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Neurotensin (NT) is a linear tridecapeptide with a broad range of central and peripheral
pharmacological effects. The C-terminal hexapeptide of NT (NTs_;3) has been shown to possess
similar properties to NT itself, and in fact, an analogue of NTs_13 (N*MeArg®-Lys-Pro-Trp-Tle-
Leu!®, Tle = tert-leucine) has been reported to possess central activity after peripheral
administration. Cyclic derivatives of this hexapeptide were synthesized by a combination of
solution and solid-phase peptide synthetic methodologies, and several analogues had low
nanomolar binding affinity for the NT receptor. In particular, cyclo[Arg-Lys-Pro-Trp-Glu]-
Leu (cyclized between the o amine of Arg and the y carboxylate of Glu) possessed 16 nM NT
receptor affinity and was determined to be an agonist in vitro. 'H-NMR and 13C-edited 'H-
NMR spectroscopy were performed on this and related cyclic analogues to help identify
structural properties which may be important for receptor recognition. These cyclic peptides
represent novel molecular probes to further investigate NT receptor pharmacology, as well as
to advance our understanding of the structure—conformation relationships of NT and to help

establish a working basis for additional pharmacophore mapping studies.

Introduction!

Neurotensin (NT, pGlu!-Leu2-Tyr3-Glu*-Asn5-Lys®-
Pro?-Arg8-Arg®-Prol0-Tyrll-Ile!2-Leu!®) is a linear tri-
decapeptide that was originally isolated from the bovine
hypothalamus.2 NT is found in high concentrations in
the ileum and the hypothalamus and has a broad range
of biological effects including hypotension, analgesia, gut
contraction, and increase of vascular permeability 3-5
In addition, NT has been shown to possess pharmaco-
logical properties similar to dopamine antagonists that
are effective antipsychotics.®

NT is one member of a family of biologically active
peptides that includes xenopsin (pGlu-Gly-Lys-Arg-Pro-
Trp-Ile-Leu, isolated from the skin of Xenopus laevis)”
and neuromedin N (Lys-Ile-Pro-Tyr-Ile-Leu, isolated
from the porcine spinal cord).? Both of these peptides
interact with the NT receptor®!® and are homologous
with the C-terminal hexapeptide of NT (NTs_13, Arg®-
Arg-Pro-Tyr-Ile-Leu!?),

Historically, the design and syntheses of NT ana-
logues, including fragment derivatives and prototypic
cyclic congeners, dates to the very important work of a
number of research groups, as exemplified by Carraway
and Leeman,!! Folkers et al.,2 Rivier ef al.,1314 St-Pierre
et al.,15 Bayer et al.,1¢ Quirion et al.,17 Kitabgi et al.,18
Jolicoeur et al.,!® and Clineschmidt et al.2° In particular,
these pioneering studies provided the first systematic
analysis of NT in terms of the structure—activity
relationships (SAR) of the critical NTy-15 message
sequence and provided insight to the structure—
conformation properties of both the native peptide and
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a NTs-15 analogue. More recently, NT research has
focused primarily on the C-terminal pentapeptide or
hexapeptide sequence to further advance structure—
activity studies and NT-based drug discovery, vide infra.

Both NT and NTg-;3 fail to cross the blood—brain
barrier when administered intravenously (iv) or orally,5
and their relatively short in vivo half-lives have prompted
a search for metabolically stable analogues for further
evaluation. Reduced peptide bond analogues (¥[CHy-
NH]) of NTs-13 have shown increased stability, espe-
cially when the Arg®—Arg? bond was modified.?~24 In
addition, it has been reported that a modified NTg-13
hexapeptide (1, N“MeArg8-Lys-Pro-Trp-Tle-Leu!3, Tle =
tert-leucine)?s binds to the NT receptor with low nano-
molar affinity. Interestingly, this compound possessed
central nervous system (CNS) activity after peripheral
administration, suggesting that it may cross the blood—
brain barrier and be metabolically stable.26-27

NT has been suggested to have a role in the effects of
antipsychotic drug action. Enhanced NT levels have
been found in the cerebrospinal fluid of a subpopulation
of schizophrenic patients undergoing antipsychotic drug
therapy versus a control group.28 Antipsychotic drugs
have also been shown to increase NT immunoreactivity
in the brain and levels of NT messenger RNA in the
rat.2? Thus, NT agonists could potentially be a novel
class of antipsychotics. Such compounds could replace
current anti-dopamine therapies, since they may not
possess the extrapyramidal side effects and tardive
dyskinesia.3® Also, the antinociceptive effects of NT are
of interest, since they are not associated with the
respiratory depression and addictive properties of the
opiates.3!

