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Somatostatin-14 (somatostatin) and its clinically available analogues octreotide, lanreotide,
and vapreotide are potent inhibitors of growth hormone, insulin, and glucagon release. Recently,
a novel backbone cyclic somatostatin analogue c(GABA-Phe-Trp-(D)Trp-Lys-Thr-Phe-GlyC3-
NH2) (analogue 1, PTR 3173) that possesses in vivo endocrine selectivity was described. This
long-acting octapeptide exhibits high affinity to human recombinant somatostatin receptors
(hsst) hsst2, hsst4, and hsst5. Its novel binding profile resulted in potent in vivo inhibition of
growth hormone but not of insulin release. We report the synthesis, bioactivity, and structure-
activity relationship studies of compounds related to 1. In these analogues, the lactam bridge
of 1 was replaced by a backbone disulfide bridge. We present a novel approach for conformational
constraint of peptides by utilizing sulfur-containing building units for on-resin backbone
cyclization. These disulfide backbone cyclic analogues of 1 showed significant metabolic stability
as tested in various enzyme mixtures. Receptor binding assays revealed different receptor
selectivity profiles for these analogues in comparison to their prototype. It was found that
analogues of 1, bearing a disulfide bridge, had increased selectivity to hsst2 and hsst5; however,
they exhibited weaker affinity to hsst4 as compared to 1. These studies imply that ring
chemistry, ring size, and ring position of the peptide template may affect the receptor binding
selectivity.

Introduction
In many naturally occurring cyclic peptides, confor-

mational constraints are obtained by a disulfide bridge.1-3

Replacement of the disulfide bridge by an amide bond
may retain conformational constraint.4 However, it may
also alter physicochemical properties of the peptide due
to the addition of potential hydrogen-bonding sites
through the bridge and consequent increase of ring
polarity.4,5 It was suggested that the physicochemical
alterations might create undesirable effects on phar-
macological activities of the peptide.6-8 These argu-
ments also apply to backbone cyclic peptides in drug
development4,5,8,9 hence the extensive search for back-
bone cyclic drug candidates and the attendant issues
of pharmacological properties of these peptidomi-
metics.9-12

Somatostatin is a tetradecapeptide, which inhibits the
release of various hormones and enzymes.13-15 Synthetic
somatostatin analogues, which were developed for clini-
cal use, share with the native peptide its pharmaco-
phore, the essential amino acid sequence Phe7-Trp8-
Lys9-Thr10 responsible for efficacy (the numbering refers
to the location of the residues in native somatostatin16).
To date, the three somatostatin drugs octreotide
((SMS201995)-[DPhe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr-
(ol)]), lanreotide ((BIM 23014)-[DNal-Cys-Tyr -DTrp-
Lys-Val-Cys-Thr-NH2]), and vapreotide ((RC160)-[DPhe-

Cys-Tyr-DTrp-Lys-Val-Cys-Trp-NH2]) have been shown
to be effective in various endocrine and gastrointestinal
abnormalities.17 These somatostatin analogues all have
similar binding affinities for four of the five human
somatostatin receptor subtypes (hsst): high affinity for
hsst2 and hsst5, moderate affinity for hsst3, and very
low affinity for hsst1. Lanreotide and vapreotide have
a moderate affinity for hsst4, whereas octreotide has
little or no affinity for this human somatostatin recep-
tor.14,17 This family of drugs inhibits the endocrine
release of growth hormone, glucagon, and insulin with
high potency in comparison to the native somatosta-
tin.14,15,17

Recently, a novel, backbone cyclic, long-acting soma-
tostatin analogue, 1, with improved pharmacological
properties was described.18 Analogue 1 is 1000- and
10 000-fold more potent in the in vivo inhibition of
growth hormone than of glucagon and of insulin release,
respectively. In fact, 1 is the first somatostatin analogue
that possesses complete in vivo selectivity between
growth hormone and insulin inhibition. The binding
profile of 1, namely, the combination of receptor sub-
types to which the analogue binds with high affinity, is
different than other somatostatin analogues such as
octreotide, lanreotide, and vapreotide.

In this study, we have reintroduced the original
disulfide bridge that exists in somatostatin and in most
of its potent synthetic analogues. We describe the
synthesis and bioactivity of metabolically stable, recep-
tor selective, backbone cyclic, disulfide bridged soma-
tostatin analogues based on the sequence of 1. These
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analogues were prepared by incorporation of a novel
sulfur-containing acetamidomethyl (Acm)-protected build-
ing unit.

Results
Design of the Backbone Cyclic Analogues of 1.

Our synthetic approach for novel backbone cyclic disul-
fide bridged somatostatin analogues was made possible
due to the development of novel sulfur-containing build-
ing units (Figure 2). The GlyC3 (Figure 1) and GABA
terminals of 1 were substituted with GlyS2, Cys, thio-
acetic, and thioapropanoic acids.

