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Abstract: The three-dimensional structure of a potent SSTR3-selective analogue of somatostatin, cyclo(3—14)H-Cys3-Phe®-Tyr”-
D-Agl®(N Me, 2-naphthoyl)-Lys®-Thr'°-Phe!l-Cys'4-OH (des-AA!24512.13[Tyr7 p-Agl®(N Me, 2-naphthoyl)]-SRIF) (peptide 1)
has been determined by 'H NMR in water and molecular dynamics (MD) simulations. The peptide exists in two conformational
isomers differing mainly by the cis/trans isomerization of the side chain in residue 8. The structure of 1 is compared with
the consensus structural motifs of other somatostatin analogues that bind predominantly to SSTR1, SSTR2/SSTR5 and SSTR4
receptors, and to the 3D structure of a non-selective SRIF analogue, cyclo(3-14)H-Cys®-Phe®-Tyr”-p-2Nal®-Lys®-Thr!?-Phe!!-
Cys!4-OH (des-AAl2:45.12,13[Tyr? | p-2Nal®]-SRIF) (peptide 2). The structural determinant factors that could explain selectivity of
peptide 1 for SSTRS3 receptors are discussed. Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

It is well known that peptides play a major role in
signalling processes in the central nervous system.
Frequently, the same molecule is able to inter-
act with many different receptors carrying out sev-
eral biological functions. One of the most paradig-
matic cases illustrating this behaviour is that of
somatostatin or somatotropin release inhibiting factor
(SRIF), H-Ala'-Gly*-c[Cys®-Lys*-Asn®-Phe®-Phe’-Trp®-
Lys®-Thr'°-Phe'!-Thr'?-Ser'®-Cys'*]-OH [1], a cyclic
tetradecapeptide that acts as a neurotransmitter and
neuromodulator in the central nervous system [2], as an
inhibitor of the release of numerous hormones [3] and
as a regulator of cell proliferation and differentiation
[4]. SRIF is able to establish high-affinity interactions
with a family of at least five different receptor subtypes,
somatostatin receptor (SSTR) 1-5 [4,5]. Despite the fact
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that all receptors share common signalling pathways,
they have specific functional roles, and some biolog-
ical responses show subtype selectivity. For example,
SSTR2 principally mediates the inhibition of the release
of glucagon and growth hormone [6]. SSTR5 controls
insulin secretion, and both SSTR2 and SSTR5 mediate
the antiproliferative effects of somatostatin on cellular
growth processes in tumours [7,8]. However, the indi-
vidual functions of the different somatostatin receptors
in vivo are still not fully understood.

Because of its wide range of physiological func-
tions, SRIF is a target for development of receptor
subtype-specific analogues. Nowadays, hundreds of
somatostatin analogues [9] are available, which bind
with some selectivity to receptor subtypes and exten-
sive structural studies have been done to ascertain
the minimum structural requirements of the ana-
logues for selective binding. So far, a different phar-
macophore model has been proposed for analogues
binding predominantly to SSTR1 [10], SSTR2/SSTR5
[11,12] and SSTR4 [13] receptors. It seems that the
consensus structural motif for any of these selective
ligands requires a unique arrangement of several side
chains, which are important for selective binding. For
SSTR3-selective analogues, no structural information is
available so far to understand their binding affinity and
selectivity. Some years ago, Reubi et al. [14] reported
a group of potent SSTR3-selective analogues contain-
ing betidamino acids (N’-monoacylated aminoglycine



derivatives in which the N’-acyl/alkyl group may mimic
naturally occurring amino acid side chains or introduce
novel functionalities) [15], which are competitive antag-
onists. In this paper, we present the conformational
study by nuclear magnetic resonance (NMR) of one of
these analogues: des-AA}2451213_[Tyr” p-Agl®(N* Me,
2-naphthoyl)]-SRIF (peptide 1 in this paper), a potent
and SSTR3-selective antagonist (ICsp = 70 £ 18 nm),
which does not bind to receptors SSTR1, SSTR2, SSTR5
(ICs0 > 10000 nM) or SSTR4 (ICs0 > 1000 nm).

