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A family of analogues of des-AA25-[DTrp8/p2Nal®]-SRIF that contain a 4-(N-isopropyl)-
aminomethylphenylalanine (IAmp) at position 9 was identified that has high affinity and
selectivity for human somatostatin receptor subtype 1 (sstl). The binding affinities of des-
AAL25-[DTrpé IAmMp®]-SRIF (c[H-Cys-Lys-Phe-Phe-DTrp-IAmp-Thr-Phe-Thr-Ser-Cys-OH], CH-
275) (7), des-AALS-[Tyr?,pTrp8 1Amp°]-SRIF (CH-288) (16), des-AAL25-[Tyr’,pTrpé 1Amp°]-SRIF
(23), and des-AALZ5-[DTrpé, IAmMp®, Tyrt']-SRIF (25) are about /7, /4, Y125, and /4 that of SRIF-
28 (1) to sst1, respectively, about Y/es, /130, <%/1000, and <150 that of 1 to sst3, respectively, and
about or less than /1500 that of 1 to the other three human SRIF receptor subtypes. A
substitution of bTrp® by p2Nal® in 7 to yield des-AAY25-[D2Nal® 1Amp°]-SRIF (13) and in 16 to
yield des-AAMS-[Tyr?,p2Nalg,1IAmp°]-SRIF (17) was intended to increase chemical stability,
selectivity, and affinity and resulted in two analogues that were less potent or equipotent with
similar selectivity, respectively. Carbamoylation of the N-terminus as in des-AA!25-
[DTrpé, IAmp®, Tyrtl]-Cbm-SRIF (27) increased affinity slightly as well as improved selec-
tivity. Monoiodination of 25 to yield 26 and of 27 to yield 28 resulted in an additional 4-fold
increase in affinity at sstl. Desamination of the N-terminus of 17 to yield 18, on the other
hand, resulted in significant loss of affinity. Attempts at reducing the size of the ring with
maintenance of selectivity failed in that des-AAY4553-[Tyr2,pTrp8,IAmp°]-SRIF (33) and des-
AAL4581213 [Tyr2 pTrp8, IAmp®]-SRIF (34) progressively lost affinity for all receptors. Both des-
AALZ5-[DTrpd IAmp®, Tyr'!]-Cbm-SRIF (27) and des-AAY25-[DCys®,DTrp8, |Amp®, Tyri!]-Cbm-SRIF
(29) show agonistic activity in a CAMP assay; therefore, the structural basis for the agonist
property of this family of analogues is not contingent upon the chirality of the Cys residue at
position 3 as shown to be the case in 18-membered ring SRIF octapeptides. None of the high
affinity structures described here showed receptor antagonism. We have prepared the
radiolabeled des-AAY25-[DTrp8, IAmMp®,21Tyr]-SRIF (*2°1-25) and des-AAY25-[DTrpé,1Amp?®,
251 Tyrt]-Cbm-SRIF (*?°1-27), used them as in vitro tracers, and found them to be superior to
des-AALS-[Y251Tyr2,pTrp8, IAMp®]-SRIF (*2°1-16) for the detection of sstl tumors in receptor

autoradiography studies.

Introduction

Somatostatin (SRIF) is a major endocrine hormone
and physiological inhibitor of growth hormone (GH),?
glucagon, and insulin secretion.? Analogues of somato-
statin have been used as drugs for the management of
acromegaly and treatment of other pituitary tumors. For
digestive diseases, analogues of somatostatin have been
used to alleviate the symptoms produced by neuro-
endocrine tumors, to treat bleeding esophageal varices,
refractory diarrheas, acute pancreatitis, pancreatic
fistulae, and pancreatic pseudocysts. They are also used
to prevent complications from pancreatic surgery and
to manage nonvariceal upper digestive bleeding and
digestive dumping syndrome. There are reports that
SRIF analogues will affect angiogenesis and have a
useful analgesic effect. Scintigraphy using SRIF ana-
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logues is a unique tool for diagnosis of neuroendocrine
tumors, and radionuclide therapy offers promising pos-
sibilities to limit tumor growth. For reviews, see refer-
ences 3—8. The actions of somatostatin are modulated
by one or more of the five known membrane-associated
receptor subtypes, sstl, sst2, sst3, sst4, and sst5. The
actual function, distribution, and specificity of the
different SRIF receptors, however, are still far from
being fully understood due to the lack of potent and
selective agonists and antagonists to each receptor.
Analogues presently used in the clinic lack the selectiv-
ity necessary for the kind of intervention needed in some
cases. Interestingly, most reviews of the field point to
the limitations of the agonists presently available, such
as poor selectivity and lack of selective antagonists.
Despite the recent discovery of sst-selective non-peptide
agonists,®~15 a definite need still exists for potent, long
acting receptor-selective ligands (agonists and antago-
nists) that are amenable to clinical formulation or
specific labeling in order to gain a better understanding
of the physiological role of SRIF and provide useful
clinical tools. Known sstl-selective ligands include the
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Figure 1. Structure of scaffold of CH-275 (7), CH-288 (16), 25, 27, and 28. 7 (CH-275): R; = H, R, = phenyl. 16 (CH-288): R;
= Tyr-yl, R, = phenyl. 25: R; = H, R, = 4-hydroxyphenyl. 27: R; = NH,-CO-, (Cbm), R, = 4-hydroxyphenyl. 28: R; = NH,-CO-,

(Cbm), R, = 3-iodo-4-hydroxyphenyl.

peptide CH-275 (7), its tyrosinated analogue CH-288
(16)'¢ (see Figure 1), and the non-peptide L-797,591.°
Several biological studies have been carried out using
these analogues to study receptor tissue distribu-
tions.17.18