Building Blocks Synthesis. The synthesis of the
thiol-containing building blocks for the preparation of
the disulfide bridged backbone cyclic analogues is
described in Figure 3. The synthesis of Fmoc-GlyS2-
(Acm)-OH {9-flourenylmethoxycarbonyl-GlyS2(Acm)-
OH}, which was incorporated into all of the disulfide
bridged analogues, came out as follows: reaction of the
commercially available thioethylamine (1) with acet-
amidomethanol in trifluoroacetic acid (TFA) yielded the
Acm-protected thioethylamine (2), followed by reductive
alkylation of the primary amine with glyoxylic acid in
the presence of sodium cyanoborohydride. Finally, the
R amine was protected by reaction of 3 with Fmoc-OSu
in a MeCN/H2O mixture in the presence of Et3N.

Acm-thioacetic acid was prepared in order to obtain
the backbone-to-end disulfide bridged analogue 2 (Fig-
ure 1). This compound was obtained by reaction of the
commercially available thioacetic acid (5) with aceta-
midomethanol in TFA as described in Figure 3b. Simi-
larily, Acm-thiopropanoic acid (9) was prepared in
order to obtain the backbone-to-end disulfide bridged
analogue 3 (Figure 1). This compound was obtained by

the reaction of the commercially available bromopro-
panoic acid and trityl mercaptan in the presence of
sodium hydride in dimethylformamide (DMF) yielding
the triphenylmethyl (Trt)-protected thiopropanoic acid
(8) (Figure 3c). In situ replacement of Trt by Acm was
then accomplished by reaction of 8 with acetami-
domethanol in TFA as described in Figure 3c.

Peptide Synthesis. Peptide assembly was carried
out using the standard solid phase methodology with
Fmoc chemistry. N-alkylated Gly residues containing
an Acm-protected thioethyl group on the R amino group
Fmoc-GlyS2(Acm)-OH were incorporated in the carboxy
terminal position. An additional Acm-protected thiol
group was incorporated in the amino terminus (position
1 or 2). Following peptide elongation, the formation of
a disulfide bridge and removal of Acm groups were

Figure 1. Structure of the various backbone cyclic somatostatin analogues. The single asterisk denotes the AE-BN amino end
to backbone nitrogen, SC-BN side chain to backbone nitrogen, and BN-BN backbone nitrogen to backbone nitrogen. The double
asterisk denotes the number of atoms in the bridge + number of atoms in the backbone (total number of atoms in the ring).

Figure 2. Structures of the Fmoc-NR-[ω(Acm)-S-alkyl]Gly-OH
building unit and Acm-protected thioalkyl carboxylic acids.

Figure 3. Synthesis of the building blocks for the disulfide
bridged backbone cyclic analogues.
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carried out in situ with the peptide attached to the solid
support.19,20

Biological Activity. The affinities of the backbone
cyclic peptides to the five humane somatostatin recep-
tors were determined using receptor binding assays in
which the tested analogue competes for the binding of
radiolabeled somatostatin to human cloned receptors
expressed in CHO-K1 cells. Table 1 depicts the IC50
values calculated for the various backbone cyclic pep-
tides for each of the five somatostatin receptors.

Metabolic Stability. The metabolic stability of the
backbone cyclic analogues was studied in biological
media known to have broad enzymatic degradation
activity (rat liver and renal homogenate), as compared
to enzymatic free buffer (Tris-HCl, pH 7.4). Six of the
seven analogues were tested. These analogues showed
significant resistance to enzymatic degradation after 3
h in renal and liver homogenate (see Figure 4) as
compared to the fast decay of somatostatin under the
same experimental conditions. The least stable peptide
was analogue 4 that showed t1/2 of 3 h in renal homo-
genate, while somatostatin was degraded within 10 min
under these conditions.

Discussion

Recently, a novel backbone cyclic, high affinity ligand
of the human somatostatin receptors was described.18

This ligand, 1 (see Figure 1), is equipotent to other long-
acting somatostatin analogues in the inhibition of
growth hormone release. However, in contrast to the
clinically available somatostatin analogues that are also
potent inhibitors of insulin and glucagon release, 1 is
10 000-fold more potent in the in vivo inhibition of
growth hormone over insulin and 1000-fold more potent
in the in vivo inhibition of growth hormone vs glucagon
release. Analogue 1 is the first long-acting somatostatin

analogue showing complete in vivo selectivity between
growth hormone and insulin inhibition. So far, the
correlation between binding to a single somatostatin
receptor and particular physiological activity could not
be elucidated. Therefore, a novel approach termed
“profile selectivity” was suggested by Afargan et al.18

It was suggested that profile selectivity, namely, in vitro
selectivity to receptor subset, rather than single receptor
subtype, could dissociate the physiological effects medi-
ated by somatostatin analogues. Many somatostatin
analogues have profile selectivity to receptors hsst2,
hsst3, and hsst5, and even single receptor selective
analogues have been reported.21 However, in vivo stud-
ies revealed that none of these analogues shows physi-
ological selectivity,22,23 while the unique profile selec-
tivity to hsst2, hsst4, and hsst5 exhibited by 1 led to
physiological selectivity. It was suggested that the
unique pharmacology of 1 may provide a new pharma-
cotherapy approach for various endocrine abnormalities
where the endocrine nonselective somatostatin ana-
logues are not efficient.