NMR is the most useful tool to carry out confor-
mational studies of peptidic molecules in solution.
Unfortunately, most peptides are so flexible in aque-
ous media that scarce structural information can be
obtained by standard techniques. The usual way to
circumvent the problem is to work in more apolar
environments, usually in organic solvents (Grace, C.
R. R., Erchegyi, J., Reubi, J. C., Rivier, J., Riek, R.,
in preparation). In our experience, however, when the
target is an elaborate and highly selective compound,
it is often structured enough to be studied in aque-
ous media. This is the case with peptide 1. In this
paper, we present the 3D structure determination of
this somatostatin analogue in water, we discuss the
possible reasons for its SSTR3-selectivity and we com-
pare the 3D structure with that of another somatostatin
analogue: des-AA}2451213[Tyr”  p-2Nal®]-SRIF (pep-
tide 2) which, despite the high similarity to peptide 1,
is an agonist and has totally lost selectivity for SSTR3
receptors (ICso > 1000 nm at SSTR1; 57 nm at SSTR2;
3.4 nM at SSTRS3; 1.4 nM at SSTR4 and 13 nM at SSTRb5)
[16]

MATERIALS AND METHODS

Sample Preparation and NMR Experiments

Analogues were synthesized, as described in [14]. NMR
samples were prepared by dissolving about 3 mg of the
analogue in 0.7 ml of a 0.01 mMm NaNs solution containing
15% D50 in HO. The 'H NMR spectra were recorded on
a Bruker 800-MHz spectrometer (peptide 1) and a Bruker
600-MHz instrument (peptide 2). Dioxane was used as
internal standard (§ = 3.75 ppm). A series of 1D spectra
were acquired at different temperatures: 278 K, 283 K,
288 K, 293K, 298K and 303K in order to measure
the temperature coefficients of the amide protons. All 2D
spectra were measured at 278 K. 'H resonances assignment
was carried out using the standard sequential assignment
protocol developed by Wiithrich [17], based on 2D total
correlation spectroscopy (TOCSY) [18], double-quantum-
filtered correlated spectroscopy (DQF-COSY) [19] experiments
for intraresidual assignment and 2D nuclear overhauser
spectroscopy (NOESY) [20] and rotating-frame overhauser
enhancement spectroscopy (ROESY) [21] experiments for
sequential assignment. The TOCSY experiments employed
the DIPSI-2 spin-locking sequence applied for a mixing time
of 80 ms. The NOESY experiments were carried out with
mixing times of 200 ms and 400 ms, and the ROESY with
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a mixing time of 200 ms. The TOCSY, NOESY and DQF-
COSY experiments were acquired with 64, 64-72 and 64
scans respectively, and a relaxation delay of 1.4-1.5s. The
TOCSY, NOESY and ROESY spectra were carried out using
2048 x 512 (real data points) and zero filled to 2048 x 1024
before Fourier transformation. The DQF-COSY spectra were
acquired with 2048 x 950 (real data points) and were zero
filled to 2048 x 2048 before Fourier transformation. Water
suppression was carried out with the Watergate sequence
[22] in the TOCSY, NOESY and ROESY experiments and
with an excitation sculpting [23] scheme in the DQF-COSY
experiments. Stereospecific assignments for A-methylene
protons (Table 1) have been achieved by analysing the cross-
peak J-coupling patterns in E-COSY experiments [24] and the
intra-residue nuclear overhauser effect (NOEs) between NH,
aH and BH protons [25]. All of the spectra were processed, both
using the XWINNMR program from Bruker and the NMRPipe
[26] program and analysed using both the XWINNMR and the
NMRView [27] programs.

Structure Calculation

Distance restraints for structure calculations were derived
from cross-peaks in NOESY spectra recorded at 278 K (solvent:
15% D2O/H20) with a mixing time of 400 ms. The cross-
peak intensities were estimated from contour levels and
were classified according to their intensities and grouped
into four categories corresponding to upper-bound inter-
proton distance restraints of 2.8, 3.4, 5 and 6 A, respectively.
Appropriate pseudo atoms corrections were applied to non-
stereospecifically assigned protons. Torsion angle restraints
(@) derived from 3Jnmgn coupling constants were incorporated
according to the following: —120° + 40° for SUNHer > 9 Hz and:
—120° £+ 50° for 3Jypen > 8 Hz.

