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Several analogs of somatostatin with conformational constraints in their peptide backbones have
been modeled to determine energetically feasible
conformations. Comparison of low-energy backbone structures of these peptides suggested
unique conformations of the central Phe/AlaiD-Trpi+1-Lysi+2-Thri+3 fragment characteristic for
specific interactions of somatostatin with each of
the five distinct subtypes of somatostatin receptors (SSTRs). The conformations obtained were in
good agreement with experimental data obtained
earlier by NMR measurements and/or X-ray crystallography. The results help rationalize experimental
observations on the specificity of binding of various somatostatin analogs with different subtypes
of the SSTRs. They also serve as templates for the
design of conformationally constrained non-peptide scaffolds that effectively and selectively
interact with different subtypes of SSTRs. Such
scaffolds can be convenient carriers of radiolabels
and near-infrared labels in specific agents for imaging tumors expressing different SSTR subtypes.
Key words: molecular modeling, nonpeptide scaffolds, somatostatin, somatostatin receptor subtypes
Received 26 February 2007, revised 5 March 2007 and accepted for
publication 6 March 2007

The naturally occurring cyclopeptide somatostatin-14 (H-Ala1-Gly2cyclo
[Cys3-Lys4-Asn5-Phe6-Phe7-Trp8-Lys9-Thr10-Phe11-Thr12-Ser1314
Cys ]-OH) is expressed in brain and in most peripherical organs
and tissues, and participates in a wide variety of physiological processes. Currently, five distinct subtypes of G-protein-coupled receptors highly specific for somatostatin have been cloned and
characterized (SSTR1 to SSTR5). Importantly, some SSTR subtypes
are overexpressed in tumors, such as gastroenteropancreatic, pituit-

ary and carcinoid tumors (1). While most tumors show overexpression of SSTR2 (breast cancer, carcinoid, neuroblastoma, etc.), some
tumors also overexpress SSTR5 (GH-expressing pituitary adenoma
and kidney cancer), or SSTR4 (ovary cancer), or even SSTR1, SSTR2,
SSTR3 and SSTR5 simultaneously (thyroid cancer) (1,2).
Recently, many studies focused on discovering novel analogs of
somatostatin that specifically target each of the SSTR subtypes for
therapeutic and diagnostic purposes in oncology. For instance, octapeptides related to octreotide (sandostatin), D-Phe-cyclo[Cys-Phe-DTrp-Lys-Thr-Cys]-Thr-ol, are used clinically as anti-proliferation drugs
as well as radiopharmaceuticals for imaging neuroendocrine tumors
[e.g., (1,2) and references therein]. In addition, conjugation of the
peptides to near-infrared fluorescent molecular probes extends their
use in molecular optical imaging (3–5). However, octreotide-related
peptides remain of limited use because they interact primarily only
with SSTR2/SSTR5 and not other subtypes of SSTRs.
Several hundreds of peptide analogs have been synthesized and
tested to study structure-activity relationships for somatostatin during the past three decades (for a brief review see (6,7)). In recent
years, somatostatin analogs with high selectivity for each subtype
of different SSTRs have been developed (8–17). Extensive NMR
measurements (7,11,15,17,18) and X-ray crystallography studies (19)
were performed to generate 3D models of the specific somatostatin
pharmacophore for each subtype of the SSTRs. The results suggested that different specific spatial arrangements of the aromatic and
lysine side chains in the central fragment of somatostatin, Phe7Trp8-Lys9-Thr10, facilitate specific interactions of the peptide with
SSTR1 (11), SSTR2 (7,19), SSTR2/SSTR3/SSTR5 (7), SSTR3 (17) and
SSTR4 (15). Also, non-peptide compounds selective to each subtype
of SSTRs were developed based on combinatorial libraries and
high-throughput screening (20).
At the same time, rational design of non-peptide compounds specific for a given subtype of different SSTRs would significantly benefit from the knowledge of possible privileged scaffolds for
incorporating and orienting the side chains in specific spatial
arrangements. This has been exemplified by the development of
sugar-based somatostatin-related compounds (21). In this regard,
knowledge of the backbone conformations of the central fragment
of somatostatin that are specific for interaction with each subtype
of SSTRs would be especially valuable, because these conformations may serve as convenient templates for further development of
non-peptide scaffolds [see (22,23)]. Therefore, we performed mode163
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ling studies for several analogs of somatostatin with conformational
constraints in their peptide backbones to determine, where possible,
conformations of the peptide backbone for the central tetrapeptide
in somatostatin (corresponding to the sequence Phe7-Trp8-Lys9Thr10), which are responsible for specific interactions with each of
the five different subtypes of SSTRs.

