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Abstract

The synthesis, biological testing and NMR studies of several analogues of H-c[Cys3-Phe®-Phe’-
oTrp8-Lys®-Thrl0-phell-Cysl4]-OH (ODT-8, a pan-somatostatin analogue) (1), have been
performed to assess the effect of changing the stereochemistry and the humber of the atoms in the
disulfide bridge on binding affinity. Cysteine at positions 3 and/or 14 (SRIF numbering) were/was
substituted with o-cysteine, Nor-cysteine, o-Nor-cysteine, Homo-cysteine and/or o-Homo-cysteine.
The 3D structures of selected partially selective, bioactive analogues (3, 18, 19 and 21) were carried
out in DMSO. Interestingly and not unexpectedly, the 3D structures of these analogues comprised
the pharmacophore for which the analogues had the highest binding affinities (i.e., sst, in all cases).

Introduction

Somatostatin (SRIF) is a major endocrine hormone with multiple physiological actions1-11
modulated by one or more of the five somatostatin receptors.12-16 The biological role, as well
as the cellular distribution of each receptor subtype, is far from being completely understood.
Availability of receptor subtype-selective ligands is still critical to our understanding of SRIF’s
physiological role. Numerous analogues are presently being used in the clinic to manage a
number of pathophysiological conditions*17-19 and as ligands for radiotherapy.20:21

Constraints, which reduce the flexibility of peptide-backbones or side-chain orientation have
been identified, under certain circumstances, to generate analogues with enhanced biological
potency, duration of action or selectivity, stability against proteolytic breakdowns, and
improved bio-distribution and bioavailability. Such conformational flexibility could allow
binding by an induced-fit mechanism and the analogue could exhibit a conformation
accommodating two or more pharmacophores simultaneously.

We have shown that the introduction of oTrp8 in the octapeptide des-AAL245.12.13_.gR|F22,
23 resulted in an analogue that binds to all of the five somatostatin receptors (ssts) similar to
SRIF.24 5Trp8 and 1Amp? substitutions in the undecapeptide des-AAL25-SRIF or oAgl(NMe,
2naphthoyl)® or L-threo-B-MeNal® in the octapeptide des-AAL24512.13_SRIF resulted in a
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selective agonist at sst;:25-29 a selective antagonist at sst33%:31 and a selective agonist at ssty’
24,32-34 respectively, by stabilizing the active conformation at these receptors.

The present study describes the synthesis, biological testing, and NMR studies of several
analogues of the des-AA1:245.12.13 [DTrp8]-SRIF (ODT-8) (1) scaffold. D amino acids and/
or unnatural amino acids, which reduce or increase the flexibility of the cyclic backbone, aiming
to obtain ligands with high binding affinity at the different receptors and sst-selectivity, were
used. We have synthesized a series of ODT-8 analogues in which Cys at positions 3 and/or 14
(SRIF numbering) was substituted with oCys, norcysteine (Ncy), o-norcysteine (oNcy),3°
homocysteine (Hcy) and o-homocysteine (cHcy). NMR studies of selected analogues identified
structural features that may be responsible for binding to more than one receptor.

Peptide Synthesis and Determination of the Stereochemistry of Ncy in the Peptides

All of the analogues shown in Table 1 were synthesized either manually or automatically on
achloromethylated (CM) resin using the Boc-strategy. Boc-Ncy(Mob)-OH, Boc-o/.Ncy(Mob)-
OH,35 Boc-Hey(Mob)-OH and Boc-oHcy(Mob)-OH were synthesized in our laboratory;36 see
details in the Experimental section. Peptides containing norcysteine (Ncy) at the N-terminus
were unstable during hydrogen fluoride (HF) cleavage/workup conditions and were acetylated
by an excess of acetic anhydride in dichloromethane (DCM) on the resin before hydrofluoric
acid (HF) cleavage. All of the Ncy-containing Ac-ODT-8 analogues (9-16) were synthesized
by incorporating racemic Boc-Ncy(Mob)-OH3® or on racemic Boc-Ncy(Mob)-CM resin. The
diastereomeric peptides were separated by RP-HPLC and the absolute stereochemistry of Ncy
in the Ac-ODT-8 analogues was confirmed by the comparison of the HPLC retention times
and coelution of each diastereomer with those of the analogues synthesized separately using
resolved Boc-Ncy(Mob)-OH. This approach of determining stereochemistry was successful in
analogues containing Ncy residue at position 3 (9, 10, 15 and 16) but not in analogues
containing Ncy at the C-terminus (11, 12, 13, and 14). Our attempts to link the Boc-Ncy(Mob)-
OH in optically active form to the CM resin failed as racemization occurred during the
attachment step (2.0 equivalent of KF per mmol of amino acid in DMF at 80 °C for 15 h). It
is noteworthy to mention here that optical integrity of the resolved Boc-Ncy(Mob)-OH3® in
peptides 9 and 15 was significantly reduced when coupling was mediated under basic
conditions (TBTU/DIPEA/HOBLt in DMF) instead of neutral conditions (DIC/HOBt in DMF).
Hence, to determine the stereochemistry of Ac-ODT-8 analogues containing Ncy (11 - 14) at
the C-terminus, we used an alternative method28 described by our group for the synthesis of
N%-methylated somatostatin analogues. Based on the premise that failure to attach Boc-Ncy
(Mob)-OH in optically active form to the CM resin was due to susceptibility of Ncy residue
to racemization under standard coupling conditions, we first synthesized lysine-elongated
peptidesi.e., [Ncyl4]Ac-ODT-8-Lys and [oCys3, Ncy4]Ac-ODT-8-Lys starting with Boc-Lys
(2-CI-Z)-CM resin. The enzymatic hydrolysis of the purified peptides [Ncyl4]Ac-ODT-8-Lys
and [oCys3, Ncy4]Ac-ODT-8-Lys with a Carboxypeptidase B enzyme preparation3’ resulted
in the desired non-lysine-containing 11 and 13, respectively. RP-HPLC studies revealed that
9, 11, 13 and 15 synthesized with the resolved Boc-Ncy(Mob)-OH coeluted with the first
eluting diastereomer of the pairs 9 + 10, 11 + 12, 13 + 14, and 15 + 16, respectively, on RP-
HPLC. Analogues 17-20 were synthesized using racemic Boc-Ncy(Maob)-OH on racemic Boc-
Ncy(Mob)-CM resin. The four diastereomers (17-20) with retention times of 11.1 min, 12.3
min, 13.1 min and 14.1 min were separated and purified by RP-HPLC. The stereochemistry
of the diastereomers 17, 18 and 19 was confirmed by comparison of the HPLC retention times
and coelution of each diastereomer with those of the analogues obtained from the enzymatic
hydrolysis of lysine-extended peptides [Ncy3, oNcyl4]Ac-ODT-8-Lys, [oNcy3, Ncyl4]Ac-
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ODT-8-Lys and [Ncy3, Ncy4]Ac-ODT-8-Lys, respectively. This confirmed that analogue
20 eluting (tr) at 14.1 min on analytical HPLC contained oNcy at positions 3 and 14.