The computational protocol for structural determination
of each peptide (conformational isomers Z and E of pep-
tide 1 and peptide 2) consisted of restrained molecu-
lar dynamics (MD) simulation employing the crystallogra-
phy and NMR system (CNS) program [28], version 1.1
(http://cns.csb.yale.edu/v1.1/) with the CHARMMI19 force
field. Parameters and topology of the non-natural amino acids
were found at the Gerard Kleywegt’'s HIC-Up database [29] and
added to the corresponding CNS libraries, protein-allhdg.top
and protein-allhdg.param. The standard Simulated Anneal-
ing protocol implemented in the CNS program was used. MD
in torsion-angle space was applied to structure calculation
starting from an extended conformation. In the first stage,
the regularized extended strands were submitted to 15 ps of
torsion-angle MD at 50 000 K. The scale factor for the van der
Waals energy term was set to 0.1 to facilitate rotational barrier
crossings. The structures were then subjected to a slow-cooling
torsion-angle MD stage in which the temperature was reduced
from 50000 to 2000 K over a period of 15 ps, while the van
der Waals scale factor was linearly increased from 0.1 to 1.0.
Afterwards, the temperature was decreased to 300 K during
another slow cooling stage over 6 ps. A total of 50 struc-
tures were calculated for each peptide. Finally, each resultant
structure was subjected to 2000 steps of conjugate-gradient
minimization. The best ten conformers were selected on the
basis of the total energy and residual violations. Conformers
with the lowest overall energies only, and having no violations
of distance restraints >0.5 A and no violations of dihedral
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Table 1 Proton Chemical Shifts (ppm) of Peptides 1 and 2

Residue 1 major 1 minor 2
Cys® oH 4.28 4.34 4.24

BH 3.145, 2.85R  3.315,2.90R 3.25, 2.99
Phe® NH 8.48 8.98 9.02

oH 4.53 4.62 4.73

BH 2.91 3.15, 3.02 2.97

H2,6  6.95 7.37-7.34 6.97

H3,5 6.70 7.44-7.41 7.17

H4 6.86 — —
Tyr” NH 8.74 8.69 8.28

oH 4.16 4.39 4.42

BH 3.10R, 2.73%5 3.15R,2.755 2.93, 2.82

H2,6  7.14 7.14 7.08

H3,5 6.90 6.80 6.82
p-2Nal®/ AGLS AGLS p-2Nal®
AGLS

NH 9.34 8.95 8.48

oH 6.09 6.25 4.52

BH — — 3.04, 2.89

H1 7.87 7.92 7.59

H3 7.47 7.40 7.28

H4 8.11 8.05 7.88

H5 8.08-8.00 8.08-8.00 7.87

H6 7.7-7.6 7.7-7.6 7.55

H7 7.7-7.6 7.7-7.6 7.53

HS 8.08-8.00 8.08-8.00 7.92

N-CH; 2.38 2.62 —
Lys® NH 7.81 8.28 8.45

oH 4.49 4.56 4.16

BH 1.71, 1.47 1.89, 1.87 1.56, 1.28

yH 1.20, 1.12 1.52, 1.44 0.48, 0.25

SH 1.57, 1.51 1.71, 1.68 1.06

eH 2.80 2.98 2.18

NH3*  7.61 7.62 7.36
Thr'® NH 8.55 8.52 8.00

oH 4.08 4.11 4.26

BH 4.08 4.08 4.06

yH 0.99 0.98 1.09
Phe!! NH 7.86 7.88 8.33

oH 4.75 4.78 4.69

BH 3.18, 3.02 3.19, 3.03 3.24, 3.06

H2,6  7.26-7.23 7.26-7.23 7.36

H3,5  7.36-7.31 7.31-7.27 7.28

H4 — — —
Cys!4 NH 8.43 8.49 8.23

oH 4.55 4.60 4.54

BH 3.10 3.22, 3.17 3.17

Stereospecifical assignment of BH protons has only been
possible for Cys® and Tyr” of peptide 1. Prochiral atoms are
labelled R and S to indicate proR and proS according to the
Cahn-Ingold Prelog rules.

angle restraints >5°, were retained for analysis. Structures
were analysed and visualized using the VMD-XPLOR [30] and
PyMol [31] programs.
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RESULTS AND DISCUSSION

The chemical shift assignment of proton resonances for
peptides 1 and 2 has been carried out using 2D NMR
experiments as described in the section on ‘Materials
and Methods’. The N-terminal amino protons for both
analogues were not observed due to the fast exchange
with the solvent. Peptide 1 showed two conformations
in water perfectly distinguishable in the NMR timescale,
while peptide 2 presented only one conformation in
aqueous solution.