Methods and Materials
The force field used in energy calculations was the ECEPP/2
force field (24,25) with rigid valence geometry and planar trans-peptide groups (the x angles were allowed to vary within the cyclic
peptides). The Lys side chains were considered charged. Aliphatic
and aromatic hydrogens were generally included in united atomic
centers of CHn type. Ha-atoms and amide hydrogens were described
explicitly, as well as hydrogens in the N-methyl fragments. Energy
calculations were performed with the value of the macroscopic
dielectric constant e ¼ 80 to mimic the water environment. To
close the disulfide cycles, parabolic closing potentials with U0 of
100 kcal/mol were added to interactions between the sulfur atoms
of cysteines, and with U0 of 10 kcal/mol to interactions between
the sulfur atom of the first cysteine and the Cb atom of the second
one. Valence geometry of the N-methyl residues was derived from
the available crystal data; partial atomic charges were calculated
by the use of the SYBYL program (the Gasteiger–Huckel method).
Conformational sampling for peptide backbones was performed in several steps employing all combinations of local minima
for the /,W values at the Ramachandran map for the L-amino acid
residues, namely ()140, 140), ()75, 140), ()75, 80), ()60,
)60), and (60, 60). For D-Trp and D-Phe, the same minima with
the opposite signs of dihedral angle values were employed. For Nmethylated amino acid residues, both sets of local minima (i.e., as
for L- and for D-amino acid residues) were considered. At the first
step of calculations, all combinations of local minima allowing spatial arrangements of the Cb atoms of cysteines at distances less

than 6  were selected. Then, energy calculations were performed
for each selected conformation of the disulfide cycles. Conformations satisfying energy cut-off DE ¼ Ei ) Emin < 10 kcal/mol (compounds 1–8, see Table 1) were selected for further steps. For
compounds 9–12 (Table 1), this step was the final one, and final
selection of low-energy conformers was performed with energy cutoff of 8 kcal/mol. For compounds 1–8, the residues flanking the disulfide cycle were added at the final step, and low-energy conformations were then selected with energy cut-off of 8 kcal/mol. The
dihedral angle values of side chain groups and of terminal groups
of the backbone were optimized at every step before energy minimization to achieve their most favorable spatial arrangements
employing an algorithm described earlier (26). Redundant backbone
conformations were removed at each step as follows: if one (or
more) of the backbone torsion angles differed by more than 40
from the corresponding angle of any other low-energy conformation,
the backbone was considered unique (non-redundant); otherwise it
was removed.

Results and Discussion
Somatostatin analogs selected for modeling in our study are listed
in Table 1, which includes information on their binding to the five
subtypes of SSTRs. We have selected two main series of octapeptides, namely compounds 1–8 with internal hexapeptide cycle (27)
and compounds 9–12 that are cyclic octapeptides (15). Compounds
1–8 retain the same side chains throughout the series; therefore,
their differences in binding to different subtypes of SSTRs may be
attributed solely to changes in backbone conformations due to
N-methylation of each sequential residue (shown in bold in Table 1).
Similarly, differences in binding between compounds 9–10 or
11–12 may be attributed to replacements of the Trp residue with
its enantiomer. Importantly, each of the series (compounds 1–8 and
9–12, respectively) was tested in the same experimental systems
with the corresponding radioligand binding assays [see (27,28)].
Also, nearly all peptides in Table 1 contained the same side chains