The three-dimensional solution conformation of NT
has been studied by two-dimensional proton NMR
spectroscopy in water and methanol, but due to its
inherent flexibility little structural information was
obtained.32 In NTg-_13, the replacement of the Prol®-
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Table 1. N-Terminal to Side Chain Cyclized Neurotensin and Related Analogues

Sefler et al.

no. compound constraint NT binding (+ SEM)* (nM, K;)
1% NeMeArgS-Lys-Pro-Trp-Tle-Leul? none 0.67 +0.03
2 cyclo[Arg8-Lys-Pro-Trp-Glu]-Leu!? o-NHa(Arg)—y-COH(Glu) 16 +4
3 cyclo[Arg8-Lys-Pro-Trp-Aspl-Leuld o-NHy(Arg)—S-CO.H(Asp) 910 + 25
4 cyclo[Arg8-Lys-Pro-Trp-Glul-Gly? o-NHy(Arg)—y-COH(Glu) 250 +13
5 cyclo[Arg8-Ala-Pro-Trp-Glul-Leu'? o-NHy(Arg)—~y-COH(Glu) >10000
6 cyclo[Argd-Lys-Pro-Trp-Glu12] o-NHy(Arg)—y-CO,H(Glu) >10000
7 cyclo[Arg8-Pro-Trp-Glu]-Leu!2 o-NHy(Arg)—~y-CO,H(Glu) 340+ 8
8 N*MeArg8-cyclo[Lys-Pro-Trp-Tle-Asp!?] e-NHg(Lys)—B-CO.H(Asp) >10000
9 cyclo[Gly-N*MeArg®-Lys-Pro-Trp-Aspl-Leu!? o-NHy(Gly)—B-COH(Asp) 560 + 44

10 cyclo[Gly-N*MeArg8-Lys-Pro-Trp-Glu]-Leu!3 o-NHy(Gly)—y-CO,H(Glu) 28 +11

11 cyclo[N®MeArg8-Lys-Pro-Trp-Glu}-Leu!3 o-NH(MeArg)—y-CO,H(Glu) 700 £ 20

12 cyclo[D-Arg8-Lys-Pro-Trp-D-Glu]-Leu!? o-NH(D-Arg)—y-COH(D-Glu) >10000¢

13 cyclo[Arg8-Lys-Pro-Trp-Hgl?]-Leu?3 o-NHz(Arg)—3-CO,H(Hgl9) 830° + 175

@ n = 6 (number of replicate determinations) unless otherwise noted. ® See refs 25, 26, 27, and 39. ¢ n = 3. ¢ Hgl = homoglutamic acid.

Table 2. N-Terminal to Side Chain Cyclized Neurotensin Analogues and Corresponding Linear Analogues

no. compound constraint NT binding (+ SEM)* (nM, K))
2 cyclo[Arg8-Lys-Pro-Trp-Glu]-Leu!? o-NHy(Arg)—y-COH(Glu) 16+ 4

14 NoAcArg8-Lys-Pro-Trp-Gln-Leu!3 none 260 + 80

11 cyclo[N*MeArg8-Lys-Pro-Trp-Glu]-Leul? o-NH(MeArg)—y-CO.H(Glu) 700% + 20

15 N*MeArg8-Lys-Pro-Trp-Glu-Leu!? none >10000°?

@ n = 6 (number of replicate determinations) unless otherwise noted. ® n = 3.

Tyr!! dipeptide with g-turn mimetics has suggested the
presence of a S-turn-like structure, but overall there is
a paucity of information about the biologically active
conformation of NT or its C-terminal hexapeptide.33-35
Recently, we have systematically investigated the Prol%-
Tyr!! sites of the NTs-;3 analogue 1 by incorporating a
series of backbone and/or side chain modified amino
acids which induced striking biological effects in vitro
and in vivo.2” In order to prepare conformationally rigid
analogues of NTs_13 and further understand the three-
dimensional pharmacophore, we have synthesized a
series of cyclic derivatives of the linear hexapeptide 1.