We present the rationale that led to the discovery of
CH-275 and additional investigations in the structure—
activity relationships of sstl-selective analogues that led
to more potent, sstl-selective and radioiodinatable
analogues. Our hypothesis is that substitutions and
scaffolds that would mimic or constrain the multiple
bioactive conformations of SRIF will yield high affinity
analogues (agonists and antagonists) with selectivity for
the different receptors.1®-2°

Results and Discussion

All analogues shown in Table 1 were synthesized
either manually or automatically on a chloromethylated
resin using the Boc-strategy and diisopropylcarbodi-
imide (DIC) for amide bond formation and trifluoroacetic
acid (TFA) for Boc removal. The peptide resins were
treated with hydrogen fluoride (HF) in the presence of
scavengers to liberate the fully deblocked crude linear
peptides. Cyclization of the cysteines was mediated by
iodine in an acidic milieu. Purification was carried out
using multiple HPLC steps?! and characterized by
HPLC,?! capillary zone electrophoresis,??2 and mass
spectrometry. The measured masses obtained using
LSIMS were within 100 ppm of those calculated for the
protonated molecule ions.

The compounds were tested for their ability to bind
to 20 um thick cryostat (Leitz 1720, Rockleigh, NJ)
sections of a membrane pellet of cells transfected with
the five human sst receptor subtypes. For each of the
tested compounds, complete displacement experi-
ments with the universal somatostatin radioligand
[Leu®,DTrp??,1251 Tyr?5]-SRIF-28 (30000 cpm/100 ulL) us-
ing increasing concentrations of the unlabeled peptide
ranging from 0.1 to 1000 nM were performed. The
unlabeled SRIF-28 was run in parallel using the same
increasing concentrations, as control. 1Cso values were
calculated after quantification of the data using a
computer-assisted image processing system as described
previously.1”23 Tissue standards (Autoradiographic [1251]
microscales, Amersham) that contain known amounts
of isotope, cross-calibrated to tissue-equivalent ligand

concentrations, were used for quantitation.?* Advan-
tages of the present method using receptor autoradiog-
raphy with sectioned cell pellets compared to binding
on cell homogenates are, in addition to an economy on
cells and a great flexibility, the greater interassay
reliability and reproducibility, since sections of the same
embedded pellet can be used for successive experiments.
As a minor disadvantage, 1Csy values are somewhat
higher than in the homogenate binding assay.?® The
most potent and selective analogues were then evalu-
ated for their agonist/antagonist properties measuring
inhibition of cyclic adenosine monophosphate (CAMP)
production. The iodinated form of the best sstl ana-
logues was also used to label sstl-transfected cells and
human sstl-expressing tissues.

We have shown that the N-terminus dipeptide of
SRIF-14 could be deleted without loss of potency in
several functional assays.?® Similarly, we have shown
that the [DTrp?®] substitution consistently increased the
potency of the analogues into which the substitution was
introduced.?® The effect of these deletions and substitu-
tion on human ssts selectivity was not considered until
recently. It is therefore noteworthy that 2 would show
somewhat higher affinity (8-fold) for sst2 and somewhat
lower (one-fourth) affinity for sst5 than SRIF-28 while
being roughly equipotent on the other three ssts (Table
1).

At the initiation of this project aimed at identifying
deletions and substitutions that would yield sst-selective
analogues, we first revisited early observations that des-
Asn®-[DTrpf]-SRIF and [pSer!3]-SRIF, to a lesser extent,
were more potent at inhibiting insulin than glucagon
secretions, with reduced ability to inhibit GH secre-
tion.2’=29 Results presented in Table 1 confirm that 3
has significantly lower affinity for sst2 than for any of
the other four receptors which it binds to with very high
affinity. This is consistent with the observation that
inhibition of GH is mediated in part by sst2.3° From
these data, however, nothing can be said of which
receptor mediates inhibition of insulin. In other words,
the loss of affinity (Y/17) of 3 for sst2 is not sufficient to
allow assignment of a function for sstl because of the
residual yet high affinity of 3 for sst3, sst4, and sst5.
We hypothesized that this loss of affinity for sst2 was
due to a conformational change of the ring resulting
from the deletion of Asn®. It was therefore important,
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Table 1. Characterization of SRIF Analogues by HPLC, CE, MS, and Affinities to the Five Human Cloned Somatostatin Receptors