Purification and Characterization of the Analogues (see legend Table 1)

Purification was carried out using multiple HPLC steps.38 Characterization and purity of the
analogues were established by HPLC,38 capillary zone electrophoresis3® and mass
spectrometry. The C-terminus-extended purified target peptides (RP-HPLC and CZE purity >
96%) could be hydrolyzed with Carboxypeptidase B resulting in the desired analogues. The
measured masses obtained by MALDI-MS were within 100 ppm of those calculated for the
protonated molecule ions and are given in Table 1.

Receptor binding

The compounds were tested for their ability to bind to the five human sst receptor subtypes
(ssts) in competitive experiments using 12°21-[Leu, DTrp?2, Tyr?%|SRIF-28 as radioligand. Cells
stably expressing the five cloned human ssts were grown as described previously.3 Cell
membrane pellets were prepared and receptor autoradiography was performed as previously
depicted in detail.3 The binding affinities are expressed as ICs values that are calculated after
quantification of the data using a computer-assisted image processing system as described
previously30 and are summarized in Table 1.

Analogue 1 binds to the five receptors of somatostatin with low nM affinity and has maximum
affinity for sst4. Analogue 2 differs from 1 by a oCys at position 3 and binds to all of the
somatostatin receptors with higher affinity than analogue 1. Analogue 3 differs from 1 by a
oCys at position 14 and does not bind to sst;. Acetylation of ODT-8 (1) results in 5 that binds
to all of the sstg similar to ODT-8 (1). The acetylation of 2 and 3 resulting in 6 and 7 has some
influence on the binding affinity of these peptides at sst, but not at the other ssty compared
with the parent peptides. Analogue 8 differs from 6 having a oCys at position 14 and this peptide
does not bind to sst; but binds to all of the other receptors with similar binding affinity as 6.
Ncy and oNcy substitutions at position 3 for Cys in Ac-ODT-8 (5) result in 9 and 10 that bind
to all sstg but ssty similar to 5. Analogues 11 and 13 differ from 5 and 6 having Ncy at position
14. Both peptides bind to sst; with significantly less affinity than the parent analogues. oCys
substitution at position 14 has resulted in 15-17 showing enhancement in binding affinity for
sst, compared to 5. Similarly, oNcy substitution at position 14 resulted in 12, 14, 17 and 20
which bind to ssty with higher affinity than 5. Analogue 18 differs from 1 having oNcy at
position 3 and Ncy at 14 and has an acetylated N-terminus. It binds to sst4 in low nM affinity
(ICsq = 2.7 nM), and with moderate affinity to receptors ssty, sst and ssts, (ICsg = 110 nM,
45 nM and 107 nM, respectively) but does not bind to sst;. Analogue 19 is similar to 18 except
for Ncy residues at position 3. Analogue 19 binds to sst4 with high affinity (ICsg = 1.6 nM)
and shows moderate affinity for receptors ssty, sst3 and ssts, (IC5g = 34 nM, 19 nM and 57 nM,
respectively) and weak binding affinity to sst; (ICsg = 302 nM). Analogue 21 differs from 1
having Hcy at position 3 and has an acetylated N-terminus. It shows high binding affinity for
ssty and sst4 (ICsg = ~ 6 nM and ~ 0.8 nM, respectively) but only moderate affinity for the
other three receptors. The substitution of Hcy by oHcy in analogue 21 results in analogue 22
that shows lower binding affinity for all of the sstg than 21.

To get insights into the action of such non-selective analogues, structural studies in DMSO
were carried out despite the fact that the conformation preferred in DMSO may be difficult to
interpret since the non-selective analogues may adopt a biologically irrelevant conformation
because of their promiscuous properties.

Analogues studied here bind non-selectively to more than one receptor and hence it is
interesting to compare their 3D structures in DMSO with the available receptor-selective
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pharmacophores.2%:3441 Analogues 1, 3, 18, 19 and 21 (Table 1) have been selected for these
studies. They have similar structures except for the stereochemistry of the bridgeheads and the
number of the atoms involved in the cycle.

NMR Studies

We present details about the chemical shift assignment of proton resonances and structural
information for 1, 3, 18, 19 and 21 (Table 1) obtained by solution-state NMR studies in the
solvent DMSO.