Several approaches were undertaken to obtain a cyclic
NTs_13 analogue that possessed high binding affinity for
the NT receptor. Previous NTg_;3 structure—activity
relationships have indicated residues that are critical
for receptor recognition. For example, an alanine scan
of NTg-13 suggested3® the relative importance of the
individual amino acid side chains to be as follows: Leu!?
> Tyrll > Ilel2 > Arg® > Pro!® > Arg®. Fragment
studies also suggested13-16 the requirement of at least
one basic residue, since NTs-13 and NTs_;3 have similar
binding affinities, while the NTy¢-13 fragment has much
lower affinity. Finally, a free C-terminal carboxylate
also appears to be essential for high receptor affinity
since the NTg-13 C-terminal amide has 2 orders of
magnitude less binding,36

Given this information, we replaced the Tlel? of
compound 1 with either a glutamic acid or aspartic acid
residue. These substitutions provided a free carboxylate
for cyclization via a lactam bridge, to either the Lys®
side chain or the N-terminal amine, without removal
of the important C-terminal carboxylic acid moiety. The
preferred stereochemistry of the side chains forming the
lactam bridge was also explored. Furthermore, alanine
and glycine substitutions were incorporated to probe the
importance of individual side chains. In several pep-
tides glycine was added to the N-terminal Arg® and
cyclized through the side chain carboxylate of position
12 to increase the flexibility of the lactam bridge. The
Leu!® residue was replaced with aspartic acid such that
the cyclic head-to-tail compound could be prepared to
probe the relative importance of the Leu!® side chain

and/or the free C-terminal carboxylate. Finally, cyclic
disulfide-containing peptides were prepared for com-
parison with the corresponding cyclic lactams.

Results and Discussion

The side chain to N-terminus and side chain to side
chain cyclics were prepared and cyclized on a solid
support. Utilizing an N¢-¢-Boc (tert-butyloxycarbonyl)
protection strategy for the solid phase synthesis, the side
chain carboxylates of Asp!2 or Glul? were protected as
Fmo (9-fluorenylmethyl) esters. For the side chain to
side chain cyclic analogues, the Lys? side chain was also
Fmoc protected and was simultaneously deprotected
along with the Asp!? or Glu!2 side chain using piperi-
dine. Cyclization on the resin takes advantage of the
self-diluting effects of the resin.3,38 Each peptide chain
is isolated by the polymeric matrix such that the
cyclization can occur rapidly and with less oligomeric
byproducts. In general, for the cyclic neurotensin
analogues prepared in this study on resin cyclization
led to crude products that were relatively pure and
easily isolated by subsequent RP-HPLC.

Neurotensin Receptor Binding Studies. Table 1
illustrates the NT binding affinity for compounds cy-
clized from the N-terminus to a side chain carboxylate.
Compound 2 is the most potent analogue with 16 nM
binding for the NT receptor. This is only 20-fold less
potent than the linear NTs-;3 analogue (compound 1),
from which these compounds were designed. In the
preparation of compound 2, the o amine of Arg® of
compound 1 was incorporated in the lactam reducing
the overall basicity of the molecule. Previously, it has
been reported that Ac-Arg®-Lys-Pro-Trp-Tle-Leu!® ex-
hibited similar affinity for the NT receptor (1.4 nM) as
compound 1, suggesting that the loss of the N-terminal
backbone basic group does not alone account for the
differences in NT binding affinity of compounds 1 and
239 In addition, compound 14, was prepared as an
acyclic control of compound 2 (Table 2) is 20-fold less
potent than compound 2. This suggests that cyclization
provides peptide 2 with an entropic advantage for
binding. The linear analogue of compound 11, com-
pound 15, also possesses less binding affinity (see Table
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Table 3. N-Terminal to C-Terminal Cyclized Neurotensin Analogues

no. compound constraint NT binding (+ SEM)* (nM, K;)
16 cyclo[Arg8-Lys-Pro-Trp-Tle-Leu'?] o-NHy(Arg)—o-CO.H(Leu) 410 £+ 106
17 cyclo[Arg8-Lys-Pro-Tyr-Tle-Leu?3] o-NHz(Arg)—a-COH(Leu) 440° + 18
18 cyclo[Lys?-Pro-Trp-Tle-Leu'?] o-NH(Lys)—a-CO:H(Leu) 350 £+ 158

2n = 6 (number of replicate determinations) unless otherwise noted. ®n = 9.

Table 4. Side Chain to Side Chain Cyclized Neurotensin Analogues

no. compound constraint NT binding (+ SEM)* (nM, K;)
19 N*MeArg8-cyclo[Lys-Pro-Trp-Glu-Leu'?] e-NHjy(Lys)—y-CO2H(Glu) 770 + 26

20 NeMeArg8-cyclo[D-Lys-Pro-Trp-Glu-Leu!?] e-NHy(Lys)—y-CO.H(Glu) 8500 + 500

21 NeMeArgé-cyclo[Lys-Pro-Trp-D-Glu-Leu!?] ¢-NHy(Lys)—y-CO:H(Glu) 1600 + 152

22 N*MeArg8-cyclo[D-Lys-Pro-Trp-D-Glu-Leu!?] e-NH(Lys)—y-CO.H(Glu) 2500° £ 200

@ n = 6 (number of replicate determinations) unless otherwise noted. > n = 9.