M obsd®
compound HPLC2 CEP Mecaled [M+ H]t sstl-1Csd sst2-1Cs0¢  sst3-1Cs0¢  sst4-1Cspd  sst5-1Cs0d
1 SRIF-28 >98 >98 3146.48 3147.3 42 +0.3 244+0.2 53+0.5 40+04 44+04
(39) (36) (27) (29) (34)
2 Des-AA2-[DTrp8]-SRIF 98 82 1508.66 1509.0 54+20 0.33+£01 43+23 35+19 16.7 £ 8.2
(4) (4) (2) (2) (3)
3  Des-Asn®>-[DTrp8]-SRIF 98 97 1522.67 1523.2 1.0+0.2 425+25 34+03 1.7+04 50+10
2) (2 (2) (2) (2)
4 Des-AAL25-[pTrp8 Aph%(Atz)]-SRIF 95 96 1624.67 16257  >1000 >10K >10K >1000 >10K
(2) (3) () (2) )
5 Des-AAL25—[pTrp8,HArg(Et,)]-SRIF >98  >97 149276 14937 4504+70 >10K >1000 >1000 >10K
2) (3) (2) (2) (2)
6 Des-AAL25-[DTrp8, Amp®]-SRIF 97 97 1442.62 1443.3 309 + 72 213 + 33 273 + 53 267 + 59 190 + 60
(2 (3 (2) (2 (2
7 Des-AAL25-[DTrp8 IAmpY]-SRIF 94 97 1484.66 1485.5 309+ 13 >10K 345 + 195 >1000 >10K
CH-275 (4 (2 (2 (2 (2
8 Des-AAL2-[DTrpé,1Amp®]-SRIF 94 98 1598.71 1599.8 443 + 298 >1000 >10K >10K >10K
) (2) (3 (2) (2 (2
9 Des-AAL25[pTrp8 Amp®(iBu)]-SRIF 97 97 1498.68 1499.3 130+60  >1000 381+95 >1000 >1000
. (2) (3) (2) (2) (2
10 Des-AAL25-[DTrp8, Amp(iBuy)]-SRIF 97 97 1554.74 1555.5 >1000 >10K >10K >10K >10K
(2) (3) (2) (2) (2)
11 Des-AAl25-[p2Nal®, Amp°]-SRIF >97 >98 1453.62 1454.6 347 + 144 343 +143 81 +25 >1000 385+ 75
(2) (3) (2) (2 )
12  Des-AAl25[p2Nal®, Amp%(Me)]-SRIF 85 97 1467.64 14688 101+29 556+78 28085 >10K >1000
(2) (3) (3) (3) (3)
13 Des-AAL25-[p2Nal8 1Amp?]-SRIF 97 >98 1495.67 1496.6 103 + 34 >1000 >1000 >1000 >10K
o (3) (3) (2) (2) )
14 Des-AAL25-[pHis8(MBzl),IAmp®]-SRIF 97 >98 1525.69 1526.7 >1000 >1000 >1000 >10K >10K
(3) (3 (2 (2 (3
15 Des-AAL25 [pTrp8,1Amp®,pSert3]-SRIF 97 98 1484.66 1485.6 187 + 87 >10K >1000 >1000 >1000
(3) (3 (2) (2 (2
16 Des-AALS-[Tyr2,pTrpé IAmp?]-SRIF 97 97 1647.73 1648.8 15.1+29 >1000 713 + 43 >10K >10K
[Tyr?]-CH-275 = CH-288 @) (6) 4) (6) (6)
17 Des-AALS[Tyr?,p2Nal8 IAmp®]-SRIF 98 98 1658.72 1659.6 240+ 7.8 >1000 633 + 88 >1000 >1000
. (3) (3) (3) (3) (2)
18 Des-AAl5-[desamino-Tyr2,p2Nal8,|Amp®]- 97 >98 1643.72 16448 563 +13  >1000 >1000 >10K >10K
SRIF (2 (2) (2) (2) (2
19 Des-AALS-[Tyr2,0Trp8,1Amp?]-Cbm-SRIF 94 98 1690.73 16918 15+3.8  >10K 500 +50 > 1000 >1000
(3) (3) (3) (3) (3)
20 Des-AALS-[ITyr2,pTrp8,1Amp9]-Cbm-SRIF 92 88 1816.64 1817.8 34.7+6.1 >1000 290 £55 > 1000 >1000
(3) (3) (3) (3) (3)
21 Des-AALS-[Tyr2,pCys3,pTrp8 IAmp°]-SRIF >08 97 1647.79 1648.5 245 + 105 >10K >1000 >1000 >10K
[oCys3]-CH-288 ) (2 (2 &) )
22 Des-AAS-[Tyr2,pCys3,pTrp8 IAmp]- 93 96 1690.73 1691.6 33+6.2 >10K >1000 487 + 13 >1000
Cbm-SRIF @) 3) 3) 3) @)
23  Des-AAL25-[Tyr?,pTrp8, IAmp?]-SRIF 96 98 1500.66 1501.5 530 + 130 =>10K >10K >10K >1000
[Tyr’]-CH-275 (2 (2 (2) (2 (2
24  Des-AAL25-[Phe’(4NO,),02Nal8 1Amp?]- >08 >98 1540.65 1541.6 35+25 >1000 975 £ 25 >1000 >1000
SRIF (2 (2) (2) (2) (2)
25  Des-AAL25-[pTrps, IAMp®, Tyrll]-SRIF 98 96 1500.66 15015 17.1+6.0 >10K >1000 >10K >1000
[Tyr]-CH-275 (5) (5) (5) (5) (5)
26  Des-AAL25-[pTrps, IAmp?, ITyrl1]-SRIF 94 96 162655 16275 3.6+07 >10K >1000 >1000 >1000
(3) 3) (3) (3) (3)
27  Des-AALZ5-[pTrps,|Amp9, Tyril]-Chm- >98 >08 1543.66 1544.6 8.1+1.3 >10K >1000 >1000 >1000
SRIF (5) (5) (5) (5) (5)
28 Des-AAL25-[DTrp8,1Amp®, 1 Tyri]-Cbm- 91 97 1669.57 1670.6 25+0.2 >1000 618 + 125 >1000 >1000
SRIF (4) (4) (4) (4) 4)
29 Des-AAL25-[pCys3,DTrps IAmpd, Tyrii]- >908 98 1543.66 1544.6 174 £69 >10K >1000 >10K >1000
Cbm-SRIF @) 3) 3) 3) 3)
30 Des-AALS-[desamino-Tyr2,pCys3,02Nalé, 91 95 1643.72 1644.8 845+ 355 >10K 750 + 250 >1000 >1000
IAmMp°]-SRIF 2) 3) ) 2) 2)
31 Des-AAl5-[desamino-Tyr2,p2Nalg 1Amp?, >96 >97 1643.72 1644.8 975 + 25 >10K >1000 >1000 >10K
pCys™]-SRIF (2) (3) (2) (2 (2
32 Des-AALS-[desamino-Tyr2,pCys3,02Nal8, 92 97 1643.71 1644.8 >1000 >1000 >1000 >1000 >1000
1Amp?,0Cys!4]-SRIF ) 3) () ) )
33 Des-AAL4SI.[Tyr? pTrp8,1Amp9-SRIF 95 98 1432.60 1433.6 720 £ 170 >10K 445 + 155 >1000 >10K
(2) (2) (2) (2 )
34 Des-AAL4561213 [Tyr2 pTrp8, IAmp?]- 9 98 118448 11855  >1000 >1000 >1000 >1000 >10K
SRIF ) (2 () (2) (2
35 Des-AAL2451218 [pTrp8]-SRIF >95 98 1077.44 1078.9 27.3+34 438+10 13.1+32 13+08 457+27
4) (%) (4) (3) (3)
36 Des-AAL2451213 [pTrp8 1Amp®]-SRIF 98 98 1168.49 1169.5 >1000 >10K >1000 >1000 >10K
2 (3 2 2 (2