In this paper, we have used 1 as a basis for structure-
activity relationship studies in order to discover leads
with new types of profile selectivity. Here, we describe
the synthesis and biological activity of analogues of 1
containing a disulfide bond ring replacing the original
lactam bridge. For this purpose, we have synthesized a
novel class of thiol-containing protected building units
for backbone cyclization as well as Acm-protected thio-
alkyl carboxylic acids (see Figure 3). The building units
were incorporated into the analogues by standard solid
phase peptide synthesis methods using Fmoc chemistry
and bromo-tris-pyrrolidone-phosphonium hexafluoro-
phosphate (PyBroP) as a coupling agent. Coupling of the
building unit proceeded smoothly when the building
unit was either coupled directly to the resin or coupled
to peptidyl resin. Coupling to the building unit resin or
building unit peptidyl resin also proceeded without any
difficulties using standard PyBroP-mediated coupling.
Analogue 4 was used as a model to fine tune the
conditions of the “on-resin” Acm deprotection/oxidation
reaction. Two methods were compared using iodine and
Tl(CF3COO-)3 as deprotection/oxidation agents.20,24 Both
reagents furnished the desired monocyclic analogues in
high yield and homogeneity. HPLC (high-performance
liquid chromatography)/MS (mass spectrometry) analy-
sis of the analogues did not reveal extensive formation
of dimers or oligomers. It seems that the introduction
of the novel N-(ω-thioalkylated) amino acid in the ring
increased the propensity of these analogues to undergo
monocyclization rather than dimerization or oligomer-
ization. The other six analogues were oxidized using the

Table 1. IC50 Values (nM) of the Displacement of [125I] Tyr11 Somatostatin-14 Binding by 1 and the Various Backbone Cyclic
Somatostatin Analogues Containing Disulfide Bridges

receptor/
analogue no. hsst1 hsst2 hsst3 hsst4 hsst5

1 >1000 3 ( 0.75 >100 7 ( 1.1 1 ( 0.05
2 >1000 28.7 ( 2.17 15.6 ( 2.1 >100 1.3 ( 0.08
3 >1000 1.3 ( 0.05 >100 >100 2.8 ( 0.4
4 >1000 5.2 ( 0.6 40.7 ( 2.17 41.1 ( 3.2 1.2 ( 0.1
5 >1000 12.8 ( 1.9 >100 35.9 ( 2.8 4.5 ( 0.7
6 >1000 4.1 ( 0.6 >100 49.5 ( 3.4 7.8 ( 1.3
7 >1000 2.5 ( 0.3 >100 >100 18.2 ( 1.8
8 >1000 8.4 ( 1.5 >100 61.8 ( 2.9 91 ( 3.3

Figure 4. Biostability of somatostatin and its backbone cyclic
analogues in renal homogenate. 1 (- - -), 2 (O), 3 (2), 4 (ν),
5 (×), 6 (ς), 7 (0), and somatostatin (s).
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less toxic iodine since it gave the same results as
Tl(CF3COO-)3. Protecting the indol functional group of
Trp residues with Boc efficiently prevented its oxidation
during the formation of the disulfide bond.

Structure-Activity Relationship Studies. Ana-
logue 1 and its disulfide bridged analogues presented
in this work share the common core sequence Phe-Trp-
DTrp-Lys-Thr-Phe-Gly-NH2 as well as the position of
the bridge branching from the backbone nitrogen of the
C terminal Gly residue. Several features such as ring
chemistry, ring size, ring location, and the amino
terminus character were investigated in order to eluci-
date the chemical properties that lead to the unique
profile selectivity of 1.

The analogues were divided into three subgroups
according to their mode of cyclization (Figure 1). Sub-
group (i) consisted of the amino end to backbone
nitrogen cyclization mode, subgroup (ii) featured side
chain to backbone nitrogen cyclization while subgroup
(iii) included peptides with the backbone nitrogen to
backbone nitrogen cyclization mode.

In each subgroup, the cyclization position is shifted
toward the N terminus by one atom at a time. In
subgroup (i) (analogues 2 and 3), the cyclization position
is located on the carbonyl moiety preceding the N
terminal Phe, in a similar location as in 1. In subgroup
(ii) (analogues 4 and 5), the cyclization position is located
on the CR of the amino acid preceding the N terminal
Phe. In subgroup (iii) (analogues 6-8), the cyclization
position is located on the NR of the Gly preceding the N
terminal Phe. In addition to the effect of the cyclization
position and ring size on profile selectivity, other
parameters such as additional positive charge and/or
additional amino acid were assessed.