Table 5. Disulfide Side Chain to Side Chain Cyclized Neurotensin Analogues

no. compound constraint NT binding (+ SEM)* (nM, K;)
23 NeMeArg8-cyclo[Cys-Pro-Trp-Pen®]-Leu!? Cys—Pen® 83 +19

24 NeMeArg8-cyclo[Cys-Pro-Trp-Cys]-Leu!3 Cys—Cys 810° + 200

25 NoMeArg8-cyclo[Pen-Pro-Trp-Pen]-Leu'? Pen®—Pen® 4400° £ 19

26 cyclo[Cys-Argé-Lys-Pro-Trp-Pen]-Leu!? Cys—Pen? 640° + 10

@ n = 6 (number of replicate determinations) unless otherwise noted. ® Pen = penicillamine (3,8-dimethylcysteine). ¢ n = 3.

2), providing further evidence that cyclization can be
beneficial to ligand-receptor recognition. Here, the
differences in binding affinities between cyclic and
acyclic compounds is greater than that for compounds
2 and 14, but it should be noted that compound 15 has
an extra charge on the free Glu!2 side chain and the
amine terminus that are not present in acyclic com-
pound 11. Compound 11, however, has nearly 50-fold
less binding affinity than compound 2. It is possible
that N-methylation of the Arg® residue may remove an
essential hydrogen bonding interaction, or, perhaps, the
N-Me amide bond leads to a conformational change of
the ring via cis/trans amide isomerization.

Compounds 9 and 13, which have larger ring sizes
than compound 2, have lower binding affinities, perhaps
due to their flexibility. (Compound 10, which also has
a larger ring size, exhibits a similar trend in binding
affinity, although it is not statistically significant.)
Interestingly, replacement of the Glu!2 in compound 2
with Asp (compound 3), which should constrain the
molecule further, decreased the binding affinity by more
than 50-fold. This suggests that the smaller ring may
have changed the orientation of key side chains such
that the molecule can no longer adopt a favorable
conformation for NT binding.

Table 3 summarizes the NT binding results for
compounds cyclized from the N- to C-terminus (head-
to-tail). All compounds possessed less binding affinity
than compound 2, underlining the importance of the free
C-terminal carboxylate. The reduced binding affinities
of compounds 4, 6, and 8 (Table 1), however, may
indicate that the side chain of the C-terminal Leu!? is
important, as well. Compound 8 did not bind to the NT
receptor, suggesting an important role for the Lys? side
chain in this series of compounds. In contrast, com-
pound 7, in which one of the two basic residues is
deleted, displayed only 20-fold lower binding affinity
with respect to compound 2. Also, compound 18, which
has only one basic side chain, had virtually the same if
not better binding when compared to the cyclic hexapep-
tides 16 and 17, which contain both the Arg® and the
Lys? side chains. This suggests that the position next
to the Pro is more important than the Arg® position in

this series, which is consistent with the previous data
from the Ala scan performed on the C-terminal hexapep-
tide.38

Table 4 provides binding data for the side chain to
side chain cyclic analogues, all of which have weak
affinity for the NT receptor (compounds 19 to 22). This
may be due to the fact that two key side chains are
involved in the cyclization and not available for receptor
interaction, or that the peptide is constrained in a
conformation that is unfavorable for receptor recogni-
tion. In any case, the orientation of the amino acids in
position 9 (Lys) or 12 (Glu) seemed to have little effect
on NT binding affinity.

Comparison of these data to the data in Table 5 for
the disulfide cyclized peptides shows that the Lys® side
chain can be removed while retaining moderate affinity
for the NT receptor (83 nM) (compound 23). Therefore,
the disulfide bridge may constrain the molecule differ-
ently than a lactam (Table 4) and orient the peptide in
a favorable conformation for binding. These data
contradict the data for the N-terminus to side chain
cyclics, which suggests that the Lys® side chain is critical
for binding, but it is possible that the smaller ring of
the disulfide has moved the Arg® side chain to a position
where it is able to mimic the Lys? side chain. Neverthe-
less, the binding affinity of compound 23 is still 5-fold
less than that of compound 2, so both basic side chains
may be contributing to the binding.