The 1D 'H NMR spectrum of peptide 1 in water
shows two sets of signals for all of the seven amide
protons (Figure 1), whose relative integration indicates
the presence of two conformational isomers in a 3:2
ratio (major : minor). Most of the 'H resonances of each
isomer have been assigned (Table 1). Only the aromatic
protons of Phe'! and some aromatic protons of the
naphthoyl in residue 8 showed a strong overlap between
both isomers, which precluded their assignment. The
main 'H chemical shift differences between the major
and the minor isomers are concentrated in three
residues: Phe®, AGL® and Lys® and specially involve
the NH protons, the aromatic protons of Phe® and the
side-chain protons of Lys®.

The existence of peptide 1 as two conformational
isomers arises from the cis—-trans isomerization of the
amide bond present in the side chain of the betidamino
acid 8. The process is slow enough in the NMR timescale
to allow the observation of each isomer independently.
Intra-residue NOEs involving the side-chain protons
of this betidamino acid constitute the first evidence
of the cis-trans isomerization. The observation of
medium H1/N-CHs and H3/N-CHs; NOEs (present both
in NOESY and ROESY spectra) in the minor isomer is
a clear diagnostic of the E isomer (trans orientation
of the naphthyl group and the C«), as can be seen in
Figure 2. Moreover, the presence of a strong HN/N-CHjs
NOE, and medium «H/N-CHjs, H1/aH, H3/aH NOEs
in the major isomer is clear evidence of the Z isomer
(cis orientation of the naphthyl and the Ca). As will
be discussed later, the result of calculating the solution
3D structure independently for each isomer of peptide 1
confirms that the major conformer corresponds to the
Z isomer and the minor conformer to the E isomer.

Following the protocol described in the section
on ‘Materials and Methods’, distance and dihedral
angle restraints were used as input for the structure
calculation with the program CNS. For both the
major and the minor conformational isomers, the ten
conformations having the lowest energies and small
residual restraint violations (Table 2) were analysed
considering they represent the 3D solution structure
of the major and the minor isomers of peptide 1,
respectively. The torsion angles (®, ¥, x;) of the bundle
of these ten conformers are listed in Table 3.

The 3D structure of the major isomer shows a
turn around the Tyr’ and AGL® residues. However,
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Figure 1 Low-field region of the 1D 'H spectrum of peptide 1. The amide proton signals of Tyr’ (7M/7m) and AGL® (8M/S8m)
are labelled to illustrate the presence of two conformational isomers. M refers to the major isomer and m to the minor one.

Table 2 Characterization of the ensemble of ten conformers representing the NMR structures of peptides 1 and 2

Peptide NOE P Backbone All CHARMM19 energies NMR derived restraints violations
distance angle rmsd? atoms (kcal/mol)
restraints restraints (A) rmsd (A)
Total v. der Distances viol. Dihedral angles
energy Waals >0.5 A viol. >5°
no. rmsd (A) no. rmsd (°)
1 major 48 4 069+0.32 156+035 222+12 70+£03 0 0.004+£0003 0 0.137+0.046
1 minor 40 4 0.80+022 187+052 227+1.1 73+£04 0 0009+0.003 O 0.010+0.019
2 52 3 1.03+£0.26 2.13+0.24 239+1.1 6.7+04 0 0009+0.004 O 0.019+0.039

a Average and standard deviation of the rmsd from the mean structure for backbone atoms (O, C, C*, N).

(A)

Figure 2 Intra-residue NOEs observed between side-chain
protons of AGL8 for the minor, E (A) and the major, Z
(B) conformational isomers of peptide 1.

on the basis of the backbone torsion angles, it does
not exhibit any type of canonical g-turn [32], despite
the pattern of sequential and medium-range backbone
NOEs (Figure 3(A)) involving the Phe®-Tyr’-AGL8-Lys®
residues. Although the temperature coefficient of the

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

amide proton of Lys9 is relatively high (—5.2 ppb/K),
close to typical values for solvent exposed amide
protons (—6/—8.5 ppb/K) [33], the carbonyl C=0 of
Phe® is in a hydrogen-bond favourable orientation and
the distance Lys’HN-O'Phe® is compatible with the
existence of hydrogen bonding. On the other hand, the
amide proton of Phe'!, with a temperature coefficient of
—3.5 ppb/K, does not have an acceptor partner properly
orientated and close enough to be involved in hydrogen
bonding.