Analogues 2 and 3 comprise similar sequence and
cyclization positions as in 1. However, these analogues
differ from 1 in two parameters: (i) the number of atoms
in the ring. Analogues 2 and 3 feature rings shorter by
3 and 2 carbon bonds, respectively. Decreasing ring size
was performed in order to compensate for the increase
in bond length and van der Waals radii induced by the
disulfide bond as compared to the amide bond. Thus,
in these analogues, an attempt was made to maintain
similar ring size to that of the parent peptide 1.

(ii) The spatial position of the amide bond in 1 relative
to the backbone is different from that of the disulfide
bond in analogues 2 and 3. This difference is induced
by the difference in ring sizes of these compounds.

The profile selectivity of 1 indicates high affinity
binding to receptors hsst2, hsst4, and hsst5. While the
affinity to receptors hsst2 and hsst5 is maintained, all
of the disulfide bridged analogues show lower affinity
to hsst4; hence, they possess different profile selectivity.
In addition, analogues 2 and 4 show high to moderate
affinity to hsst3, which is not observed with the parent
compound 1.

Analogue 2 shows IC50 values of 28.7 and 15.6 nM to
receptors hsst2 and hsst3, respectively. The selectivity
between these two receptors is dramatically improved
in analogue 3 (which has a larger ring size). This
analogue is selective between receptors hsst2 and hsst3
as the parent analogue.

Analogue 4 has the same ring size as analogue 3, with
a different cyclization position and an additional posi-

tively charged amino group. These modifications led to
a change in profile selectivity whereas analogue 4 binds
receptor hsst3 (40.7 nM) and receptor hsst4 (41.1 nM).
Similarly, 1 and analogue 6 have the same ring size,
but analogue 6 has a different cyclization position and
a positively charged secondary amine. As mentioned
above, these analogues also differ in their ring chem-
istry. Both analogues display a similar profile selectivity
except that the IC50 of analogue 6 for hsst4 is decreased,
49.5 nM, as compared to 7 nM of 1.

Analogues 5, 7, and 8 have hydrophobic D amino acid
on their N terminus. The addition of DPhe to analogue
4 resulted in lower affinity toward hsst3 but had a small
effect on the affinity to hsst2 and hsst5 receptors. On
the other hand, the addition of DPhe or DNal to
analogue 6, to yield analogues 7 and 8, respectively, had
a remarkable effect on the affinity to hsst5. Analogue 8
is thus selective to the hsst2 receptor and moderately
selective to receptors hsst4 and hsst5.

Introducing hydrophobic moieties preceding the sec-
ond building unit also affected the profile selectivity by
lowering the affinity to hsst5. Furthermore, the most
hydrophobic analogue 8 had the lowest affinity to hsst5
leading to a change in profile selectivity.

Stability toward Enzymatic Degradation. All of
the analogues (except analogue 8 that was not deter-
mined) were found to be metabolically stable in renal
and liver homogenates while native somatostatin de-
graded almost completely within 10 min under these
conditions. The improved stability toward severe pro-
teolytic activity is in agreement with our expectations
of backbone cyclic peptides.

Conclusions
We have prepared a series of cyclic somatostatin

analogues based on the sequence of the novel endocrine
selective somatostatin analogue, 1. We have shown that
the replacement of lactam with a disulfide bridge retains
metabolic stability in most of the peptides (Figure 4).
However, it significantly affects the receptor binding
specificity motif of 1. For the synthesis of these ana-
logues, we have prepared novel sulfur Acm-protected
building units. These building units enable us to in-
crease the diversity of backbone cyclic libraries and
provide the ability to create bicyclic peptides that
contain both amide and disulfide bridges leading to
more rigid structures.

Experimental Section
Abbreviations. NR-(ω-functionalized alkyl-) amino acid

building units within a peptide chain are abbreviated by a
three letter abbreviation of the amino acid residue, followed
by one letter that designates the function on the ω alkyl chain
and a number that designates the length of the alkyl chain.
For example, NR-(ω-S-ethyl)Gly refers to GlyS2. Protected
building units are abbreviated as follows: a protecting group
on NR is introduced prior to the abbreviation of the amino acid.
A protecting group on the ω alkyl functional group is intro-
duced in brackets after the number of the alkyl groups. For
example: Fmoc-NR-[ω(Acm)-S-ethyl]Gly-OH is abbreviated as
Fmoc-GlyS2(Acm)-OH.