Abbreviations: Amp, 4-aminomethylphenylalanine; Amp(iBu), 4-(N-isobutyl)-aminomethylphenylalanine; Amp(iBu),, 4-(N,N-diisobutyl)-
aminomethylphenylalanine; Amp(Me), 4-(N-methyl)- aminomethylphenylalanine; Aph(Atz), 4-(3-amino-1H-2,4-triazol-5-yl)-phenylalanine;
HisimBzl, N-im-benzyl-histidine; hArg(Et),, NCé-diethyl-homo-arginine; 1Amp, 4-(N-isopropyl)-aminomethylphenylalanine; 2Nal, 3-(2-
naphthyl)-alanine. 2 Percent purity determined by HPLC as described in Experimental Section.  Percent purity determined by capillary
zone electrophoresis (CZE) as described in Experimental Section. ¢ The calculated mass (M) of the monoisotope compared with the observed
[M + HI* monoisotopic mass. 9 Binding affinities at the five human receptors expressed as 1Cso. Mean of two or more experiments =+
SEM when N = 2. N = number of experiments and is shown in parentheses.
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if we chose this scaffold, to introduce compensatory
changes in the conformational or binding properties of
the amino acid(s) responsible for SRIF activity.

It has long been recognized that residues 8 and 9 of
SRIF were critical for SRIF activity and that substitu-
tion of Trp® by pTrp® and some of its halogenated
derivatives was favorable.?6:31 No similar favorable
substitution for Lys® however had been found. SAR
studies investigating the effect of substitutions at posi-
tion 9 by several other closely related basic amino acids
such as Orn and Arg yielded less potent SRIF ana-
logues.2®

We hypothesized that a favorable substitution (if it
could be found) would have the added advantage of
conferring some receptor selectivity. We concluded that
the amino acid at position 9 would have to be basic
(mimicking Lys) and sterically hindered to prevent
receptor promiscuity.

We therefore investigated the effect of substitutions
by Aph(Atz) (4), HArg(Etz) (5), Amp (6), 1Amp (7),
Amp('Bu) (9), and Amp(‘Bu,) (10) in des-AAL25-[DTrp8]-
SRIF. We had shown the advantage of 4-amino-phenyl-
alanine (Aph) over lysine and Aph8(Atz) over Lys8(Atz)
in the design of potent GnRH antagonists.®? The low
pKp of Aph(Atz) as compared to that of Lys may explain
the low potency of 4 at all receptors. Lys® substitution
by HArg(Et,) described by Nestor et al. also in the
design of potent GnRH antagonists3232 was another lead
because of the expected higher pK, of HArg(Et,).
However, des-AAL25-[DTrp8 HArg®(Et,)]-SRIF (5) showed
low potency at all receptors as well.

If the pK,, of Lys?® is to be mimicked, we surmised that
4-aminomethylphenylalanine (Amp), first introduced in
a somatostatin analogue by Nutt et al.,3* would be a
better substitution for lysine than residues presented
earlier. Molecular modeling and distance calculations
of models of Amp and Lys in side chain extended
conformations reveal good similarity in Ca-Nw distances
of 6.40 and 7.50 A, respectively. The basicities of the
terminal nitrogens in Amp and Lys are, to a good
approximation, equivalent, which suggests equivalent
electrostatic contributions to binding. Analogue 6, how-
ever, is about 70 times less potent than SRIF-28 on all
receptors. Because of our observation that isopropyl-
lysine is a good substitute for arginine at position 8 of
GnRH antagonists, we synthesized 7 with a 4-(N-
isopropyl)-aminomethylphenylalanine (IAmp) at posi-
tion 9. This analogue has high affinity for sstl and
significantly lower affinity for the other ssts. To gain
an appreciation of the contribution of des-Asn® and
IAmp® toward sstl affinity and selectivity, 8 was
synthesized and is 15 times less potent at sstl although
still sstl-selective. Because 3 has high affinity for all
receptors except sst2, we conclude that sstl-selectivity
of 7 derives from the unique ionic and steric character
of IAmp? that is not compatible with binding to sst2—
5. It is noteworthy that an increase in the bulk of the
alkylating group on the 4-aminomethyl functionality as
in 9 (isobutyl) and 10 (diisobutyl) correlates with an
incremental loss of affinity and selectivity.