Table 1: Somatostatin analogs with conformational restraints in the peptide backbone selected for modeling in the present study. Amino
acid replacements in compounds 2–12 compared to compound 1 are shown in bold, as well as the Kd or IC50 values that were lower than
100 nM
Kd or IC50, nMa)
Compd

Sequence

SSTR1

SSTR2

SSTR3

SSTR4

SSTR5

Number of
low-energy conformers

1
2
3
4
5
6
7
8
9
10
11
12

D-Phe-c[Cys-Phe-D-Trp-Lys-Thr-Cys]-Thr-NH2
D-Phe-c[N-Me-Cys-Phe-D-Trp-Lys-Thr-Cys]-Thr-NH2
D-Phe-c[Cys-N-Me-Phe-D-Trp-Lys-Thr-Cys]-Thr-NH2
D-Phe-c[Cys-Phe-N-Me-D-Trp-Lys-Thr-Cys]-Thr-NH2
D-Phe-c[Cys-Phe-D-Trp-N-Me-Lys-Thr-Cys]-Thr-NH2
D-Phe-c[Cys-Phe-D-Trp-Lys-N-Me-Thr-Cys]-Thr-NH2
D-Phe-c[Cys-Phe-D-Trp-Lys-Thr-N-Me-Cys]-Thr-NH2
D-Phe-c[Cys-Phe-D-Trp-Lys-Thr-Cys]-N-Me-Thr-NH2
H-c[Cys-Phe-Phe-Trp-Lys-Thr-Phe-Cys]-OH
H-c[Cys-Phe-Phe-D-Trp-Lys-Thr-Phe-Cys]-OH
H-c[Cys-Phe-Ala-Trp-Lys-Thr-Ala-Cys]-OH
H-c[Cys-Phe-Ala-DTrp-Lys-Thr-Ala-Cys]-OH