Assignment of Proton Resonances, Collection of Structural Restraints, and
Structure Determination—Almost all chemical shift assignments of proton resonances
(Table S2) for all of the analogues (Table 1, assignment and structural characterization of
analogue 1 (ODT-8), have been taken from Grace et al.3*) have been carried out using two-
dimensional (2D) NMR experiments applying the standard procedure described in the
Experimental section. The N-terminal amino protons for 1 and 3 have not been observed
because of fast exchange with the solvent. The N-acetyl terminal amide protons, however, are
observed for 18, 19 and 21.

A large number of experimental NOEs have been observed for all of the five analogues in the
NOESY spectrum measured with a mixing time of 100 ms, leading to over 100 meaningful
distance restraints per analogue and concomitantly ~10 restraints per residue (Table 2). These
structural restraints were used as input for the structure calculation with the program
CYANA#*2 followed by restrained energy minimization using the program DISCOVER.#3 The
resulting bundle of 20 conformers per analogue represents the 3D structure of each analogue
in DMSO. For each analogue, the small residual constraint violations in the distances for the
20 refined conformers (Table 2) and the coincidence of the experimental NOEs and short
interatomic distances (data not shown) indicate that the input data represent a self-consistent
set, and that the restraints are well satisfied in the calculated conformers (Table 2). The
deviations from ideal geometry are minimal, and similar energy values have been obtained for
all of the 20 conformers for each analogue. The quality of the structures determined is
furthermore reflected by the small backbone RMSD values relative to the mean coordinates of
~0.5 A (see Table 2 and Figure 2).

Three-dimensional Structure of H-c[Cys3-Pheb-Phe’-sTrp8-Lys®-Thrl0-phell-
Cys14]-OH (ODT-8) (1)—As we published earlier for analogue 134 (Table 1), the backbone
torsion angles indicate that a B-turn of type-VI1I” conformation is present around Phe’-oTrp®.
A turn-like structure is also supported by the medium range dyn(i,i+2) distance restraints
(Figure 1). Although the unshifted resonance for the amide proton of Lys® (293-318 K) is
indicative of an expected hydrogen bond Lys?NH-O’Phe8, the carbonyl C=0 of Phe® is not in
a favorable orientation to be involved in a hydrogen bond. The side chain of PheS is in the
gauche* rotamer, Phe’ is in the trans rotamer, oTrp8 is in the gauche™ rotamer and Lys? is in
the gauche™ rotamer (Table S1). Conclusively, the side chains of o Trp8 and Phe’ are adjacent
to each other in the plane of the analogue backbone, whereas the side chains of Phe® and
Phell are pointing away from the plane of the peptide backbone.34

Three-dimensional Structure of H-c[Cys3-Pheb-Phe’-sTrp8-Lys®-Thr10-phell-
oCys14]-OH (3)—For analogue 3 (Table 1), the backbone torsion angles do not fit into any
of the classified reported B-turns in literature. The side chains of Pheb, Phe’, oTrp8, Lys® and
Phell are in the gauche* rotamer (Table S1). This configuration orients Phe’, Phell and
Lys? pointing away from the backbone on one side, while the side chains of Phe® and »Trp8
point on the opposite side (Figure 2). Ring current of Phell resulted in slightly upfield shifted
resonances for the y-protons of Lys® (Table S2).
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Three-dimensional Structure of Ac-c[oNcy3-Pheb-Phe’-sTrp8-Lys®-Thri0-phell-
Ncy14]-OH (18)—For analogue 18 (Table 1), the backbone torsion angles indicate a B-turn
of type-11 conformation around Phe’-oTrp® (Table S1). The side chain of PheS, 5Trp8, Lys? are
in the gauche™ rotamer, Phe’ is in the trans rotamer and Phell is in the gauche™ rotamer (Table
S1). Hence, the side chains of Phe’ and »Trp® adjacent to each other are in the plane of the
peptide backbone, while the side chains of Lys® and PheS are in close proximity. The side chain
of Phell is far away from the o Trp-Lys pair behind the peptide backbone (Figure 2). Ring
current of Pheb has resulted in slightly up field-shifted resonance for the y-protons of Lys®.
Hydrogen bonds are observed in all of the calculated twenty conformers between the amide
protons of Lys?, Thrl0 and the carbonyl of Phe8 and also between the amide proton of Phe®
and the carbonyl of Thrl0, Experimentally measured small temperature coefficients of -0.02,
-0.004 and -0.01 ppm/K for the amide protons of Pheb, Lys® and Thrl0, respectively, confirms
that these amide protons are involved in the hydrogen bond.

Three-dimensional Structure of Ac-c[Ncy3-Phe®-Phe’-sTrp8-Lys9-Thrl0-phell-
Ncy14]-OH (19)—For analogue 19 (Table 1), the backbone torsion angles do not fit into any
of the classified p-turns reported in the literature. The side chains of Phe®, Phe’, oTrp8, Lys®
and Phell are in the gauche* rotamer (Table S1). This orients the side chain of Phe®, Lys® and
Phell on one side of the peptide backbone, with Phel! in close proximity to Lys®. Side chains
of Phe” and oTrp8 are in the plane of the peptide backbone (Figure 2).

Three-dimensional Structure of Ac-c[Hcy3-Pheb-Phe’-sTrp8-Lys?-Thrl0-phell-
Cys14]-OH (21)—The backbone torsion angles from the 3D structures show that an inverse
y-turn is present around »Trp8 for analogue 21 (Table 1). The side chains of PheS, Phe’, Lys®
and Phel! are in gauche* rotamer and that of oTrp8 is in gauche™ rotamer (Table S1). This
orients the side chains of Phe8, Phe” and Lys® on one side of the peptide backbone, while the
side chains of o Trp® and Phell are on the other side (Figure 2). Close proximity between the
amide group of Lys® and the carbonyl of Phe’, as well as the amide group of Thrl? and the
carbonyl of the acetyl group at the N-terminus shows possible hydrogen bonds between these
groups. Experimentally measured small temperature coefficients of -0.01, -0.002 ppm/K for
the amide protons of Phe’ and Thrl0, respectively, confirm that these amide protons are
involved in a hydrogen bond.