Building Blocks Synthesis. Acm-Thioethylamine (2).
Cysteamine hydrochloride (compound 1, Figure 3) (20 g, 0.176
mol) was dissolved in 140 mL of TFA. The solution was stirred
at room temperature for 30 min. Then, a solution of acetami-
domethanol (16.38 g, 0.184 mol) in 40 mL of TFA was added.
The mixture was stirred for an additional 2.5 h. Most of the
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TFA was evaporated, and 800 mL of triple-distilled water
(TDW) was added. The solution was cooled by ice bath and
brought to pH 9 by concentrated ammonium hydroxide and
then saturated with NaCl. The product was extracted with six
portions of 400 mL of chloroform:2-propanol 3:1. The organic
phase was dried over Na2SO4, evaporated to dryness, and put
in a desiccator overnight, yielding 12.25 g (0.083 mol 47%) of
yellow oil. 1H nuclear magnetic resonance (NMR) (CD3OD, 300
MHz 298 K): δ 1.95 (s, 3H), 2.69 (t, 2H), 2.86 (t, 2H), 4.30 (s,
2H).

Fmoc-NR-[ω(Acm)-S-ethyl]glycine-OH (4). Compound 2
(0.1 mol) and NaBH3CN (6.3 g, 0.1 mol) were dissolved in 200
mL of MeOH, followed by the addition of glyoxilic acid
monohydrate (7.8 g, 0.085 mol). The solution was stirred for
19 h, and the MeOH was evaporated. The oil obtained was
dissolved in 250 mL of TDW, and Et3N (24 mL, 0.17 mol) was
added. To this mixture, a solution of 21.5 g (0.064 mol) of Fmoc-
Osu, dissolved in 375 mL of MeCN, was added, and the
solution was stirred for 4 h. A small portion of the MeCN was
evaporated, and the pH was found to be 9. The solution was
washed with 3 × 400 mL of petroleum ether (40-60) followed
by 3 × 400 mL of ether:petroleum ether (40-60) 7:3; the
solution was brought under cooling to pH 3-4 using HCl 2 N
and extracted by 4 × 350 mL of ethyl acetate. The ethyl acetate
phase was washed by 3 × 250 mL of HCl 1 N and 3 × 250 mL
of saturated KHSO4 solution, dried over Na2SO4, and evapo-
rated resulting in a white solid (10 g 37%); mp 139-145 °C.
1H NMR (CD3OD, 300 MHz 298 K, isomer ratio E:Z ) 1:1): δ
1.90 (s, 1.5H), 1.95 (s, 1.5H), 2.32 (t, 1H), 2.73 (t, 1H), 3.22 (t,
1H), 3.51 (t, 1H), 3.95 (s,1H), 4.00 (s, 1H), 4.15 (s, 1H), 4.20 (t,
0.5H), 4.26 (t, 0.5H), 4.30 (s, 1H), 4.37 (d, 1H), 4.55 (d, 1H)
7.29-7.81 (m, 8H). MS (FAB): m/z 428.

Acm-Thioacetic Acid (6). Thioacetic acid (5) (12.51 mL,
0.18 mol) was dissolved in 100 mL of TFA. The solution was
stirred for 30 min at room temperature. A solution of aceta-
midomthanol (16.5 g, 0.185 mol) in 40 mL of TFA was then
added. The solution was stirred overnight. Most of the TFA
was evaporated, and 300 mL of water was added. The solution
was saturated with NaCl and brought to pH 3 using Na2CO3.
The product was extracted to four portions of 300 mL of
chloroform:2-propanol (3:1), and the organic phase was dried
over Na2SO4 and evaporated yielding 14.97 g (0.092 mol 51.1%)
of white oil. 1H NMR (CD3OD, 300 MHz): δ 1.95 (s, 3H), 3.36
(s, 2H), 4.39 (s, 2H).

Trityl-Thiopropanoic Acid (8). Trityl mercaptan (36.13
g, 0.131 mol) was added stepwise to a suspension of NaH (11.5
g, 60% in mineral oil 0.288 mol) in 80 mL of DMF under cooling
and a nitrogen atmosphere, and the reaction mixture was
stirred for 30 min after the addition was completed. A solution
of bromopropionic acid (7) (20 g, 0.131 mol) dissolved in 50
mL of DMF was then added stepwise. After the addition was
completed, the reaction mixture was stirred for 30 min, then
cooling and the nitrogen atmosphere were stopped, and the
reaction mixture was sealed and left overnight. Then, 500 mL
chloroform was added and the mixture was washed with 4 ×
200 mL of a saturated solution of KHSO4 and 4 × 200 mL of
TDW (the solid that precipitates during the washings is also
collected with the organic layer). The organic layer was
evaporated, and the product (that contained DMF traces) was
precipitated by adding 300 mL of TDW and stirring for a few
minutes. The product was collected by filtration and dried by
suction and then in vaccue. The crude product was purified
as follows: 150 mL of CHCl3 was added to the white solid,
and the mixture was stirred for a few minutes. Two hundred
milliliters of petroleum ether 40-60 was then added, and the
solid was collected by filtration yielding 37.61 g (0.11 mol 82%)
of white powder; mp 177-183 °C. 1H NMR (CDCl3, 300 MHz,
298 K): δ 2.24 (t, 2H), 2.46 (t, 2H), 7.18-7.48 (m, 15H). MS
(ES): m/z 347.