761
378
>1000
1200
867
>1000
622
>1000
5.3
27
>1000
>1000

0.15
1.04
13.17
23.5
1.84
>1000
56.23
14.84
130
41
>1000
>1000

11.84
13
830
11.05
67.48
>1000
44.4
124.3
13
13
>1000
>1000

>1000
>1000
>1000
>1000
>1000
>1000
574
182
0.7
1.8
3.5
9.5

8.35
23.71
83.24
0.61
8.41
>1000
28.42
313
14
46
>1000
>1000

236
105
74
57
96
17
106
152
201
169
78
34

a

Kd for compounds 1–8 [ref. (27)] and IC50 for compounds 9–12 [ref. (15)].
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in the central tetrapeptide prototyped by the sequence Phe-D-TrpLys-Thr, with the only exception being compounds 11–12 (Ala
instead of Phe). Additionally, Table 1 presents the total numbers of
low-energy conformations of the peptide backbone (those satisfying
to the chosen energy cut-off, see section Methods and Materials)
for each of compounds 1–12.
The binding data for compounds 1–12 in Table 1 could be roughly
divided into two classes, namely those with Kd or IC50 values smaller than 100 nM (shown in bold in Table 1), and those with the values greater than 100 nM. We assumed that, when the level of
binding for a given compound to a given subtype of SSTRs falls
into the first class, the compound effectively interacts with this particular SSTR subtype. Since effective interaction of peptide ligand
with the specific receptor requires distinct shape complementarity
of ligand and receptor, the division of the binding data into two
wide classes may allow selection of low-energy conformations of
the peptide backbone characteristic for interaction with different
SSTR subtypes. For instance, backbone conformations specific for
interactions with SSTR1 should be geometrically similar for compounds 9 and 10 (the corresponding IC50 values being 5.3 nM and
27 nM, respectively; see Table 1) and, at the same time, non-similar
to all low-energy conformations of all other compounds (the corresponding IC50 values being at least 378 nM; see Table 1). Conformations specific for interactions with SSTR2 should be similar for
compounds 1, 2, 3, 4, 5, 7, 8 and 10, but not similar to any conformation of compounds 6, 9, 11 and 12. For interactions with
SSTR3, one can expect similarity of conformations for compounds
1, 2, 4, 5, 7, 9 and 10, which would be non-similar to conformations of compounds 3, 6, 8, 11 and 12. For interactions with
SSTR4, geometrical similarity may be required for some conformations of compounds 9–12, but not for those of compounds 1–8.
Finally, effective interactions with SSTR5 may be expected for conformations similar for compounds 1, 2, 3, 4, 5, 7, 9 and 10, and
non-similar to conformations of compounds 6, 8, 11 and 12.
Each of the low-energy conformations found for compounds 1–12
were compared with each other in order to establish geometrical
similarity or non-similarity between them. First, the Ca–Cb vectors
(those defining the general orientation of side chains) of the hexapeptide fragments prototyped by sequences Cys-Phe-D-Trp-Lys-ThrCys for compounds 1–8 and Phe-Phe/Ala-D-Trp/Trp-Lys-Thr-Phe/Ala
for compounds 9–12 were overlapped and the corresponding rms
values for Ca and Cb atoms calculated. At this step, it was important to establish reasonable values of the rms cut-offs for discrimination of geometrically similar and non-similar conformations.
Obviously, too loose cut-off values might not allow discrimination
between similar and non-similar conformations, whereas too stringent values might not allow identification of similar conformations
in different compounds effectively interacting with the same subtype of SSTRs. After adjusting the cut-off values, we decided to
employ a 'similarity' rms cut-off of 1.5 , and a 'non-similarity' cutoff of 1 . These values ensured that determination of similar and
non-similar groups of conformations for compounds 1–12 was in
accordance with requirements for their specific interactions with
SSTR subtypes. At the last stage of comparison, groups of conformations determined as similar from the point of view of specific
interactions with each SSTR subtype were overlapped by all heavy
Chem Biol Drug Des 2007; 69: 163–169

atoms of the peptide backbones for the hexapeptide fragments
(including Cb atoms) and divided into several clusters by an rms
cut-off of 1 .
Generally, geometrical comparison was able to determine five
groups of conformations geometrically similar for some compounds
and non-similar for other compounds in accordance with their pattern of specific interactions with five different subtypes of SSTRs
as described in Table 1. Conformations specific for interactions with
SSTR2, SSTR3 and SSTR5 were selected first for compound 4,
which possessed the smallest set of low-energy conformations for
the peptide backbone (57 conformations) among compounds interacting only with SSTR2, SSTR3 and SSTR5 (see Table 1). Geometrical comparison selected 25 of the 57 low-energy conformations as
those capable to interact with SSTR2, 17 with SSTR3, and 9 with
SSTR5. However, these groups of conformations were intersecting,
leaving only 18 conformations presumably interacting specifically
with SSTR2 and 8 with SSTR3. At the same time, all 9 conformations selected as interacting with SSTR5 were also selected as
those interacting either with SSTR2 or SSTR3. In other words, some
low-energy conformations of compound 4 may interact with all
three receptor subtypes (SSTR2, SSTR3 and SSTR5), whereas some
may interact either only with SSTR2 or only with SSTR3. It would
be logical to assume that conformations of compound 4 may rather
easily be interconverted when interacting with the specific subtype
of SSTRs, which makes compound 4 specific to SSTR2/3/5, but not
to each individual receptor subtype. The same pattern was observed
also for all other compounds interacting with SSTR2, SSTR3 and
SSTR5 (compounds 1, 2, 5 and 7). Groups of low-energy conformers characteristic for SSTR1 and SSTR4 were selected first for compounds 10 and 12, the former being non-specific, and the latter
being SSTR4-specific (see Table 1). Fifteen conformations of compound 10 were determined as those interacting with SSTR1, and
10 conformations of compound 12 were determined as those interacting with SSTR4. There was no intersection between the two
groups, which indicated that selectivity of interaction of compound
12 with SSTR4 may be not only due to replacement of the Phe
side chains with Ala (as compared with compound 10), but also
due to specific backbone conformations.
It was also possible to distinguish the dihedral angle values characteristic for conformations most typical for interactions with different
subtypes of SSTRs. The angle values were determined for compound 1 (for SSTR2, SSTR3 and SSTR5) and compounds 10 and
12 (for SSTR1 and SSTR4). To determine these values, we assumed
that typical conformations, first, should belong to the most populated clusters in the corresponding compounds, and, second, that
the average values for any dihedral angle of the peptide backbone
in the central tetrapeptide fragment interacting with different
SSTRs should be as different as possible. Table 2 lists the dihedral
angles of the peptide backbone of fragment Phei-D-Trpi+1-Lysi+2Thri+3 in compounds 1 and 10 (or fragment Alai-D-Trpi+1-Lysi+2-Thri+3
in compound 12) which, according to these results, may represent
conformations effectively interacting with SSTR1-5. The values of
dihedral angles in Table 2 were averaged over the most populated
clusters in the corresponding compounds. Since there were two
equally populated clusters of compound 1 typical for interaction
with SSTR5, Table 2 contains both conformations for this case. The
165
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Phe/Ala
Compd Receptor