NMR data have suggested a unique hydrophobic
interaction of the side chains of Trp® and Lys®. Models
of SRIF analogues have been presented which are
consistent with the observed upfield shift of Lys®-Hy by
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the Trp indole by postulating an interaction or close
proximity to these functionalities.3>36 If this interaction
played a critical role in the bioactive conformation of
SRIF, any modification of the lysine side chain, as with
IAmp, could have a beneficial or deleterious effect
depending on the nature of residue 8. Substitution of
DTrp8 by p2Nal® to yield 11 suggests that both residues
are equivalent since 6 and 11 have affinities that are
not statistically different at all five ssts. Methylation
of Nw-Amp?® in 12 had no significant effect on affinity
(less than 2-fold) at either of the receptors as compared
to the affinity of 11. Disappointing is the fact that 13,
with p2Nald, is 3 times less potent at sstl than 7, its
pTrp8 equivalent. Early studies®” showed that fluorina-
tion of the indole group at carbons 5 and 6 had little
effect on potency while some loss in potency upon
substitution of bTrp® by b2Nal® was observed by Hirst
et al.®8 This early work, which also compared the SAR
of diastereomeric pairs of SRIF hexapeptides substi-
tuted at position 8, suggested that the indole nitrogen
of the Trp side chain had no direct role in receptor
binding. This conclusion was based on the observation
that analogues with an L amino acid and b amino acids
at position 8, although equipotent, are conformationally
different and would require that the aromatic side chain
at position 8 undergoes rotational inversion along the
side chain; thus, a unique presentation of an indole
nitrogen would not be required since it is not possible.
Additionally, methylation of the indole nitrogen had no
effect on potency. Data presented here parallel results
from the Merck group;3° yet they do not offer additional
light on the role for either the indole or naphthyl rings
in SRIF analogues. Another aromatic moieity such as
the pHis™-Bzl, a residue found to be compatible at
position 6 in GNRH superagonists,* is likely not rec-
ognized by ssts for steric reasons since 14 is inactive at
all ssts.

Independently of the observation that des-Asn>-SRIF
and des-Asn®-[DTrp8]-SRIF were more potent at inhibit-
ing insulin than glucagon secretions, we had also
observed that [DSer3]-SRIF had similar activities and
the question remained whether those modifications
would have an additive effect. Analogue 15, homologous
to 7 with a pSer?3 substitution, although ssti1-selective,
is 6 times less potent than 7.

One of the advantages that peptides offer over non-
peptide ligands is their ability to be labeled in a number
of unique ways—be these substitutions with strong UV
absorbing or fluorescent moieties, radionuclides, cyto-
toxic agents, or the like. This property has been par-
ticularly useful in the design of SRIF analogues for
clinical diagnostic and therapeutic indications. Scintig-
raphy, using somatostatin analogues to bind to sst-
positive tumors, is a unique tool for diagnosis of
neuroendocrine tumors and radionuclide therapy.34!
Here, we have identified positions where the introduc-
tion of an iodinated tyrosine is compatible with high
affinity, high selectivity, and low background labeling
(20, 28). Ascertaining that the cold monoiodinated
derivatives of our somatostatin analogues have the same
or higher affinity and selectivity than the parent non-
iodinated analogues is critical for the interpretation of
future studies using the radioactively (*21) mono-
iodinated tracers. These analogues were synthesized as
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A B

Figure 2. Binding of 1%51-25 to sections of sst1—sst5-express-
ing cell pellets. All sections were incubated with 8000 cpm/
100 uL of ligand. Strong specific labeling is seen only with sstl
cells. A, C, E, G, I: Autoradiograms showing total binding of
125]-25 to sections of cell pellets expressing sstl (A), sst2 (C),
sst3 (E), sst4 (G), and sst5 (). B, D, F, H, K: Autoradiograms
showing nonspecific binding of 12°1-25 (in the presence of 10~
M 25).

a result of the observation that a tyrosine residue,
introduced at positions 2 (16, 17, 19, 21, and 22), 7 (23),
and 11 (25, 27, and 29), was only favorable at positions
2 and 11. For selected peptide structures, see Figure 1.
The properties of 16 (high sstl affinity and selectivity)
were reported elsewhere in part on cells bearing SRIF
receptors other than human.® High background of the
corresponding radioiodinated analogue in tissue labeling
limited its use in these systems and in our hands.1®
While substituting Phe’ in 7 by Tyr’ to yield 23 resulted
in significant and complete loss of affinity at sstl (1/
20) and other ssts, respectively, another position 7
substitution such as 4NO,Phe’ (24) in the parent
p2Nal8-containing analogue 13, retained both selectivity
and potency.

Substitution of Tyr!! in 25 by ITyr!! to yield 26 was
also compatible with increased potency. Therefore 25
was developed as an 1?5I-labeled radioligand. It is an
sstl-selective radioligand as illustrated in Figure 2 since
only sstl-transfected cells and not sst2—sst5-transfected
cells were strongly labeled. This compound was also
tested in human tumors known to express sstl, as
measured by sst1 mRNA by in situ hybridization. One
example of an sstl-expressing mesenchymal tumor is
shown in Figure 3. Tumors expressing predominantly
sstl, including four gastroenteropancreatic tumors, four
prostate carcinomas, and three sarcomas could be
specifically labeled with 125]-25. While this radioligand
still exhibited a measurable nonspecific binding, it was
nevertheless found to be a significantly better radio-
ligand to detect sstl in human tissues than the corre-
sponding 251 Tyr2-containing analogue of 16.7
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Figure 3. Labeling of sstl receptors in a human leiomyoma.
A: Hematoxylin and eosin stained section. Bar = 1 mm. B:
Autoradiogram showing total binding of $?°1-25. C: Autoradio-
gram showing nonspecific binding of 1%°1-25 (in the presence
of 1076 M unlabeled 25). This tumor was shown previously to
have predominantly and abundantly sst1 mRNA with in situ
hybridization.