Acm-Thiopropanoic Acid (9). Tritylthiopropanoic acid
(8) (11.5 g, 0.033 mol) was dissolved in 50 mL of TFA. The
solution was stirred for 30 min, and an additional 15 mL of
TFA was added during this period. Acetamidomethanol (3.088
g, 0.035 mol) dissolved in 15 mL of TFA was then added, and

the reaction mixture was stirred for an additional 2.5 h. Most
of the TFA was evaporated, and 150 mL of TDW was added;
the precipitate formed was filtered. The filtrate was brought
to pH 3-4 using Na2CO3 and was saturated with NaCl. The
product was extracted to 6 × 80 mL of chloroform:2-propanol
(3:1), and the organic phase was dried by Na2SO4 and
evaporated to yield 1 g (0.0056 mol 17.1%) of white oil. 1H NMR
(CD3OD, 300 MHz): δ 1.96 (s, 3H) 2.62 (t, 2H), 2.82 (t, 2H),
4.31 (s, 2H).

Peptide Synthesis. All peptides (except analogue 4) were
synthesized on Rink amide methylbenzhydrylamine (MBHA)
resin (0.64 mmol/g). Seven grams of resin was preswollen for
2 h in N-methylpyrrolidone (NMP) by shaking in a reaction
vessel equipped with a sintered glass bottom. The Fmoc
protecting group was removed from the resin by reaction with
20% piperidine in NMP (2 × 30 min each). Following Fmoc
removal, the resin was washed with NMP (5 × 2 min) and
dichloromethane (DCM) (2 × 2 min). Fmoc removal was
monitored by the qualitative Ninhydrin test (Kaiser test).25 A
coupling cycle was carried out as follows: Fmoc-GlyS2(Acm)-
OH (3 equiv), PyBroP (3 equiv), and diisopropylethylamine
(DIEA) (6 equiv) in NMP were preactivated for 10 min, and
the mixture was poured into the resin and mixed for 2 h at
room temperature. Reaction completion was monitored by the
Ninhydrin test. Following coupling, the building unit resin was
washed with NMP (5 × 2 min) and DCM (2 × 2 min). Capping
was carried out by reaction of the building unit resin with
acetic anhydride (0.5 M), DIEA (0.125 M) and N-hydroxyben-
zotriazole (HOBt) (0.015 M) in DMF for 30 min at room
temperature. After the resin was capped, NMP and DCM
washes were carried out as above. Fmoc removal was carried
out as described above. Fmoc-Phe-OH was coupled following
activation as above (Xaa (3 equiv), PyBroP (3 equiv), DIEA (6
equiv), NMP 2 h). Fmoc removal and the washing step were
carried out as above. The peptidyl resin was washed as above.
Fmoc-Thr(tBu)-OH was coupled to the peptidyl resin as
described above. Coupling was monitored by the Ninhydrin
test. The peptide was elongated by repeating washings/
deprotection/washings/coupling as described above. After the
coupling of the second Fmoc-Phe-OH, the resin was dried and
split into 6 portions of 1 g each and the proceeding couplings
took place separately.

1. Analogue 5. Following Fmoc removal, Fmoc-Cys(Acm)-
OH was coupled twice {preactivation: (Fmoc-Cys(Acm)-OH (3
equiv), PyBroP (3 equiv), DIEA (6 equiv)} and monitored by
the Ninhydrin test. Following Fmoc removal, Fmoc-DPhe-OH
was coupled as described above, and the coupling was repeated
using Fmoc-DPhe-OH (5 equiv), HOBt (5 equiv), and N,N-
diisopropylcarbodiimide (DIC) (5 equiv) in DMF:DCM (1:1) for
1 h (monitored by Ninhydrin test). The resin was washed with
NMP (3 × 2 min) and DMF:H2O (4:1) (3 × 2 min). Cyclization
was carried out with I2 (5 equiv) in DMF:H2O (4:1) at room
temperature for 40 min. The peptidyl resin was washed with
DMF (2 × 2 min), 2% ascorbic acid in DMF (2 × 2 min), NMP
(5 × 2 min), and DCM (2 × 2 min). Following Fmoc removal,
the peptidyl resin was washed with NMP (5 × 2 min) and DCM
(2 × 2min) and cleaved from the resin by reaction with a
precold mixture of TFA (95%), triisopropylsilane (TIS) (2.5%),
and H2O (2.5%) at 0 °C for 30 min and for 2.5 h at room
temperature. The resin was removed by filtration and washed
with TFA (2 × 5 mL); combined filtrates were evaporated
under a stream of nitrogen. The oily product was triturated
with cold ether, and the ether was decanted. The precipitate
was washed with cold ether several times. A white powder was
obtained. This crude product was dried. The weight of the
crude product was 318 mg.