Discussion

All of the five analogues studied here by NMR in DMSO bind non-selectively to more than
one receptor and hence it is interesting to compare their structures with receptor-selective
pharmacophores. However, because of the non-selective binding of these analogues, the
elucidation of such a multiple structure-activity relationship is not trivial and a step-by-step
analysis is required. Therefore, we first review the structural parameters proposed for the
receptor-selective pharmacophores?9:34:41:44 followed by a discussion of the 3D structures of
the non-selective analogues of interest.

Pharmacophores of Somatostatin Receptors

Receptor-selective agonistic analogues binding selectively to somatostatin receptors 1, 2, and
4 have been obtained by using both chemical modifications of different amino acid side chain
groups in short SRIF analogues,26:45 as well as structural design to optimize the
pharmacophore.29:34:41 The pharmacophore for sst; binding has been shown to be the o Trp8-
IAmp? (4-(N-isopropyl)-aminomethylphenylalanine) pair of residues in addition to two
aromatic side chains at position 7 and 11.2° Based on the pharmacophore and other
experimental findings,2%:46 the rationale is that the longer side chain of IAmp can only be
accommodated by somatostatin receptor 1, whereas in the other somatostatin receptors, the
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binding cavity is limited to accommodating a smaller side chain as that of Lys. In contrast to
the role of the IAmp in receptor-selectivity, the two aromatic side chains at position 7 and 11
are important to enhance the binding to ssty (Figure 3A).

Design of an sst4-selective agonist was more straightforward.32 The 3D structures of several
sst4-selective analogues identified the pharmacophore for sst4 to have one aromatic ring of Phe
at position 6 or 11 close to Lys?, in addition to the crucial oTrp8 and Lys® pair34 (Figure 3D).
The development of a strictly ssty-selective analogue appears to be more demanding since
analogues binding with nM affinity to somatostatin receptor 2 often also bind with high affinity
to somatostatin receptor 5 and sometimes to receptor 3.47:48 Most of these partially selective
analogues are based on the structure of an SRIF analog named octreotide and have a type-II’
B-turn in their structure.** The octreotide pharmacophore requires two aromatic side chains at
position 7 and 2 in addition to the o Trp8-Lys? pair. It has also been shown that octreotide-type
analogues undergo conformational change in their backbone from B-sheet to a-helix resulting
in two different positions for the Phe/oPhe/Tyr at position 2.47 This conformational exchange
complicates the basis for receptor-selectivity and suggests that two conformations are
necessary for an analogue to fit into the two different receptor-selective pharmacophores for
receptors 2 and 5 (Figure 3C). Recently, we published data showing that removal of the
aromatic side chain at position 7 from an octreotide analogue led to ssty-selectivity.*! Hence,
the pharmacophore of an ssty-selective agonist indeed appears to be a subset of the octreotide
pharmacophore with one aromatic side chain of Phe? in addition to the side chains of the
oTrp8 - Lys® pair. Furthermore, in contrast to octreotide, where Phe? undergoes conformational
exchange, the sst,-selective pharmacophore has Phe? at a single position (Figure 3B).

Although sstz-selective agonists have not been reported yet, there is a report on sstz-selective
antagonists, which have aminoglycine (Agl) at position 830 instead of Trp/oTrp and the
structure of this analogue has been reported in water.3! Similarly, SRIF agonists or antagonists
selectively binding to sstg have not been described. In summary, selective binding to a receptor
requires a unique pharmacophore for the analogues, having Trp8, Lys® (or an amino acid with
a different side chain) and a specific number of aromatic residues at the correct distances with
respect to each other (Figure 3, Table 3).

Comparison of the 3D Structures of Non-Selective Somatostatin Analogues with Receptor-
Selective Pharmacophores

Since shortening or lengthening the side chains of Cys at position 3 and 14 of Ac-ODT-8 have
resulted in loss of binding to some receptors, we decided to compare the 3D structures of these
non-selective analogues in DMSQO to that of the corresponding receptor-selective
pharmacophores determined earlier.2%:3441 All structural data reported above support the fact
that the backbone conformation is not responsible in the binding of peptides, rather it acts as
a scaffold in orienting the side chains of the analogues to interact efficiently with the receptor.
Such conclusions had also been derived based on the NMR structure of astressin (a

corticotropin releasing factor antagonist) in DMSO or when bound to the ECD1 of CRF-
R2_49-51

Hence, the spatial orientation of the amino acid side chains for the different analogues are
compared here with that of the receptor-selective pharmacophores. To explain the non-
selective binding of an analogue to multiple receptors, either conformational flexibility is
necessary to allow binding by an induced-fit mechanism or the analogue prefers a conformation
accommodating two or more pharmacophores simultaneously. In particular, the conformation
preferred by non-selective analogues in DMSO will not evidently fit all of the pharmacophores
simultaneously as proposed.