Encouraged by the recent observation that incorpora-
tion of a carbamoyl functionality at the N-terminus of
SRIF analogues will increase potency of sst3-selective
SRIF antagonists without loss of selectivity,*? we in-
troduced that substitution in both 16 to yield 19 and in
25 toyield 27, among others. We published earlier that
N-ureido peptides could be prepared by direct coupling
reaction of individually synthesized N-ureido amino
acids or by the reaction of the resin bound partially
deprotected amino peptides with different isocyanates
such as tosylisocyanate, benzyl isocyanate, trimethyl-
silyl isocyanate, and tert-butyl isocyanate.*® The pro-
tecting groups of the resulting ureas could be removed
during the final anhydrous HF cleavage, except for
trimethylsilyl which had already been removed under
the last TFA deprotection step of solid phase synthesis.
It has been observed that the presence of a base such
as DIPEA resulted in a biuret byproduct when tosyl or
trimethylsilyl isocyanates were used for the N-ureido
formation. Very clean products were obtained with
benzyl isocyanate, but the removal of the benzyl group
from benzylureas required extended HF treatment. The
tert-butyl protecting group was easily cleavable from
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Figure 4. Effect of various concentrations of somatostatin-
28 and analogues on forskolin-stimulated cAMP accumulation
in cells expressing sstl. Concentration—response curves were
obtained with increasing concentrations of somatostatin-28
(round), 27 (square), and 29 (triangle). Data are expressed as
a percentage of the 3 uM forskolin response; they are from a
typical experiment performed in duplicate and representative
of three others. The somatostatin analogues 27 and 29 behave
as agonists with equivalent results.

tert-butylureas with HF, not with TFA, and resulted in
pure products. Further optimizing our synthetic meth-
odologies, we have found that sodium cyanate (NaOCN)
in the presence of glacial acetic acid is also suitable for
the introduction of a carbamoyl (Cbm) moiety on a free
amino function of an otherwise fully protected peptido
resin, resulting in the desired ureido-peptido resin. This
is the synthetic strategy that was used here.

The addition of a carbamoyl group at the N-terminus
of SRIF analogues derived in part from the observation
that desamination of the N-terminus as in 18 and 30—
32, although likely to confer resistance to aminopepti-
dases, resulted in a loss of sstl affinity (1/10—1/15:
compare affinities of 18 with those of 17). Compounds
19 and 27 retained or had a slightly enhanced affinity
and selectivity for sstl with respect to the other ssts.
Compound 27 was 1%%l-iodinated and gave results
similar to those found with 251-25 in labeling experi-
ments, both in sstl-transfected cells and in sstl-
containing tumors. The cold iodinated 28 had an affinity
for sstl that was higher (ICso = 2.5 nM) than that of
the corresponding noniodinated 27 (ICsp = 8.1 nM)
(Table 1) and comparable to that of the cold iodinated
26.

With the identification of unique structural modifica-
tions that yielded sstl-selective SRIF agonists, we
investigated the possibility of converting such agonists
into antagonists through the introduction of an L residue
at position 1 and pCys residue at position 3, as shown
effective by Hocart et al. in cyclo(2—6) octapeptides.**
We found that 29, with a pCys residue in position 3,
and its homologue 27 (without pCys?) retained sstl
affinity as well as selectivity in binding assays and were
found to be agonists in an adenylate cyclase activity
assay (Figure 4). Compounds 27 and 29 inhibited
forskolin-stimulated cAMP accumulation by more than
35% at a peptide concentration of 100 nM with ECsg
(+£SEM; n = 3) of 8.34 nM (£1.08) and 6.43 nM (+1.14),
respectively, as compared to 29.3 nM (+10.5) for 1.

Comparing the binding affinities of 22 to those of 19,
one reaches the same conclusion that the oCys® modi-
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fication results in minimal loss of affinity at sstl. While
exploring the effect of changes in chirality of the Cys
bridge heads in sstl-selective analogues, we also made
31 (with a pCys'¥) and 32 (with a pCys®14) that are
much less potent at all ssts, suggesting that a well-
defined secondary structure is an important require-
ment for high affinity.

The question remained whether shortening the ring
size from 11 (16) to 9 (33) or 7 (34) residues would alter
potency or sst selectivity. This approach is in keeping
with our original observation that deletion of two
residues at a time starting with the residues adjacent
to the cysteines would yield cyclic analogues as short
as 8 residues long with limited loss of potency as
compared to SRIF.*> This is exemplified with 35 that
has high affinity for all five ssts. Interestingly, 33 lost
some affinity and selectivity as it is also binding to sst3
while 34 is inactive. Clearly, the uneven deletion of
residues 5 (16), 4—5 and 13 (33), and 4—6 and 12—13
(34) was well tolerated in the largest ring (16) and
conferred sstl selectivity, whereas it may have altered
the overall conformation too drastically in the cases of
the significantly smaller 33 and 34. The hypothesis that
IAmp® by itself might confer sstl selectivity to an
otherwise potent octapeptide (35) was rebutted by the
observation that 36 had very low affinity for all ssts.