2. Analogue 6. Following Fmoc removal, Fmoc-GlyS2(Acm)-
OH (3 equiv) was coupled at room temperature for 2 h {after
preactivation with PyBroP (3 equiv) and DIEA (6 equiv) in
NMP for 10 min}. Reaction completion was monitored by the
Ninhydrin test. Cyclization was carried out with I2 (10 equiv)
in DMF:H2O (4:1) at room temperature for 40 min as described
above. The peptidyl resin was washed as above. Following
Fmoc removal, the peptidyl resin was washed with NMP (5 ×
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2 min) and DCM (2 × 2 min), cleaved from the resin, and
treated as described above. The weight of the crude product
was 391 mg.

3. Analogue 7. Following Fmoc removal, Fmoc-GlyS2(Acm)-
OH was coupled as described in analogue 6. Reaction comple-
tion was monitored by the Ninhydrin test. Following Fmoc
removal, Fmoc-DPhe-OH (3 equiv) was coupled after preacti-
vation with PyBroP (3 equiv) and DIEA (6 equiv) for 10 min
and coupling at room temperature for 2 h. Cyclization and the
washing steps were carried out as described for analogue 6.
Following Fmoc removal, the peptide resin was washed with
NMP (5 × 2 min) and DCM (2 × 2 min), cleaved from the resin,
and treated as described above. The weight of the crude
product was 467 mg.

4. Analogue 8. Following Fmoc removal, Fmoc-GlyS2(Acm)-
OH was coupled as described for analogue 6. Reaction comple-
tion was monitored by the Ninhydrin test. Following Fmoc
removal, Fmoc-D-2-Nal (3 equiv) was coupled after preacti-
vation with PyBroP (3 equiv) and DIEA (6 equiv) for 10 min
and coupling at room temperature for 2 h. Cyclization and the
washing steps were carried out as described for analogue 6.
Following Fmoc removal, the peptidyl resin was washed with
NMP (5 × 2 min) and DCM (2 × 2 min), cleaved from the resin,
and treated as described above. The weight of the crude
product was 447 mg.

5. Analogue 2. Following Fmoc removal, Acm-thioacetic
acid was coupled using Acm-thioacetic acid (3 equiv), PyBroP
(3 equiv), and DIEA (6 equiv) at room temperature for 2 h after
preactivation for 10 min. The coupling was repeated with
Acm-thioacetic acid (5 equiv), HOBt (5 equiv), and DIC (5
equiv) in DMF:DCM (1:1) for 1 h and monitored by the
Ninhydrin test. Cyclization, washings, and cleavage were
carried out as described above. The weight of the crude product
was 264 mg.

6. Analogue 3. Following Fmoc removal, Acm-thiopropi-
onic acid was coupled using Acm-thiopropionic acid (8.8
equiv), PyBroP (8.8 equiv), and DIEA (17.7 equiv) at room
temperature for 2 h after preactivation for 10 min. Reaction
completion was monitored by the Ninhydrin test. Cyclization,
washings, and cleavage were carried out as described above.
The weight of the crude product was 377 mg.

7. Analogue 4. Rink amide MBHA resin (1.5 g) (0.55 mmol/
g) was preswollen for 2 h in NMP while shaking in a reaction
vessel equipped with a sintered glass bottom. The Fmoc
protecting group was removed from the resin by reaction with
20% piperidine in NMP (2 × 30 min). Fmoc removal was
monitored by the Ninhydrin test. A coupling cycle was carried
out with Fmoc-GlyS2(Acm)-OH (3 equiv), PyBroP (3 equiv),
and DIEA (7 equiv) in NMP at room temperature for 2 h, after
preactivation for 10 min. Following coupling, the peptidyl resin
was washed with NMP (5 × 2 min) and DCM (2 × 2 min).
Reaction completion was monitored by the Ninhydrin test.
Capping was carried out by reaction of the peptidyl resin with
acetic anhydride (0.5 M), DIEA (0.125 M), and HOBt (0.015
M) in DMF for 30 min at room temperature. After capping,
NMP and DCM washes were carried out as above. Fmoc
removal and washing steps were carried out as described
above. Fmoc-Phe-OH was coupled as described above. Fmoc
removal was monitored by the Ninhydrin test. All of the Xaa
from this part until coupling of the Fmoc-Cys(Acm)-OH
(including couplings, Fmoc removals, washing steps, and
Ninhydrin tests) were carried out as described above. After
the coupling of Fmoc-Cys(Acm)-OH, the resin was dried and
split into two portions of 750 mg each and cyclization was
carried out separately on each portion. Cyclization of the first
portion was carried out with Tl(CF3CO2

-)3 (1.2 equiv) in DMF
at 5 °C for 80 min. The peptidyl resin was washed with DMF
(5 × 2 min) and DCM (2 × 2 min). Following Fmoc removal,
the peptide resin was washed with NMP (5 × 2 min) and DCM
(2 × 2 min), cleaved from the resin, and treated as described
above. Cyclization of the second portion was carried out with
I2 (10 equiv) in DMF:H2O (4:1) at room temperature for 40
min. The peptidyl resin was washed with DMF (2 × 2 min),

2% ascorbic acid in DMF (2 × 2 min), NMP (5 × 2 min), and
DCM (2 × 2 min). Following Fmoc removal, the peptide resin
was washed with NMP (5 × 2 min) and DCM (2 × 2 min),
cleaved from the resin, and treated as described above. After
analytical HPLC, the crude products were combined and
weighed 380 mg.