J Med Chem. Author manuscript; available in PMC 2009 November 25.
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Comparison of the 3D Structures of the Non-Selective Analogues with the Sst;-selective
Pharmacophore

A comparison of the 3D structures of the non-selective analogues with the sst;-selective
pharmacophore shows the following: The introduction of Ncy in the ODT-8 structure (i.e., in
3, 18 and 19) has resulted in loss of binding to receptor 1. Their 3D structures determined in
DMSO show that of the three aromatic residues, two of them are oriented on the front side of
the peptide backbone. Since the sst; pharmacophore requires two aromatic side chains at the
backside of the peptide backbone in addition to Trp8 and Lys® side chains as shown in Figure
3A29 and Table 3, the sst; pharmacophore is not observed in 3, 18 and 19. This may explain
why 3, 18 and 19 do not bind to receptor 1. In contrast, the 3D structure of ODT-8 (1), which
binds to all of the five receptors, has the sst; pharmacophore as well.

Comparison of the 3D Structures of the Non-Selective Analogues with the Sst; 4-Selective
Pharmacophores

The ssty-selective pharmacophore requires one aromatic side chain far from the Trp8-Lys? pair
in addition to these two side chains as shown in Figure 3B4! and Table 3. Although 1, 3, 18,
19 and 21 bind to receptor 2 with nM affinity, the 3D NMR structures of the analogues in
DMSO show that these analogues do not have the sst, selective pharmacophore (Figure 4). In
1, 18 and 21, a small conformational change of the side chain of either Phe® or Phel! can
establish the partially selective pharmacophore (Figure 4). But in 3 and 19, the side chain of
Phe® has to undergo a large conformational change to fit the sst,-selective pharmacophore.
Therefore, the 3D structures of the analogues determined in DMSO are not sufficient to explain
the ssty 5 non-selective pharmacophore.

Also oCys or oNcy substitution at position 14 has resulted in analogues (3, 4, 7, 8, 15, 16 or
12, 14, 17 and 20) showing enhanced binding affinity for sst, compared to 5. A D-amino acid,
part of the cycle at the C-terminus, changes the backbone conformation, probably bringing the
side chains of Phell close to the sst, pharmacophore (Figure 4). In addition, all of these
analogues do not bind to sst;, probably due to the positioning of the side chain of Phell, critical
for sst; binding (Figure 3A).

However, these analogues have the highest affinity for receptor 4 and the sst, pharmacophore
is present in their conformations. The sst4-selective pharmacophore requires one aromatic side
chain close to Lys? in addition to side chains of Trp8 and Lys® as shown in Figure 3C. The
distances between the C, atoms of the side chains to fit the sst4 pharmacophore are given in
Table 3. The 3D structures of 1, 3, 18, 19 and 21 have the sst4 pharmacophore as shown in
Figure 5, with either Phel® (1, 3and 19) or PheS (18 and 21), involved in sst4 binding in addition
to the necessary oTrp8 and Lys? side chains.

Conclusions

Synthesis, binding and 3D NMR structure of non-selective analogues of H-c(Cys-Phe-Phe-
DTrp-Lys-Thr-Phe-Cys)-OH (ODT-8, 1) containing different side chain lengths for the Cys at
position 3 and 14 have been presented here. These analogues bind non-selectively to all of the
five SRIF receptors and the elucidation of a structure-activity relationship is challenging. In
our attempt to establish such a relationship between the 3D structures of the analogues
determined in DMSO and their receptor-specificity, it has been observed that the 3D structures
mostly have the pharmacophore for which the analogues have the highest binding affinities.
All of these analogues bind to sst, with the highest binding affinity and their 3D structures
have the sst, pharmacophore. However, the pharmacophores of the other receptors are often
not covered by the 3D structure determined in DMSQO and their pharmacophores can only be
established by reorientation of some of the amino acid side chains.

J Med Chem. Author manuscript; available in PMC 2009 November 25.
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The establishment of receptor-selective and non-selective analogues of somatostatin by
introducing small chemical modifications to the peptides highlights the complexity of a binding
event. The structure determination of these analogues in DMSO elucidates thereby at least in
part, the nature of this complexity.

EXPERIMENTAL PROCEDURES

Determination of the stereochemistry of Ncy!4 in the analogues

Cell culture

The fully protected Ac-Ncy(Mob)3-Pheb-Phe’-oTrp8-Lys(2-Cl-Z)%-Thr(Bzl)10-Phell-Ncy
(Mob)14-Lys(2-CI-Z)15-CM resin (SRIF numbering) was synthesized, cleaved from the resin
by HF and purified on preparative RP-HPLC. The purified peptide Ac-Ncy3-Phe®-Phe’-
oTrp8-Lys®-Thrl0-phell-Ncyl4-Lys5-OH (20 mg, 16.30 pM) was hydrolyzed in 0.1M
NaCl-0.05M Tris buffer at pH 7.6 (20 mL) with undiluted Carboxypeptidase B enzyme solution
(50 U) at room temperature. The hydrolysis was complete in 30 min resulting in analogue 19
(Table 1). The product was desalted by preparative RP-HPLC and pure peptide 19 (12 mg,
10.9 uM) was obtained (yield of hydrolysis: 66.87%). Analogues 11, 13, 17 and 18 were
obtained from the lysine-extended peptides [Ncy4]Ac-ODT-8-Lys, [-Cys3, Ncyl4]Ac-
ODT-8-Lys, [Ncy3, oNcyl4]Ac-ODT-8-Lys and [oNcy3, Ncy4]Ac-ODT-8-Lys, respectively,
in comparable yield using this protocol.

CHO-K1 cells stably expressing human sst; and ssts were kindly provided by Drs. T. Reisine
and G. Singh (University of Pennsylvania, Philadelphia, PA) and CCL39 cells stably
expressing human ssty, sstp, sst3, and sst4 by Dr. D. Hoyer (Novartis Pharma, Basel,
Switzerland). Cells were grown as described previously.2 All culture reagents were supplied
by Gibco BRL, Life Technologies (Grand Island, NY).