Table 5 also illustrates the effect of structural modi-
fications proximate to the disulfide (i.e., cysteine versus
penicillamine). Specifically, removal of the 8,5-dimethyls
from Pen!? in compound 23 by replacement with a
cysteine residue, as in compound 24, resulted in a 10-
fold loss in binding affinity. It could be postulated that
the penicillamine §,8-dimethyl groups may be binding
in the same pocket as the methyl groups of Tlel2
(compound 1). Interestingly, compound 25 exhibited a
50-fold decrease in NT binding affinity relative to
compound 23 and suggested the possibility that the §,5-
dimethyls of Pen® effected steric hinderance to ligand-
receptor recognition and/or intramolecular effects to the
conformation of the cyclic NTs-13 analogue which com-
promised binding to the NT receptor, vide infra. Also,
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compound 26 exhibited approximately an 8-fold loss of
affinity with respect to compound 23. This may simply
be an effect of the excess entropy resulting from the
larger ring size.

Intracellular Calcium Mobilization Studies. The
relatively low binding affinity of the cyclic analogues
versus neurotensin, itself or compound 1, precluded the
evaluation of functional activity in an in vivo system.
In lieu of this, several compounds were evaluated for
their ability to stimulate calcium mobilization in HT-
29 cells. NT and compound 1 were shown to be agonists
with ECs0’'s of 12 and 120 nM, respectively. Likewise,
preliminary studies for compounds 2, 18, and 23 re-
vealed that these were able to stimulate intracellular
calcium mobilization with low micromolar ECso’s. In
fact, compounds 1 and 2 were full agonists, using NT
as a control for a full agonist, while compounds 18 and
238 were only partial agonists. Clearly, the receptor
binding affinities observed with 10-day-old postnatal
mouse brain do not correlate directly to the functional
activity observed in HT-29 cells making a concise
evaluation of weaker binding compounds very difficult.
Additional studies with these and other cyclic ana-
logues, including an evaluation of their ability to
stimulate intracellular calcium mobilization, are in
progress and will be published elsewhere.

IH-NMR Studies. While NOE measurements pro-
vide a rich source of structural constraints for small
proteins, their utility for the structural analysis of
peptides is limited, due to the inherent flexibility and
relatively large surface area of these compounds. There-
fore, in order to assess the structural characteristics of
some of these cyclic/constrained NT analogues, coupling
constants and amide proton temperature coefficients
were measured for compounds 2, 3, 23, and 25 (Table
6). Typically, limited conformational averaging can be
inferred if the 3J/xu uq value is less than 6 Hz or greater
than 8 Hz. However, even when this condition is met
3JNHHo Values may be consistent with more than one
distinct dihedral angle, but such ambiguity can be
resolved by determining heteronuclear coupling con-
stants. For compounds 2 and 3, a 13C-edited TOCSY
experiment?**! was used to determine 3Jnm,cs values.
Also, reduced temperature coefficients for exchangeable
protons can be employed to suggest reduced contact with
the solvent. In water, a fully exposed backbone amide
proton is expected to possess a temperature coefficient
of about —10 ppb/K. A smaller temperature coefficient
(closer to zero) indicates reduced exchange with the bulk
solvent and possible involvement in hydrogen bonding
especially when it (AJ/AT) is less than or equal to ~3
ppb/K. Unfortunately, for these compounds the 3J/Nm 1o
values are in the motionally averaged range. Also, the
distinct lack of long-range crosspeaks in the NOESY and
ROESY spectra suggest that all of these compounds are
somewhat flexible. These factors have precluded the
determination of highly refined structures, although
some interesting trends do exist and deserve comment.

Compounds 2 and 3 have 17 and 16 membered rings,
respectively, and as expected for such large cyclic
systems both are somewhat flexible. As might be
anticipated from a comparison of the two peptides, the
smaller of the two, compound 8, has some spectral
features that are consistent with a greater degree of
conformational rigidity. The 3J/nuuq values for Lys® (2.6
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Table 6. Proton NMR Data for Compounds 2, 3, 23 and 25

