N,N-diisopropylethylamine (DIPEA). In 34-
39, at position 12, Fmoc-â-Ala and Fmoc-Gaba were coupled
to the deprotected side chains of Dab, Dbu, Lys, and Orn, on
the resin before the synthesis proceeded to the coupling of the
amino acid at position 11. The ureido group (Cbm ) carbamoyl)
at the N-terminus of 41 was introduced on the resin.13 The
monocyclic and fully protected peptide was finally cleaved from
the resin support with simultaneous side chain deprotection
by anhydrous 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.

Determination of the Chirality of hLys and hhLys in
Peptides 30 and 32 and 31, 33, and 45-48. First, the hLys
and hhLys-containing peptides (30 and 32 and 31, 33, and 45-
48, respectively) were synthesized using unresolved Boc-D/L-
hLys(Fmoc) and Boc-D/L-hhLys(Fmoc), respectively. The dia-
stereomers 30/32, 31/33, 45/47, and 46/48 were separated by
preparative RP-HPLC. The absolute configuration of hLys and
hhLys in the analogues was deduced from enzymatic hydroly-
sis studies with trypsin. Trypsin (5 µg in 0.05% TFA, 20 µL)
was added to the peptides (20 µg) dissolved in 0.046 M TRIS
buffer containing 0.01 M CaCl2, pH 8.1 (80 µL) at room
temperature. 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 masses were matched up to the calculated masses
for the predicted degradation products. A 12-day digestion of
30 resulted in several products. The major product had a mass
of 1071.68. This mass could be matched to that of cyclo(7-
12)H-Phe6-Glu7-D-Trp8-IAmp9-Thr10-Phe11-hLys12-OH (SRIF
numbering). The digestion of 32 resulted in a major product
that showed a higher mass by 18 indicating only a ring opening
and among the several minor products, the smallest observed
mass was 1261.51. This mass could be assigned to that of cyclo-
(7-12)H-Phe6-Glu7-D-Trp8-IAmp9-Thr10-Phe11-hLys12-Ser13-Cys14-
OH, suggesting that 30 contains the L isomer of the hLys and
32 contains the D isomer of hLys. The exact same patterns
were found for 31/33, 45/47, and 46/48. A mass of 1107.52 Da,
which could be matched to that of cyclo(7-12)H-Phe6-Glu7-D-
Trp8-IAmp9-Thr10-Phe11-hhLys12-OH, and a mass 1275.73,
which could be matched to that of cyclo(7-12)H-Phe6-Glu7-D-
Trp8-IAmp9-Thr10-Phe11-hhLys12-Ser13-Cys14-OH, were ob-
served. These findings suggest that 31, 45, and 46 have the
L-hhLys in the sequence and 33, 47, and 48 contain the
D-hhLys in the sequence.

Purification and Characterization. The crude, lyophi-
lized peptides were purified by preparative RP-HPLC45 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 (Milford, MA) DeltaPrep 3000
system, model Shimadzu SPD-6A variable wavelength UV
detector, and Huston Instruments Omni Scribe chart recorder.
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) (TEAP ) triethylammonium phosphate). As
a final step, all of the peptides were rechromatographed in a
0.1% TFA solution and acetonitrile on the same cartridge at
100 mL/min (gradient of 1% acetonitrile/min). Analytical RP-
HPLC screening was performed on a Vydac C18 column (0.46
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cm × 25 cm, 5-µm particle size, 300-Å pore size) connected to
a Rheodyne model 7125 injector, an Altex 420 HPLC system
using two Altex 100A pumps, a Kratos Spectroflow 757 UV
detector set to 210 nm, and a Houston Instruments D-5000
strip chart recorder. The fractions containing the product were
pooled and subjected to lyophilization. The diastereomer
analogues 30/32, 31/33, 45/47, and 46/48 were separated by
preparative RP-HPLC. 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 chromatograph connected to a Vydac C18 column (0.21
cm × 15 cm, 5-µm particle size, 300-Å pore size), Controller
model 362, and a Think Jet printer. CZE analysis was
performed on a Beckman P/ACE system 2050 controlled by
an IBM Personal System/2 model 50Z connected to a ChromJet
integrator.46 Complete details are shown in Tables 1 and 2.
Mass spectra (MALDI-TOF MS) were measured on an ABI-
Perseptive 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 of the 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% trifluoro-
acetic acid in 50% acetonitrile. The observed monoisotopic (M
+ H)+ values of each peptide corresponded with the calculated
(M) values (Tables 1 and 2).

Receptor Autoradiography. Cells stably expressing the
cloned five human sst (CHO-K1 for sst1 and sst5 and CCL39
for sst2, sst3, and sst4) were grown as previously described.47

All of the cell culture reagents were supplied by Gibco BRL,
Life Technologies (Grand Island, NY). The receptor autoradio-
graphical experiments were performed as reported previ-
ously,47 using 125I-Tyr-[Leu8,D-Trp22,Tyr25]SRIF-28 as tracer.

Adenylate Cyclase Activity. Modulation of forskolin-
stimulated adenylate cyclase activity was determined using a
radioimmunoassay measuring intracellular cAMP levels by
competition binding22 as described in part 2 for sst1-expressing
CCL39 cells.13
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