In conclusion, limited but specific conformational
changes in the SRIF molecule will yield analogues with
unique receptor selectivity. While selectivity can also
be achieved with non-peptide agonists (such as
L-797,591),° 16, 19, 20, 22, 25, 27, 28, and 29 have
affinities for sstl similar to that of SRIF-28 and can be
radioiodinated. Although there is still nonspecific bind-
ing when 1251-25 or 1251-27 are used in human tissues,
both compounds are significantly better compared to
125]1.CH-288 and allow clear identification of sstl-
expressing human tumors using in vitro receptor auto-
radiography.

Experimental Procedures

Instruments. The HF cleavage line was designed in-house
and allowed for HF distillation under high vacuum, trapped
in liquid nitrogen. Preparative RP-HPLC was accomplished
using a Waters Associates (Milford, MA) DeltaPrep 3000
System and Model Shimadzu SPD-6A variable wavelength UV
detector and Huston Instruments Omni Scribe chart recorder.
The 5 x 30 cm cartridge was packed in the laboratory with
reversed-phase 300 A Vydac Cis silica (15—20 um particle size).
Analytical RP-HPLC screening was performed on a Vydac Cis
column (0.46 x 25 cm, 5 um particle size, 300 A pore size)
connected to a Rheodyne Model 7125 injector, an Altex 420
HPLC system using two Altex 100A pumps, a Kratos Spec-
troflow 757 UV detector set to 210 nm, and a Houston
Instruments D-5000 strip chart recorder. Quality control
HPLC was performed on a Hewlett-Packard Series 11 1090
liquid chromatograph system that was connected to a Vydac
Cig column (0.21 x 15 cm, 5 um particle size, 300 A pore size),
Controller Model 362, and a Think Jet printer. Capillary zone
electrophoresis (CZE) analysis was performed on a Beckman
P/ACE System 2050 controlled by an IBM Personal System/2
Model 50Z connected to a ChromJet integrator. LSI-MS
measurements were carried out with a JEOL JMS-HX110
double-focusing mass spectrometer (JEOL, Tokyo, Japan)
fitted with a Cs* gun.

Starting Materials. The Boc-Cys(Mob)-CM resin with a
capacity of 0.3—0.5 mequiv/g was obtained according to
published procedures.*® All Ne-tert-butyloxycarbonyl (BOC)
protected amino acids with side chain protection were pur-
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chased from Bachem Inc. (Torrance, CA), Chem-Impex Intl.
(Wood Dale, IL), or Novabiochem (San Diego, CA). The side
chain protecting groups of the different amino acids were as
follows: Asn(Xan), Cys(S-p-Mob), Lys(e-2CIZ), Ser(Bzl),
Thr(Bzl), Tyr(2Br-Z), and 1Tyr(2Br-Z). Boc-Amp(Fmoc), Boc-
IAmp(Z), and desamino-Tyr were synthesized in our labora-
tory.*” All Ne-alkylated amino acids were obtained on the resin
as described in the literature.*® Boc-L.-HArg(Et,) acetate was
synthesized at the Southwest Foundation for Biomedical
Research (under contract NO1-HD-6-2928 with NIH) and
made available by the Contraceptive Development Branch,
Center for Population Research, NICHD. All reagents and
solvents were reagent grade or better and used without further
purification.

Peptide Synthesis. Peptides were assembled by the solid
phase approach*® either manually or on a Beckman 990
peptide synthesizer and CS-Bio peptide synthesizer model
CS536 (San Carlos, CA). A 3.0 equivalent excess of the
protected amino acids based on the original substitution of the
resin was used. The couplings on 1—2 g of resin per peptide
were mediated by DIC in CH,CI,, or DIC with N-hydroxy-
benzotriazole (HOBLt) in dichloromethane and N-methyl-pyr-
rolidinone (NMP), respectively, for 1 h and monitored by the
qualitative ninhydrin® or bromophenol blue test.>* Boc re-
moval was achieved with trifluoroacetic acid (60% in CHClI,
1-2% ethanedithiol or m-cresol) for 20 min. An isopropyl
alcohol (1% ethanedithiol or m-cresol) wash followed TFA
treatment and then successive washes with triethylamine
solution (10% in CHCl,), methanol, triethylamine solution,
methanol, and CH,CI, completed the neutralization sequence.
The Fmoc groups were removed with 20% piperidine in NMP
in two successive 10 min treatments.

The 4-(N-methyl) group to Amp and the 4-(N-isobutyl) or
4-(N-diisobutyl) groups to Amp were introduced on the resin
as described in the literature.*® Briefly, after the synthesis was
completed, the Boc group was not removed from the a-amino
group, but the Fmoc group from the side chain nitrogen was
removed with 20% piperidine in NMP. The resulting free
amino group was alkylated with Dod-Cl (4,4'-dimethoxydityl
chloride), followed by reductive methylation or isobutylation
of the Dod-alkylated amino group, treating the alkylated resin
with formaldehyde or isobutyraldehyde and sodium cyanoboro-
hydride in the presence of acetic acid in NMP. At the end of
the reaction, the Dod group and N®-Boc group were removed
with TFA (60% in DCM) simultaneously. To obtain the
diisobutylamino derivative of Amp, the Dod alkylation was
omitted, the resin was treated with isobutyraldehyde and
sodium cyanoborohydride immediately after Fmoc removal,
and at the end of the synthesis N*-Boc group was removed
with TFA. The ureido group at the N-terminus of 19, 20, 22,
and 27—29 was introduced on the resin as well. The N-
terminal Boc group of the fully assembled peptide was depro-
tected with TFA in the usual manner; after neutralization, the
carbamoylation proceeded with NaOCN (100 mg, 0.65 mmol)
in NMP (4 mL) and glacial acetic acid (3 mL per gram of initial
resin). The mixture was agitated at room temperature for 30
min, and the ninhydrin test indicated a complete reaction. The
completed peptide resin was then cleaved from the resin by
HF and cyclized by addition of iodine, as described below.