A cis amide bond (Z isomer) in the side chain of AGL®
is present in all of the ten final conformers, supported
by the intra-residue NOEs previously mentioned. The
side chains of Phe®, AGL® and Lys®, quite well defined,
are close to each other in space and perpendicularly
orientated with respect to the backbone plane of the
peptide (Figure 4(A)). The side chain of Phef is in
the trans rotamer and that of Lys® is in the gauche™
rotamer. The nomenclature recommended in [34] has

dJ. Peptide Sci. 2006; 12: 82-91
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Table 3 Torsion angles (in degrees) of the ensemble of ten calculated structures for peptides 1 and 2

Residue Peptide 1 major Peptide 1 minor Peptide 2
® v x! ) v x! o v x!
Phe® —-89+27 143+12 177 £ 1 —-95+ 34 80+130 -83+70 —93+104 109+22 176+4
Tyr7 -78+12 69+8 130 £ 98 —43 +£48 114 +26 178 £ 2 —133+21 98+26 176+6
p-2Nal®/AGL® —160+0 —-38+22 138+5 44+ 143 -36+24 12+ 79 69 + 74 -93+24 128+95
Lys9 —-88+ 15 95+137 -61+3 —103 +25 122+ 100 -74+35 -155+9 30+45 —-2+82
Thr!© —-103 +£ 10 44 +8 48 £ 64 —-97+ 13 -31+17 60+ 2 —146 + 15 —-165+2 178 £ 1
Phe!! —143+12 148423 -82+69 -124+19 110 +£ 37 —27 £ 54 —64 £ 68 114 +99 -1+96
(A) C F YPA K T F C the Ly591 1allfyl protf)ns agrees with the poor definition of
the Phe " side chain.
dan(i,i+1) - The 3D structure of the minor conformational isomer
Aon(Li+1) T — shows that the backbone is quite similar to that
dan(bi+])  e— —_— —_— of the major isomer. The backbone torsion angles
don(ii+2) are not compatible with any type of B-turn, despite
dpn(isi+2) the pattern of backbone NOEs (Figure 3(B)). The low
temperature coefficient found for the amide proton
of Phe'’ (—1.3 ppb/K) suggests its participation in a
(B) C F YPAK TTF C hydrogen bond [33]. In the calculated structures, the
dnn(,i+1) oxygen in the side chain of Thr'® is the only possible
Aon(it])  — . hydrogen bond acceptor for the NH of Phe'!. On the
L. other hand, side chains adopt different orientations
dan(it]) — m——— — — . . . . . .
don(ii2) in the major and mln(;r isomers. The amide bond in
. the side chain of AGL® shows a trans orientation of
dpnG,i+2) the naphthyl and Cu (isomer E) in the ten analysed
conformers for the minor isomer supported by the
© C F YDNK T F C previously mentioned intra-residue NOEs. This trans
dnn(ii+1) conformation moves the naphthyl ring away from
the Phe® and Lys® side chains and brings it over
o (ii+ 1) the aromatic ring of Tyr’ (Figure 4(B)). Actually, the
dgn(ii+1) T aromatic rings of Tyr” and AGL® are quite well defined
dnGi+2) e in all of the ten conformers and remain adjacent and

Figure 3 Characteristic sequential and medium-range NOEs
used for the structure calculation of peptide 1: major
conformational isomer (A) and minor conformational isomer
(B); and peptide 2 (C). Residues designated with PA and PN
correspond to the amino acid AGL® and p-2Nal®, respectively.

been used to describe side-chain torsion angles: trans
refers to y! = 180°, gauche™ refers to y! = +60° and
gauche™ refers to x! = —60°. The proximity of these
two side chains is confirmed by a few NOEs involving
the aromatic protons of Phe® and the gH and yH of
Lys®. The Tyr’ side chain is oriented in the opposite
direction with respect to the previous side chains. Phe'*
is not very well defined and explores a large region of
conformational space. Despite the fact that the aromatic
ring is close to Lys® side chain in some of the calculated
conformations, only a SH-SH NOE involving the side
chains of these two residues is observed. The absence
of NOEs involving the aromatic protons of Phe'' and

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

almost parallel to each other in space, adopting an
equatorial disposition with respect to the macrocycle
of the peptide backbone. The aromatic ring of Phe®
spans a large region of conformational space and
stays far from the previous aromatic residues (Ar). The
side chain of Lys® orients itself perpendicularly to the
backbone plane farther away from the aforementioned
side chains. Globally, the 3D structure of the minor
conformational isomer is more flat and extended than
the structure of the major one.