/

10
1
1
12
1
1

)103
)154
)148
)81
)120
)88

SSTR1
SSTR2
SSTR3
SSTR4
SSTR5 (1)
SSTR5 (2)

D-Trp
W

€
€
€
€
€
€

12
3
8
5
12
3

)10
140
142
118
162
159

/
€
€
€
€
€
€

20 98 €
23 62 €
15 28 €
4
93 €
1 )57 €
7 )57 €

Lys
W

/

30 )122 €13 )93 € 17
6 )119 € 5 )118 € 20
57 )109 € 39 )72 € 2
4
52 € 1 )145 € 1
1
)41 € 0
)70 € 3
0
)42 € 3
)77 € 5

typical conformations which, according to our results, are characteristic for specific interactions with different SSTRs are depicted in
Figure 1 for compounds 1, 10 and 12.
The average dihedral angle values listed in Table 2 show the presence of various b-turn reversals in different SSTR-subtype-specific
conformations of the central tetrapeptide of somatostatin. For
instance, both SSTR1- and SSTR2-specific conformations feature a
distinct bII' turn at the D-Trpi+1-Lysi+2 dipeptide fragment [the standard values being /i+1 ¼ 60, Wi+1 ¼ )120; /i+2 ¼ )80,
Wi+2 ¼ 0 (29)], but the W values for the Phei residue are drastically different in the two conformations. It is clearly seen in Figure 2,
where orientations of this residue in SSTR1-specific and SSTR2-specific conformations are almost opposite. In both conformations

Thr
W

/

)10
8
)40
139
)58
)29

€ 21 )82 € 6
€ 27 )145 € 8
€ 11 )88 € 14
€1
)70 € 4
€2 )144 € 6
€5
)86 € 4

W
)18 €
145 €
102€
)39 €
143 €
)32 €

58
12
18
3
8
1

Table 2: Average values and
standard deviations for the dihedral angles of peptide backbone in
the central tetrapeptide of somatostatin-related peptides characteristic for specific interactions with
subtypes of SSTRs

suggested as specific for interactions with SSTR5, the D-Trpi+1Lysi+2 dipeptide possesses another type of the b-turn, bIII [the
standard values /i+1 ¼ )60, Wi+1 ¼ )30; /i+2 ¼ )60,
Wi+2 ¼ )30 (29)]. Since conformations specific for interactions
with SSTR3 were characterized by fairly wide standard deviation
for /i+1 (the average value of 28 € 57), they also may be considered as those containing the bIII-like turn at the D-Trpi+1-Lysi+2 dipeptide. Overall, both SSTR5-specific conformations of the central
tetrapeptide suggested in Table 2 are close to the SSTR3-specific
conformation. They differ mostly by the /i+3, Wi+3 values, which
only slightly affect the general shape of the peptide backbone. This
similarity is seen in Figure 1. On the other hand, the suggested
SSTR4-specific conformation does not contain any b-turn reversals
at the D-Trpi+1-Lysi+2 dipeptide.