Receptor binding

Cell membrane pellets were prepared and receptor autoradiography was performed as depicted
in detail previously.® Binding studies were performed as reported previously3 with
[Leu8,DTrp?2,1251Tyr25]-SRIF-28 on cell pellet sections and on tissue sections of the
respective sst-expressing human tumors using 15,000 cpm/100 pL of the radioligand.

Sample preparation and NMR experiments

NMR samples were prepared by dissolving 2 mg of the analogue in 0.5 mL of DMSO-dg.
The H NMR spectra were recorded on a Bruker 700 MHz spectrometer operating at proton
frequency of 700 MHz as reported previously.29:34:41,49,50,52

Structure Determination

The chemical shift assignment of the major conformer (the population of the minor conformer
was <10%) was obtained by the standard procedure using DQF-COSY and TOCSY spectra
for intra-residual assignment and the NOESY spectrum was used for the sequential assignment.
53 The collection of structural restraints was based on the NOES assigned manually and
vicinal 3Jyn, couplings. Dihedral angle constraints were obtained from the 3Jyp,, couplings,
which were measured from the 1D H NMR spectra and from the intra-residual and sequential
NOEs along with the macro GRIDSEARCH in the program CYANA.#2 The calibration of
NOE intensities versus H-1H distance restraints and appropriate pseudo-atom corrections to
the non-stereo specifically assigned methylene, methyl and ring protons were performed using
the program CYANA. On an average, approximately 100 NOE constraints and 20 angle
constraints were utilized while calculating the conformers (Table 2). A total of 100 conformers
were initially generated by CYANA and a bundle containing 20 CY ANA conformers with the
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lowest target function values were utilized for further restrained energy minimization, using
the CFF91 force field>* with the energy criteria fit 0.1 kCal/mol/A5S in the program
DISCOVER with steepest decent and conjugate gradient algorithms.® The resulting energy
minimized bundle of 20 conformers was used as a basis for discussing the solution
conformation of the different SRIF analogues. The structures were analyzed using the program
MOLMOL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

The abbreviations for the common amino acids are in accordance with the recommendations
of the IUPAC-IUB Joint Commission on Biochemical Nomenclature (Eur. J. Biochem. 1984,
138:9-37). The symbols represent the L-isomer except when indicated otherwise. Additional
abbreviations:

Boc t-Butoxycarbonyl

Bzl benzyl

Z(2Cl) 2-chlorobenzyloxycarbonyl

CZE capillary zone electrophoresis

CYANA Combined assignment and dynamics algorithm for NMR applications
DIC N,N’-diisopropylcarbodiimide

DIPEA diisopropylethylamine

DMF dimethylformamide

DMSO dimethylsulfoxide

DQF-COSY double quantum filtered correlation spectroscopy

Hcy homocysteine

HOBt 1-hydroxybenzotriazole

IAmp 4-(N-isopropyl)-aminomethylphenylalanine
IBMX 3-isobutyl-1-methylxanthine

Mob 4-methoxybenzyl

Ncy norcysteine

NMR nuclear magnetic resonance

NOESY nuclear Overhauser enhancement spectroscopy
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3D three-dimensional
OBzl benzyl ester
PROSA Processing algorithms

RMSD root mean square deviation
SAR structure activity relationships
SRIF somatostatin

Sstg SRIF receptors

TEA triethylamine

TEAP triethylammonium phosphate
TFA trifluoroacetic acid

TOCSY total correlation spectroscopy
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Figure 1.

Survey of characteristic NOEs describing the secondary structure of the five analogues studied
by NMR (i.e., analogues 1, 3, 18, 19 and 21 as indicated). Thin, medium and thick bars represent
weak (4.5 to 6 A), medium (3 to 4.5 A) and strong (< 3 A) NOEs observed in the NOESY
spectrum. The medium-range connectivities dnn(i,i+2), dgn(i,i+2), and dgn(i,i+2) are shown
by lines starting and ending at the positions of the residues related by the NOE. Residues Ncy,
oNcy, Hey, oHcy, oCys, o Trp refer to norcysteine, o-norcysteine, homocysteine, o-
homocysteine, o-Cysteine and o-tryptophan denoted by the symbols, C, ¢, ¢, ¢, ¢ and w,
respectively.
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Figure 2.

The NMR structures of the five analogues studied by NMR (i.e., analogues 1, 3, 18, 19 and
21 as indicated). For each analogue, twenty energy-minimized conformers with the lowest
target function are used to represent the 3D NMR structure. The bundle is obtained by
overlapping the C* atoms of all the residues. The backbone and the side chains are displayed
including the disulfide bridge. The following color code is used: grey (1) H-c[Cys-Phe-Phe-
oTrp-Lys-Thr-Phe-Cys]-OH, ODT-8 taken from Grace et al.;34 navy-blue (3)H-c[Cys-Phe-
Phe-oTrp-Lys-Thr-Phe-oCys]-OH; violet (18) Ac-c[oNcy-Phe-Phe-oTrp-Lys-Thr-Phe-Ncy]-
OH; royal blue (19) Ac-c[Ncy-Phe-Phe-oTrp-Lys-Thr-Phe-Ncy]-OH; dark green (21) Ac-c
[Hcy-Phe-Phe-oTrp-Lys-Thr-Phe-Cys]-OH. The amino acid side chains which are proposed
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to be involved in binding to the various SRIF receptors are highlighted: oTrp at position 8 in

light green, Lys at position 9 in blue, and Phe at positions 6, 7 and 11 yellow. The disulphide
bridges are shown in orange for clarity.
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Phe6 or 11

Schematic drawings of agonist pharmacophores for receptor-selective analogues binding to
the somatostatin receptors: (A) Sstq, (B) Ssty, (C) Ssty/s and (D) Ssts. The amino acid side
chains, which are part of the pharmacophores and the distances between the corresponding

C, atoms of the side chains are shown and are also listed in Table 3.
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Figure 4.