The differences between the 3D structures of the
Z and E isomers (Figure 4) are consistent with the
experimental proton chemical shift differences observed
for some residues. The aromatic ring of Phe® and the
naphthyl of AGL® are well defined in the 3D structure of
the major isomer. The relative orientation of these two
side chains could favour an aromatic 7-n interaction
in an edge-face geometry [35]. Chemical shifts of Phe®
aromatic protons in the major isomer resonate at lower
frequencies (upfield shift) than those in the minor

dJ. Peptide Sci. 2006; 12: 82-91



3D STRUCTURE OF A POTENT SOMATOSTATIN ANALOGUE 87

Figure 4 Bundle of ten conformers representing the 3D structures of the major (A) and minor (B) conformational isomers of
peptide 1. The side chains of some residues are coloured: Phe® (green), ’I‘yr7 (yellow), AGLS (red), Lys9 (blue) and Phe!! (magenta).

one (Table 1), reflecting the ring current effect caused
by the spatially close naphthyl ring. The Lys® side-
chain protons also show an upfield shift in the major
isomer, versus the minor one, reflecting the proximity
of the amino-alkyl chain to the aromatic rings of Phe®
and AGL®. In accordance with this, several NOEs are
observed between the 8- and y-methylenes of Lys® and
the aromatic protons of Phe®, which are absent in the
minor isomer. The upfield shifting of methylenes in Lys®
as well as the observed NOEs involving Lys® and Phe®
side chains are consistent with a cation-z stabilizing
interaction between Lys9 and Phe® [35].

The existence of peptide 1 as two conformational
isomers resulting from the slow rotation through
the amide bond in the betidamino acid 8 is hardly
surprising. The Z/E isomerism is frequently common
for N,N’-dialkylamides. However, the fact that the major
conformational isomer corresponds to the Z isomer,
having the most bulky groups — the naphthyl and the
substituted Co - in a cis orientation, is rather curious.
This indicates that there must be some driving force for
this conformational bias towards the cis orientation.
We believe that probably the previously mentioned
aromatic 7 -7 and cation-7 interactions involving Phe®,
AGL® and Lys® play a major role in this conformational
preference.

The question to answer is which one of the two
conformational isomers is responsible for the biological
activity. We hypothesize that it is the major isomer
of peptide 1 that interacts with the SSTR3 receptor.
We could think that the presence of a monoalkylamide
instead of an N,N’-dialkylamide in the side chain of
residue 8 of peptide 1 would favour the existence of the
E isomer as the only one or, at least, the major one.
It would be interesting to know the effect in binding
affinity of changing from a major Z isomer to a major E
isomer. Actually, a close analogue to peptide 1 in which
the N”-methyl group of AGL® has been suppressed
(analogue 5, Table 1, Ref. 14) loses the binding affinity
(ICso > 1000 nm) for SSTR3. Although the 3D structure

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

of this analogue is unknown, it seems reasonable to
suppose a preference for the E isomer. This supports
the idea that the N’-methyl group takes a key role
favouring the Z isomer of peptide 1. The proximity and
spatial orientation of Phe®, AGL® and Lys® in this isomer
suggests that this triplet of residues could be crucial for
binding affinity and selectivity of peptide 1 for SSTR3
receptor.

The 3D structure of our SSTR3-selective somato-
statin analogue (peptide 1) can be compared with the
consensus structural motifs of somatostatin analogues
binding predominantly to SSTR1 [10], SSTR2/SSTR5
[11,12] and SSTR4 [13] receptors. We focus the com-
parison on the major conformational isomer of peptide
1 only.

The structural motif of the proposed pharma-
cophore for SSTR2 /SSTR5-selective analogues involves
a unique set of Cy distances between the side-chains of
p-Trp®, Lys® and Phe’. The Cy-Cy distances between
residues Tyr’-AGL® and Tyr’-Lys® in the conformers
representing the 3D structure of peptide 1 are compat-
ible with those between equivalent residues in the con-
sensus structure of the SSTR2/SSTR5-selective ana-
logues (Table 4). However, the naphthyl/indole (residue
8) is further away from the amino-alkyl of Lys® in
the structure of 1 than in the structural motif for
SSTR2/SSTR5-selective analogues. The presence of the
N/-methyl amide in the side chain of AGL® extends
the conformational space occupied by this residue as
compared to that of Trp® and moves the naphthyl away
from the Lys® side chain. This difference could explain
the low binding affinity (ICs, > 10000 nm) of peptide 1
for SSTR2 /SSTR5 receptors.