The crude peptides were purified by reversed-phase pre-
parative HPLC. Fractions were analyzed by HPLC, and
relevant fractions were combined. The product obtained from
freeze-drying of the combined fractions showed a single peak
in HPLC.

The presence of mass of the desired peptide was confirmed
with mass spectrometric analysis performed on a VG-Platform
II using electrospray ionization in positive and/or negative
mode, as appropriate. The molecular masses of all of the
peptides as determined by MS were in agreement with the
calculated masses.

Radioligand Binding Assays. Radioligand binding assays
were carried out on membranes prepared from CHO-K1 cells
stably expressing individually cloned somatostatin receptors.
Cells were grown for 2 days for almost confluence and were
washed and scraped into 50 mM ice-cold Tris-HCl, pH 7.8,
containing 1 mM EGTA, 5 mM MgCl2, 10 mg/mL leupeptin,
200 mg/mL bacitracin, 0.1 mM PMSF, and 0.5 mg/mL apro-
tinin (buffer A) and were centrifuged at 10 000 rpm for 10 min
at 4 °C (in Sorvall RC 26 Plus ultracentrifuge, rotor SS-34).
The pellet was resuspended in buffer A and homogenized with
a Polytron PT 1200 homogenizer (Kinematica AG, Switzer-
land) (setting 2, 3 strokes 10 s each). The homogenate was
then centrifuged at 20 000 rpm for 20 min at 4 °C. The pellet
was resuspended in buffer A and homogenized using the
Polytron homogenizer (setting 2, 3 strokes 5 s each). The
protein content was determined by Bradford, and the mem-
brane preparation was diluted in buffer A containing 1 mg/
mL bovine serum albumin (BSA) to a final 0.2 or 0.4 mg/mL
membrane protein (depending on the specific somatostatin
receptor used).

The radioligand binding assay was performed in 96 well
microtiter plates (Maxisorp plates, Nunc, Denmark). Cell
membranes (10 or 20 mg protein) were incubated with 125I-
Tyr11 somatostatin-14 (0.05 mCi; specific activity 2000 Ci/
mmol), in a final volume of 250 mL, for 45 min at room
temperature in the presence or absence of competing peptides.
Nonspecific binding was defined as the radioactivity remaining
bound in the presence of 1 mM somatostatin. At the end of
the binding, reaction free radioligand was separated from
bound ligand by rapid filtration through UniFilter GF/C plates
preincubated in a solution of 5 g/L polyethyleneimine and 1
g/L BSA. The filtration was performed in FilterMate Cell
Harvester (Packard Instrument Company, U.S.A.). After
filtration, the filters were washed several times with cold
buffer A containing 1 mg/mL BSA and allowed to dry overnight
at room temperature. Then, 50 mL of scintillation liquid was
added to each filter, and bound radioactivity was counted in a
TopCount MicScintillation Counter (Packard). The binding
assays were performed in triplicate wells. All experiments were
performed at least twice. Displacement experiments, in which
tested compounds displaced the binding of 125I-Tyr11 soma-
tostatin-14 with an IC50 value less than 100 nM, were repeated
three times. Data from radioligand binding were used to
generate inhibition curves, and IC50 values were determined
for each of the tested peptides. The saturation binding data
were analyzed by the method of Scatchard, and IC50 values
are expressed as mean ( SEM (standard error of the mean).

Metabolic Stability. The metabolic stability of the back-
bone cyclic analogues was determined by incubation of the
pure analogues with various tissue enzyme mixtures. Briefly,
peptides were incubated at a final concentration of 0.4 mg/
mL in rat liver homogenate or rat renal homogenate for up to
4 h at 37 °C. Samples were withdrawn at several time
intervals, and the percentage of the unchanged molecules was
analyzed by HPLC. Degradation of peptide was verified by the
apparent reduction of the area under the curve of the chro-
matogram major peak. Degradation was confirmed by newly
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emerging peaks (i.e., fragments) that were derived from the
peptide as compared to the control blank chromatogram. All
experiments were repeated three times; the data were ex-
pressed as mean ( SEM. The comparisons between groups
were analyzed by one way analysis of variance for repeated
measures at the 95% confidence level.
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