Superposition of receptor-specific pharmacophore with the 3D NMR structure of the analogues
1, 18 and 21. The sst, pharmacophore*! is shown in green. The octreotide pharmacophore
proposed by Melacini et al.** is shown in yellow. In both the pharmacophores only the side
chains of the amino acids are shown that are involved in binding to the receptor. For analogues
1, 18 and 21, the conformer with the lowest energy is used to represent the 3D structures. The
analogues are color coded as in Figure 2. The side chains of the amino acids, which are proposed
to be involved in receptor binding, are labeled. Phe® in analogue 1, Phe!! in analogues 18 and
21 should undergo a change in their conformation to fit either the sst, or octreotide
pharmacophores.
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Figure 5.

Superposition of sst, receptor-specific pharmacophore with the 3D NMR structures of the
analogues 1, 3, 18, 19 and 21. The sst, pharmacophore34 is represented by amino acid side
chains colored in red. The conformer with the lowest energy represents the 3D structures of
the analogues and they are color coded as in Figure 2. In addition, for each analogue the amino
acid side chains proposed to be involved in receptor binding are labeled.

J Med Chem. Author manuscript; available in PMC 2009 November 25.



Page 20

Erchegyi et al.

"sisauualed Ul sanfeA 816Ul UMM UMOUS SI UEaW 'S3SeD JaLI0 au) U] (sisaujualed ur uMoys) € < N USUM NS ¥ anjeA uesy ‘puebijolpes ay) se ‘gz-41dS[gz1AL 5501 1a"gneT]

~IgzT 9M199]8s-UoU Bl Buisn si01dadal uIRISOIRWOS PAUO|I 8y} Joy sanbofeur ay) JO sanlulLse ayl Bunos|yas sAesse Juswade|dsip puebijoipel aAnadwod Wolj paALIdp alam (\U) sanfea 0SD| ayL

p

"ssew o1dojostouow  [H + IN] panissqo aup ynm pareduwiod adojosiouow aus Jo z/w pareinoed ay I

“INU PTZ Je uonaaleq “(ybus| wo 0§ x @l wit 62 x @0 wi €9¢) Asejjided G/ 1d 09jadns e uo ‘05z HA (NOEHD:OCH 'GT:G8) areydsoyd WwnIpos INW 00T :aseyd aigow ‘3, 0€
18 A ST 40 yibuans plai4 "JorelBarul 1orwoly) e Buisn pue Zog [9POIA Z/WaISAS [euosiad INg] Ue AQ pajj041uod 050z WaISAS JDV/d Uewxdag e Buisn auop sem (3Z79) sisaioydolioss auoz Arejjided

a

‘NU $T2 Ye uonoeleq “(8z1s alod y 00€ ‘8z1s ajonted wri-G ‘wd GT x T2°0)
uwinjo9 8T 9ePAA B UO UIW/TW 20 4O 8181 MOJS 18 ‘Ull/g %T 40 adojs Juaipeld e YlM W 9%0/NDEHD %09 = g pue (52 Hd) dv3L = V :waisAs Jayng Buisn 91dH Aq paulw.alep Aund Eme&m