The completed peptides were cleaved from the resin support
with simultaneous side chain deprotection by using anhydrous
hydrogen fluoride containing the scavengers anisole (10% v/v)
and methyl sulfide (5% v/v) for 90 min at 0 °C. The diethyl
ether precipitated crude peptides were cyclized in 75% acetic
acid (200 mL) by addition of iodine (10% solution in methanol)
until the appearance of a stable orange color. Forty minutes
later, ascorbic acid was added to quench the excess of iodine.

Purification of Peptides. The lyophilized crude peptides
were purified by preparative RP-HPLC?! using a linear gradi-
ent 1% B per 3 min increase from the baseline %B (eluent A
= 0.25 N triethylammonium phosphate (TEAP) pH 2.25,
eluent B = 60% CH3CN, 40% A) at a flow rate of 100 mL/min.
Purification in TEAP pH 2.25 was followed by a rechromatog-
raphy in a 0.1% TFA solution and acetonitrile on the same
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cartridge (gradient of 1% acetonitrile/min). The separations
were monitored by analytical RP-HPLC at 215 nm. The
fractions containing the pure product were pooled and lyo-
philized. Each peptide was obtained as a fluffy white powder.

Characterization of SRIF Analogues. The purity of the
final peptides was determined by analytical RP-HPLC in
TEAP pH 2.5 buffer system. The TEAP pH 2.5 conditions were
defined by a 1% B/min gradient slope at 0.2 mL/min from
equilibrium A/B where A = 15 mM TEAP (pH 2.5) and B =
60% CH3CN/40% A. Detection was set at 214 nm.

The peptides were analyzed by CZE as well. CZE analysis
employed a field strength of 10—20 kV at 30 °C with a buffer
of 15% CH3CN/85% 100 mM sodium phosphate pH 2.5 on
either a Beckman eCAP or a Supelco P15 fused silica capillary
(363 um o0.d. x 75 um i.d. x 50 cm length).

The observed monoisotopic (M + H)* values of each peptide
corresponded with the calculated (M + H)* values. The mass
accuracy was typically better than +100—20 pp. An accelerat-
ing voltage of 10 kV and Cs* gun voltage between 25 and 30
kV were employed. The samples were added directly to a
glycerol and 3-nitrobenzyl alcohol (1:1) matrix.

Cell Culture. CHO-K1 cells stably expressing human sst1
and sst5 were kindly provided by Drs. T. Reisine and G. Singh
(University of Pennsylvania, Philadelphia, PA) and CCL39
cells stably expressing human sst2, sst3, and sst4 by Dr. D.
Hoyer (Novartis Pharma, Basel, Switzerland). Cells were
grown as described previously.?® All culture reagents were
supplied by Gibco BRL, Life Technologies (Grand Island, NY).

In Situ Hybridization Histochemistry. To control ad-
equacy of the cell material, in situ hybridization for human
sst mMRNAs was performed on CHO-K1 and CCL39 cells
expressing the different sst receptor subtypes. Cell smears
were prepared, then used for sstl, sst2, sst3, sst4, and sst5
MmRNA detection, as described in detail previously.?® These
control in situ hybridization studies confirmed that the five
cell lines used for the study expressed the correct sst mRNA.

Receptor Autoradiography. Cell membrane pellets were
prepared, and receptor autoradiography was performed as
depicted in detail previously.?® Each somatostatin analogue
was tested for its binding affinity to the five sst1—sst5 subtypes
in competitive experiments using ?°1-[Leu®, pTrp?, Tyr?]
SRIF-28 as radioligand. 1Cso values were calculated from the
displacement curves.?®

Moreover, compounds 25 and 27 (Table 1) were *?%iodinated
at the Tyr*! position using the lactoperoxidase method and
were HPLC purified (74 TBg/mmol, Anawa, Wangen, Switzer-
land). Binding studies were performed with these ligands, as
reported previously? for [Leu®,pTrp?2151Tyr?5]-SRIF-28, on cell
pellet sections and on tissue sections of sst1-expressing human
tumors using 8000 cpm/100 uL of the radioligand.

Adenylate Cyclase Activity. Modulation of forskolin-
stimulated adenylate cyclase activity was determined using a
radioimmunoassay measuring intracellular cAMP levels by
competition binding. Sstl-expressing cells were subcultured
in 96-well culture plates at 2 x 10* cells/well and grown for
24 h. Culture medium was removed from the wells, and 100
uL of fresh medium containing 0.5 mM 3-isobutyl-I-methyl-
xanthine (IBMX) was added to each well. Cells were incubated
for 30 min at 37 °C. Medium was then removed and replaced
with fresh medium containing 0.5 mM IBMX, with or without
3 uM forskolin and various concentrations of peptides. Cells
were incubated for 30 min at 37 °C. After removal of medium,
cells were lysed and cAMP accumulation was determined using
a commercially available cAMP scintillation proximity assay
(SPA) system (RPA 538), according to the instructions of the
manufacturer (Amersham, Aylesbury, U.K.). In these studies,
basal levels of cAMP production were 0.25 £ 0.02 pmol cAMP/
well, rising to 3.2 £+ 0.2 pmol cAMP/well in the presence of 3
uM forskolin, representing a 12.8 + 1.2-fold stimulation. cAMP
data were expressed as percentage of stimulation over the
nonstimulated level. Values of ECsq (the agonist concentration
causing 50% of its maximal effect) were derived from concen-
tration—response curves.
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