resi- 3JNHHo 3JNH.Cﬁ AS/AT SNH (ppm)
due (Hz) (Hz) (ppb/K) 288K 293K 298 K 308 K

Compound 2
Arg8 8.0 1.0 -8.0 820 8.12
Lys? 59 -8.0 827 8.19
11 7.0 1.5 -4.0 17.88 7.84
Glu!? 8.7 0.6 -6.0 7.92 7.86
Leut? 8.3 15 -9.0 8.03 7.94
Compound 3
Arg8 6.4 -83 1752 7.43
Lys® 2.6 -7 8.6 8.58
Trp!! 8.1 1.8 -12 744 7.43
Asp!? 9.4 1.6 -5.2 8.38 8.33
Leul? 7.7 2.9 -38 1731 7.27
Compound 23
Cys? major: 6.3 -7.0 9.18 9.05 8.98
minor: 8.2 -8.0 898 8.90
Trp!! major: 6.7 -120 8.01 7.88 1.7
minor; 6.5 -8.0 877 8.69
Pen!? major: 9.1 -4.0 777 7.73 17.69
minor; 8.1 -30 17865 7.68
Leu!? major: 6.7 -6.5 841 8.35 828
minor: 7.5 -95 8.68 8.58
Compound 25
Pen® major: 7.4 -7.0 868 8.71
minor: 10.0 -8.0 8.62 8.66
Trp!! major: 8.3 -80 6.80 6.84
minor: 11.0 -7.8 7.68 772
Penl? major: 7.0 -44 765 768
minor: 10.3 -2.0 872 873
Leu!® major: 7.6 -92 858 8862
minor: 6.2 -5.8 837 840

Hz) and Asp!? (9.4 Hz) lie outside the range expected
for motional averaging. Furthermore, for compound 3,
the Trp!! and Leul® residues have relatively small
amide proton temperature coefficients of —1.2 and —3.8
ppb/K, respectively. In compound 2, all of the 1H-NMR
parameters are indicative of a more flexible peptide.
However, it should be noted that, with the exception of
the Leul® amide proton temperature coefficient, the
same trend is observed for compounds 2 and 3 (e.g., for
both compounds the residues Lys® and Glu/Aspl2 pos-
sesses the smallest and largest 3%/nu nq values, respec-
tively, and Trp!! possesses the smallest amide tempera-
ture coefficient). This suggests that while compound 2
is more flexible than compound 3, they may both share
one or more common three-dimensional conform-
ation(s). Interestingly, both peptides show strong Lys®uq
to Prol%y, NOE’s indicating a cis amide bond between
Lys® and Prol®. Linear proline-containing peptides
commonly exhibit cis and trans isomers that are in slow
exchange (relative to the chemical shift time scale), but
for compounds 2 and 3, these peptides exist exclusively
in the cis-proline conformation.

Compounds 23 and 25 represent two extremes in
terms of NT receptor binding affinity (Table 5) for the
14-membered ring disulfide-cyclized NT analogues, yet
they only differ by two methyl groups. A critical
examination of the 'H-NMR data in Table 6 reveals that
several interesting features exist. First, both com-
pounds 23 and 25 exist as a major (~80%) and minor
(~20%) isomer on the 'H-NMR time scale. In the case
of compound 25, the major isomer has a trans-proline
and the minor has a cis-proline amide bond. This is
based upon the strong NOE’s observed between Pen®g,—
Prol%; and Pen®y,—Prol%y,, respectively. (The equiva-
lent NOEs could not be identified for compound 23 due
to poor signal-to-noise and spectral overlap.) For both
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of the peptides the major isomer has medium sized
3JnH,H« Values (except for Pen!? in 28 and Trp!! in 25)
and large amide proton temperature coefficients. Both
of these observations are consistent with motional
averaging. Two features distinguish the major isomers
of compounds 28 and 25 and suggest that their pre-
ferred conformations are not identical. First, the only
residues that display 3Jnmy uo values greater than 8 Hz
are Pen!? in compound 23 and Trp!! in compound 25,
vide supra. Secondly, a 1 ppm chemical shift difference
exists between the NH resonances of Trp!! in the major
isomers of compounds 238 and 25.

In contrast to the major isomers, several differences
in chemical shifts and coupling constants are even more
obvious in the minor isomers. For example, the minor
(cis) isomer of compound 25 has large 3Jny u values
for all of the amino acids in the cyclic portion of the
molecule (Table 6). This limits the allowed conforma-
tional space for the ¢ angle from approximately —170°
to —80°. This further suggests that the backbone
conformation of the minor isomer of compound 25 is well
defined, at least with respect to the other cyclic NT
peptides discussed here. Also, the Pen!? amide proton
in the minor isomer has the smallest temperature
coefficient (—2.0 ppb/K) of any of the these analogues.
For all of the peptides presently investigated, the minor
conformer of compound 28 is clearly the most confor-
mationally constrained. Due to the relatively low
abundance (15—20%) of this conformer, we could not
determine meaningful NOE’s for structural analysis.
Currently, we are optimizing conditions for the struc-
tural analysis of these peptides.