“1aded s1ys u1 pajuasald are sanBojeue asayl 40 SaINONAS YN AE
«

2 (ceT [S)06[(G T €1) P T] (€9 -72) 69 | (CE -8¥) OF J(OET -90€) 8TV SETTI|Ly VETT| 66 | 86 8-Ld0-9V-[AHAl ¢
JX (8e '21) 82 |(1'1:19'0) 6°0] (LT :65) 8€ [(6'9 '1'9) 59| (68 ‘€0T) 96 [88'SETT| v vETT| 86 | 16 8-1d0-V-[AoH]], ¢
72 (€T 6¢) ¢ | (€)90Fcc| (BE €¢) 1€ [(€) Ge FET| (v) 000T< |€G €60T|cv 601 66 | v6 8-Ld0-9V[, ANT AINT][ 02
e (ov:en) 1S5 | (@) zoxot| (zz'o1) 6T | (9¢ 'z€) ve [(zez ‘18¢) zogle e60Tfev 60T 66 | 66 8-1d0-9V[, AN ‘. AoN]| 6T
vZ (15 :€91) 07| (€) €07 22| (85 'ze) Gv |(€) S8 ¥ 60T| (2) 000T< |[8S'€60T[er'e60T| 66 | 96 8-1A0-9VI[, AN ' AoNd]| 8T
4 (92 €6) 09 [(€) 20+ 9¢| (9T ¥B8)0S [(ET ¢ 9)6€| (v) 000I< [6€ €60T[cv ¢60T] 86 | 16 8-LA0-9VI,ANT AINI[ LT
GC (€)6.%05| () 90+0G| W T9¥8C|(G) L¢crer| (G 000T< |SvZOTT[vv'90TT| 26 | 16 8-Ld0-VI,;SA3T " AINA][ 9T
SC (G8°GT) 05 |(9€ TS vV |(LTT - T¢) 69| (€T 6) IT | (¥) 000T< |v¥ ZOTT[vv 9011 66 | 66 8-LJ0-9VI[,SA3T AINI[ ST
GC (86 °Ge) LT | (€)80+¢ | (ZZ Gr) 9€ [(€G €7) 8| (¥) 000T< |87 ZOTT[rv'90T1| 66 | 66 8-Ld0-IVI,;AINT "SR] 7T
SC (8T 78) 15 | (€) GO FG T | (6¢ T€) OE (6T -81) G8T|(E) TZT * OvG [8¥ Z0TT[yv 9011 96 | Z6 8-Ld0-9VI, AN "SR €T
GC (927 8E) ¢8| (6 € 18) 09] (€8-¢e) €5 [(TZ 9€) ¥S| (#) 000T< [8T ZOTT[r#'90T1| 66 | 86 8-Ld0-VI,/ANAJ 2T
SC (T9'6€) 05 | (€)S0F0¢| (92 -€1) 0¢ | (Gv -9€) T¥ |(GZT -0vS) 8GE|8T ZOTT[vv 9011 86 | 66 8-Ld0-9V[,/ANI[TT
GC W) OT+9v [(G)60FTc| W 9c vl | (G IL*cv |(v) 92T ¥ 9y € ZOTLrv'90TT| 16 | 66 8-Ld0-9VIANA][ 0T
SC (CT 65 06[(€)90F67] (8:6€)09 | (9¢ -6¢) €€ | (0G -Z0T) 6L |0¢ ZOTT[yv'90TT| 86 | 16 8-LA0-9VIANI| 6
9¢ (68 ¢ vZ|[CEEE)Geel BT T1)GT | (L T1)6 | (1) 000I< [ev1eTt|sv0cti| 66 | 66 8-Ld0-9VI,;SA3T " ;SA3I][ 8
9z (0T ¢ 1T |(€V-LV)GP| (BT GG el [Py €G) 67| () 000T< |9¢ TeTt|av 0¢ii| 66 | 66 §-1d0-9V[,;SAOT Z
9¢ (€668)T6|(€)T0F20] (0867|908 79 08| (€T 61) 9T |ec 1ert|sv 0cil| 26 | 66 8-LA0-VI[SA3T]| 9
9z (€)CT¥9C |[W) COFET|(€)60F T L] W6*¥6v | (€)88*ce [6cTCILfar0ety| 66 | 66 8-1A09V| G
9¢ (887°98) L8[(rc82)9¢| (999)E€E9 | (T 6) 1T )< |9€6.0T|rv'8Z0T] 66 | 66 8-Ld0-T,;SA00 SAOAl ¥
92 (vz'62) Le | (€2'6)z8 |(LT 02)G8T| (6T:21)8T [ (@) M1< [ez'6.0Tfr'820T| 66 | 66 8-1a0-L,,sA0d)] €
92 62 T1)G6[®0¢T)0T|(0F v¥) Sv|(WT GT)Gvi| (LT 11) vT |87 6/0T|vv'8Z0T| 66 | 66 8-Ld0-[SAO][ ¢
(bUTBqUINT 319S) THO
4 (€)2zFov |() LroF8T| (WzeFer|(9) 28FTv| (v) ve ¥ L2 |06'8L0T[5r'820T| 86 | G6 (1A~ 113Uy U L-SAT-g0) LO- BUd-g3Ud-¢sAD)9-H] 8-1aQ| T
8¢ (OT) GO0+ ceO) E0 ¥ v E[OT) 90+ B E[BT) €0+ 9 (9T) E0 * ¢ € |9V IV IE[GY GVIE| 66 | 66 (8¢-415S) §¢-UITeIS0Iewos
TS T1ss T1ss 058 Tss | RETTIY IRLETY (3200 1dH
91040 By Ul swole Jo JaquinpN phy %21 S Aand punodwodfal

(1) 8-L.A0 apndad jonuo9 pue sanbojeue ay Jo (AU ‘s05D]) sentuyde Buipuig STiss pue sanuadold [ealwayd-091sAyd

NIH-PA Author Manuscript

T 3l

qeL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Med Chem. Author manuscript; available in PMC 2009 November 25.



Erchegyi et al. Page 21

Table 2

Characterization of the NMR structures of the analogues studied by NMR

CFF91 energies Residual restraint violations on

NOE | Angle | CYANA |Backbone| Overall (Kcal/mol

1D#] distance res&r&ints Target | RMSD | RMSD | Total |Van der|Electro- Distances Dihedral Angles

restraints| function A) A) energy | Waals | static No. Max No. > Max

>01A] (A |15deq| (deq)

1 116 22 0.001  0.65 +0.12]1.39 + 0.21}192.7+18]100.5 + 3]|30.2 + 2|0.1 + 0.1f0.04 £ 0.03] 0+ 0 0+0

3 163 18 0.08 ]0.18 +0.09]0.62 + 0.12|214.3 + 4142.7+ 2|71.6 + 3]0.9+0.1§0.12+0.04] 0+ 0 0+0
18 110 16 0.08 ]0.13 +0.04J0.72 + 0.15]178.2 + 2]132.5 + 2|45.7 + 1]0.8 + 0.0{0.09 + 0.00] 0.9 + 0 |0.9 + 0.04]
19 88 24 0.11 ]0.72+0.20/1.12 + 0.15]185.5 + 6]137.2 + 6]48.3 + 8|1.0 + 0.20.15 + 0.06|0.5 + 0.5{ 0.4 + 0.4
21 111 29 0.015 10.17 + 0.07]0.79 + 0.21§193.2 + 4}143.8 + 2{49.5 + 2|0.3 + 0.1]0.50 £ 0.07] 0+0 | 0+0.04

*
The bundle of 20 conformers with the lowest residual target function was used to represent the NMR structures of each analogue.

**k
The target function is zero only if all the experimental distance and torsion angle constraints are fulfilled and all non-bonded atom pairs satisfy a check

for the absence of steric overlap. The target function is proportional to the sum of the square of the difference between calculated distance and isolated
constraint or van der Waals restraints and similarly isolated angular restraints are included in the target function. For the exact definition see reference.
42
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*
Meaningful NOE distance restraints may include intra-residual and sequential NOEs 42
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