The proposed pharmacophore for SSTRI1-selective
analogues requires a unique arrangement of the side
chains of Phe®/Phe’, p-Trp®, JAmp® and Phe'’, which
is important for selective binding. When comparing the
Cy-Cy distances involving these amino acids to those
between the Cy of equivalent residues — Phe®/Tyr7,
AGL®, Lys® and Phe'' —-of peptide 1 (Table4), a
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Table 4 Cy-Cy distances (A) between residues involved in the proposed pharmacophores for SSTR1, SSTR2/SSTR5 and SSTR4
selective analogues. Cy—Cy distances between equivalent residues are shown for peptides 1 and 2

ArP-Ar®  Ar®-Lys® Arf-Lys® Ar’-Lys® Ar’-Ar® Lys®-Phe!! Ar®-Phe!! Ar®-phe!!
Peptide 12 (major isomer) 6.3+0.1 62+06 64+02 954+03 7.0+06 6.44+0.7 12.1+£06 11.1+0.6
(SSTRS3-selective analogue)
Pharmacophore [10] 6-7.5 9-11 7-8 9-11 6-7.5 8-10 9.5-12 —
SSTR1-selective analogues
Pharmacophore [11,12] 11-15 12-15 4 9-11 7-9 — — —
SSTR2 /SSTR5-selective
analogues
Pharmacophore [13] 5.5-9.5 4.5-6.5 4.05-6.5 — — 4.5-6.5 5.5-9.5 —
SSTR4-selective analogues
Peptide 22 (non-selective) 7.8+0.7 78+£07 48+£08 9.1£06 6.6+04 10.2+0.9 12.4+0.9 9.1+15

2 Average distance and standard deviation calculated from the ensemble of ten structures.

significant difference is observed for distances involving
Phe®-Lys® and also for Phe'!-Lys®. These observations
agree with the low binding affinity of peptide 1 for
SSTRI1 receptors.

Finally, the proposed pharmacophore for SSTR4-
selective analogues involves a unique arrangement of
the indole at aromatic residue 8 (Ar®), the amino-alkyl
of Lys® and an aromatic ring at position 6 or 11. The
comparison of the triplet of residues Ar®, Lys® and Phe®
in this pharmacophore with the spatial orientation of
AGL®, Lys® and Phe® residues in peptide 1 — our SSTR3-
selective analogue — shows a close similarity, as can be
derived from the comparison of the Cy—-Cy distances
between side chains of the involved residues (Table 4).
The distance between the C2 of residue AGL® and Cy
of Phe® (6.34+ 0.1 A) in 1 is within the distance range
(5.5-9.5 A) found in the SSTR4 pharmacophore model
between the Cy of Ar® (residue 8 is either Trp or D-Trp in
the most SSTR4-selective analogues (Ref. 13)) and Phe®;
Ar® and Lys® are also in close proximity both in peptide
1 (6.4+ 0.2 A) and in the pharmacophore (4.5-6.5 A),
and the same happens to Phe® and Lys®, with Cy dis-
tances of 6.2+ 0.6 A in peptide 1 and 4.5-6.5 A in
the consensus structural motif of SSTR4-selective SRIF
analogues. On the other hand, the spatial arrange-
ment of the triplet constituted by residues 8, Lys® and
Phe'! in peptide 1 does not fulfil the requirements of
the pharmacophore proposed for SSTR4-selective ana-
logues, mainly because the Cy of Phe!! is more than
12 A far from the C2 of AGL® (Table 4). This fact could
explain the low binding affinity (ICso > 1000 nwm) of pep-
tide 1 for SSTR4-receptors. Considering the previous
observations, the pharmacophore for SSTR3-selective
analogues could involve the side chains of Phe®, AGL®
and Lys®, but would require the presence of a fourth
residue. Additional studies are being carried out to fur-
ther validate this hypothesis (Grace, C. R. R., Erchegyi,
J., Reubi, J. C., Rivier, J., Riek, R., in preparation).

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

In order to get a deeper comprehension, from
a structural point of view, of the selectivity of
peptide 1 for SSTR3 receptors, we decided to determine
the 3D structure of a non-selective SRIF analogue,
des-AAL2451213_[Tyr7  p-9Nal®]-SRIF (peptide 2). This
peptide binds non-selectively to all of the receptors
except SSTRI. It differs from peptide 1 only by p-2Nal®.