Conclusions

We report the synthesis of several conformationally
constrained cyclic neurotensin fragment (NTg-13) ana-
logues, several of which possess nanomolar binding
affinities at the NT receptor. Specifically, compounds
2, 10, and 23 are the only cyclic peptides of the
C-terminal hexapeptide that have been shown to pos-
sess low nanomolar affinity for the NT receptor. These
analogues provide further evidence that a reverse-turn
in the C-terminal hexapeptide in NT may be important
for NT binding.?” It is interesting that compounds 2
and 23, which are structurally very different, have
similar binding affinities. These compounds may pro-
vide novel molecular probes to further investigate NT
receptor pharmacology, as well as further advance our
understanding of the structure—conformation relation-
ships of NT and establish a working basis for future
pharmacophore mapping studies. To this extent, future
molecular modeling and IH-NMR studies of these
compounds may provide some insight toward the iden-
tification of the three-dimensional structural require-
ments for NT binding. Such work will extend previous
studies?” which implicated reverse-turn type conforma-
tional preferences within a series of linear NTs ;3
analogues as a result of modifications of the Prol0-Tyr!l
dipeptide. Future studies will be directed at the design
of NTs-13 pseudopeptides and peptidomimetics that may
exploit such structure—conformation relationships in
the discovery of yet more effective NT agonists.

Experimental Section

General. All reagents and solvents were purchased from
commercial sources unless otherwise specified. Solvents were
of reagent or HPLC grade as indicated. All amino acids and
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substituted peptide resins were purchased from commercial
sources, used without further purification, and amino acids
were of the L configuration unless indicated. Routine *H-NMR
spectra were obtained on a Bruker AM-250 spectrometer, and
all samples were dissolved in DsO or DMSO-ds, as indicated.
Mass spectra were recorded on a VG Analytical 7070E/HF, a
VG Masslab Trio-2A, or a Fisons VG Trio200 mass spectrom-
eter. Amino acid analyses were performed on an Applied
Biosystems International (ABI) 420H derivatizer with a 130A
separation system.

Peptide Synthesis Method A (PAM Resin). The pep-
tides were prepared by standard solid phase peptide methodol-
ogy*? on an ABI 430A peptide synthesizer using the N*-¢-Boc
N-hydroxybenzotriazole (HOBt), N-methylpyrrolidone (NMP)
strategy (Version 1.40). Single couplings were performed with
4 equiv of the suitably protected amino acid activated ester
formed by reaction with N,N ’-dicyclohexylcarbodiimide (DCC)
and HOBt. A typical cycle for the coupling of an individual
amino acid was as follows: (1) activation of the next amino
acid to be coupled with DCC and HOBt; (2) deprotection of
the amino acid on the resin with 50% trifluoroacetic acid (TFA)
dichloromethane (DCM) + indole (1 mg/mL, used as a scav-
enger); (3) washes with DCM and neutralization with 10%
diisopropylethylamine (DIEA)/DCM; (4) coupling of the HOBt
activated ester in NMP; (5) five washes with NMP and capping
with 10% acetic anhydride (Ac;0)/DCM. The N-terminal Boc
group was removed with 50% TFA/DCM, and the resin was
neutralized with 10% DIEA/DCM (except for peptides to be
cyclized by cyclization method A). The resin was then washed
with DCM and dried under reduced pressure.

Peptide Synthesis Method B (Sasrin Resin%®). Sasrin
resin (1 g, 1 mmol) was placed in a shaker vessel and washed
with 3 x 25 mL of DCM. The first coupling was performed
using 3 equiv of the Fmoc-protected amino acid, 3 equiv of
N,N ’-diisopropylcarbodiimide (DIC), and 0.3 equiv of 4-(di-
methylamino)pyridine (DMAP), in 25 mL of DCM overnight.
The resin was then rinsed with N,N-dimethylformamide
(DMF) (8 x 25 mL). The Fmoc group was removed by
treatment with 20% piperidine/DMF for 1 and 10 min (2 x 25
mL). Amino acids were successively coupled using 3 equiv of
2-(1H-benzotriazol-1-y1)-1,1,3,3-tetramethyluronium hexafluo-
rophosphate (HBTU),* 3 equiv of DIEA, and 3 equiv of the
amino acid (N°-Fmoc-protected, Arg and Lys side chains
protected as the tosyl and ¢-Boc derivatives, respectively) in
DMTF for 60 min, followed by Fmoc deprotection. After the
final Fmoc deprotection, the resin was washed with DMF (3
x 25 mL) and DCM (3 x 25 mL) and was dried under reduced
pressure,