Compound 1, SSTR2

Compound 1, SSTR3

Compound 1, SSTR5 (1)

Compound 10, SSTR1

Compound 12, SSTR4

Compound 1, SSTR5 (2)

Figure 1: Sketches of typical conformations of compounds 1, 10 and 12 suggested as specifically interacting with different subtypes of
SSTRs. All hydrogens are omitted.
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Compound 1, SSTR2

Compound 10, SSTR1

Compound 1, SSTR3

Compound 12, SSTR4

Figure 2: Sketches of the central tetrapeptides of compounds 1, 10 and 12 corresponding to conformations suggested as specifically interacting with SSTR1-4 (the same as in Figure 1) overlapped with the backbone conformations deduced from NMR measurements [SSTR1, dihedral angles deduced for compound 3 from Table 3 in (11) were used; SSTR2, compound 1, Table 4 (7); SSTR4, compound 8, Table 4 (15)].
NMR-deduced structures are shown in green. All hydrogens are omitted.
Conformations of the peptide backbone for the tetrapeptide Phe/
Alai-D-Trpi+1-Lysi+2-Thri+3 that were suggested by this study to interact specifically with different subtypes of SSTRs were consistently
in good agreement with available experimental data. Recent NMR
studies proposed the 3D consensus structures for somatostatin analogs specifically interacting with SSTR1 (11) (see also the PDB entries 1XXZ and 1XY4-9), SSTR2 (7), SSTR3 (17) and SSTR4 (15). The
main emphasis of the NMR studies was on establishing specific
spatial arrangements of the side chains in and around the central
tetrapeptide in DMSO (7,11,15) or water (17) solution. In each case,
however, the peptide backbone structures characteristic for several
analogs specifically interacting with SSTR1 (11), SSTR2 (7) and
SSTR4 (15) (only one analog specific for SSTR3 was investigated
(17)) were also determined. The NMR-deduced backbone conformations of the tetrapeptides specific for interactions with SSTR1,
SSTR2 and SSTR4 were overlapped with the corresponding conformations suggested by Table 2, yielding good agreement (within the
rms cut-off less than 1.2  for all heavy atoms including Cb atoms)
for at least one compound considered in the NMR measurements.
Figure 2 illustrates how close the backbone conformations suggested by our study (Table 2) and those proposed by NMR measurement (shown in green in Figure 2) converge. We did not find good
Chem Biol Drug Des 2007; 69: 163–169

consistency between the NMR-deduced conformations for SSTR3specific analog (17) and the SSTR3-specific conformation from
Table 2. In this case, however, deducing the structure from NMR
spectra was especially complicated, since two conformers, a major
and a minor one, were observed in water. On the other hand, out
of two interconverting structures for the SSTR2/5-specific sandostatin proposed by the earlier NMR studies (18) (one with the 'b-sheet'
and the other with the 'a-helical' conformation of the central tetrapeptide), the b-sheet structure closely corresponded to our SSTR2specific conformation from Table 2, and the a-helical structure corresponded to our SSTR3-specific conformation (data not shown).
Our results were also very close to the X-ray structure of the
SSTR2/5-specific octreotide (19) that revealed the bII' turn at the
central D-Trp-Lys dipeptide in close agreement with our SSTR2-specific structure from Table 2.

Conclusions
Our modeling study is the first to suggest different conformations
for the peptide backbone of the central tetrapeptide segment that
are characteristic for specific interactions of somatostatin-related
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peptides with all five different subtypes of SSTRs. These conformations were in good agreement with current experimental data
obtained by NMR measurements and X-ray crystallography. They
rationalize experimental observations on specificity of interactions
of various somatostatin analogs with different subtypes of SSTRs in
terms of their mutual conformational interconversion during binding
to a specific SSTR subtype. Importantly, these conformations may
serve as conformational templates for rational design of non-peptide scaffolds that effectively and selectively interact with different
subtypes of SSTRs. Such scaffolds could be used as convenient carriers of radiolabels and near-infrared labels in specific agents for
selective diagnostics of tumors based on SSTR subtype overexpression.
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