The 3D structure of peptide 2 (Figure 5) shows a
turn-like structure around p-2Nal®-Lys®, supported by
sequential and medium-range backbone NOEs d,ni i+2)
(Figure 3(C)). The relatively low temperature coefficient
of —3.2 ppb/K observed for the amide hydrogen of Thr'°
suggests a hydrogen-bonded and exchange-protected
NH. However, the carbonyl C=0 of Tyr’ is not in a
hydrogen-bond favourable orientation with respect to
the NH of Thr'®. On the basis of the backbone torsion
angles (Table 3), although the ® and ¥ values of D-
2Nal® are compatible with a g-turn of type II', the
® angle of Lys® is far from the expected value (—80)
for this type of g-turn. The side chain of p-2Nal®
is in the trans rotamer and that of Lys® is in the
gauche™ rotamer. As a consequence, the side chains
of these two residues are close to each other in space,
pointing away from the backbone plane. The proximity
of these residues is supported by the characteristic and
significant upfield shift of the Lys® side-chain protons,
yH and §H specially, caused by the ring current of the
naphthyl ring, and by an NOE between the aromatic
H4 of p-2Nal® and the ¢H of Lys®. Both Phe® and
Tyr’ aromatic rings are in the trans rotamers, and
they orient perpendicularly to the backbone plane in
divergent directions.

When comparing the 3D structures of pep-
tides 1 (major conformational isomer) and 2, several
differences are observed. Considering that the aromatic
residue in position 8 and Lys® are involved in the essen-
tial pharmacophore of somatostatin, it is interesting to
compare the mean 3D structures of both analogues by
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Figure 6 Comparison of the average 3D structures of peptides 1 (orange) and 2 (green).

superimposing these residues. Because of the different
side-chain length of residue 8 in the two analogues,
only Lys® residues in the average structures of 1 and
2 have been superimposed (rmsd =2 A for all atoms
of this residue). This comparison shows that the back-
bone planes defined by the macrocycle of each analogue
are perpendicular (Figure 6). The backbone of peptide 2
(green colour) stays along the plane of the Figure, with
the side chains of p-2Nal® and Lys® pointing upwards in
the same plane. On the other hand, the backbone of 1
(orange colour) remains in a perpendicular plane, where
the Ca of AGL®, Lys® and Phe'' stay at the back and
the Ca of Phe® and the S-S bridge are in front, facing

Copyright © 2005 European Peptide Society and John Wiley & Sons, Ltd.

the reader. When comparing the spatial orientation of
equivalent side chains, it is clear that the aromatic rings
of Tyr” explore a very similar conformational space in
both analogues. The naphthyl group of residue 8 also
has a similar orientation. However, the side chains of
Phe® and Phe!' explore completely different conforma-
tional regions. While both side chains are surrounding
the amino-alkyl of Lys® in peptide 1, staying relatively
close to each other, both side chains of Phe® and Phe'!
remain rather far from Lys® in peptide 2 (see Cy—-Cy
distances, Table 4).

Assuming that the intrinsic orientation of the side
chains might be prearranged when the analogues
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bind to receptors, we propose that both Phe® and
Phe'! have a key role in determining selectivity of
peptide 1 for SSTR3 receptors and that the relative
spatial orientation of Phe®, AGL®, Lys® and Phe'! in
peptide 1 could be a pharmacophore of SSTR3-selective
analogues. Additional structural studies of other
SSTRS3-selective and non-selective analogues are being
carried out to confirm the proposed pharmacophore
model for these receptors (Grace, C. R. R., Erchegyi, J.,
Reubi, J. C., Rivier, J., Riek, R., in preparation).

CONCLUSIONS

The 3D conformations of two potent SRIF analogues,
one selective for SSTR3 receptors (peptide 1) and
the other non-selective (peptide 2) have been studied
in water. Two independent structures have been
determined for the two conformational isomers of
analogue 1, caused by the presence of the betidamino
acid AGL®. The major isomer corresponds to the Z
isomer and the minor one to the E isomer. The 3D
structure of the major conformational isomer has been
compared to the proposed pharmacophores for SSTR1,
SSTR2/SSTR5 and SSTR4-selective analogues. While
significant differences have been observed between the
structure of 1 and the pharmacophores of SSTR1- and
SSTR2/SSTR5-selective analogues, the relative spatial
orientation of the side chains defining the consensus
structure of SSTR4-selective analogues is partially
satisfied in analogue 1. On the basis of the comparison
of the 3D structures of peptides 1 and 2, and
considering the previously mentioned pharmacophores,
a structural motif has been proposed that could be
responsible for SSTR3 selectivity. This is constituted by
the side chains of a central Lys®, surrounded by the
side chains of three aromatic residues, Phe®, AGL® and
Phe''.
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