Resin Cyclization, Method A (Side Chain to Side
Chain, PAM Resin). To deprotect the Fmo-ester-protected
side chains of Glu and Lys, 25 mL of 20% piperidine/DCM was
added to a shaker vessel containing the resin, and the mixture
was shaken for 15 min and drained. Another 25 mL of 20%
piperidine/DCM was added to the shaker vessel, and the
mixture was shaken for 30 min. The vessel was drained and
washed with DCM (8 x 25 mL) and DMF (8 x 25 mL). For
side chain to side chain cyclizations, the resin was suspended
in 25 mL of DMF, and 400 uL of DIEA was added followed by
270 mg of HOBt and 300 uL of DIC. The mixture was shaken
continuously, and the solvent/reagents were changed every 24
h until the resin yielded a negative Kaiser test.*5 The vessel
was then drained, and the resin was washed with DMF (3 x
25 mL) and DCM (3 x 25 mL). To deprotect the N-terminal
t-Boc group, 25 mL of 50% TFA/DCM was added, and the
mixture was shaken for 15 min. The vessel was drained,
another 25 mL of 50% TFA/DCM was added, and the mixture
was shaken for an additional 30 min. The vessel was drained,
and the resin was washed with DCM (38 x 25 mL), 10% DIEA/
DCM (3 x 25 mL), and DCM (3 x 25 mL), and the resin was
dried under reduced pressure.

Resin Cyclization, Method B (Side Chain to N-Termi-
nus, PAM Resin). To deprotect the Fmo-ester-protected side
chains of Glu or Asp, 25 mL of 20% piperidine/DCM was added
to a shaker vessel containing the resin, and the mixture was
shaken for 15 min and drained. Another 25 mlL of 20%
piperidine/DCM was added to the shaker vessel, and the
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mixture was shaken for 30 min. The vessel was drained and
washed with DCM (3 x 25 mL) and DMF (38 x 25 mL). The
resin was suspended in 25 mL of DMF, and 400 uL of DIEA
was added followed by 270 mg of HOBt and 300 L of DIC.
The mixture was shaken continuously, and the solvent/
reagents were changed every 24 h until the resin yielded a
negative Kaiser test.** The vessel was then drained, and the
resin was washed with DMF (3 x 25 mL) and DCM (3 x 25
mL) and dried under reduced pressure.

Peptide Cleavage Method A (PAM Resin). The peptides
were removed from the resin and the side chains deprotected
by treatment with 90% anhydrous hydrogen fluoride (HF) and
10% scavengers (3-methylindole and anisole) at 0 °C for 1 h.
Nitrogen was bubbled through the mixture to evaporate the
HF, and the residue was triturated with 75 mL of Et,O and
filtered. The crude precipitate was dissolved in 70% CH;CN/
H;0 + 0.1% TFA and filtered, and the solvent was removed
under reduced pressure. The residue was resuspended in
~100 mL of H;O and lyophilized.

Peptide Cleavage Method B (Sasrin Resin®®). A solu-
tion of 1% TFA/DCM (20 mL) was added to the resin in a
shaker vessel, and the mixture was agitated for 10 min and
drained. This procedure was repeated three times, and the
combined eluants were evaporated under reduced pressure.
The residue was resuspended in ~100 mL of H;O and
lyophilized.

Solution Cyclization, Method C (Disulfides). The crude
lyophilized peptide after HF cleavage (peptide cleavage method
A) (~300 mg) was dissolved in 2.5 L of H20O, and the pH was
adjusted to 8.5 with 1 N potassium hydroxide (KOH). Dithio-
threitol (DTT, ~200 mg) was added, and the mixture was
stirred for 1 h. Potassium ferricyanide (KsFe(CN), 500 mg
in 100 mL of HyO) was then added dropwise to the solution
while the pH was maintained at ~8—9 with 1 N KOH until a
pale yellow color was maintained for 60 min. At this point,
the pH was then adjusted to 4.5 with glacial acetic acid, and
the solution was stirred for 10 min with an excess of BioRad
AG4-X4 anion exchange resin (~10-fold). The solution was
filtered and passed through a C18 cartridge preequilibrated
with H2O. The absorbed cyclic peptide was eluted with 70%
CH3;CN/H:0O + 0.1% TFA, concentrated under reduced pres-
sure, resuspended in HzO (~100 mL), and lyophilized.

Solution Cyclization, Method D (C-Terminus to N-
Terminus). A solution of the linear peptide (240 mg) in 30
mL of DMF was added dropwise with stirring over 60 min to
a solution of (benzotriazol-1-yloxy)tris(dimethylamino)phos-
phonium hexafluorophosphate (BOP)3846 or HBTU* (0.6 mmol,
3 equiv) and DIEA (0.6 mmol, 3 equiv) in 200 mL of DMF at
0 °C. The reaction was followed by analytical HPLC, which
showed the disappearance of starting material after 60 min.
The reaction mixture was allowed to slowly warm to room
temperature, the solvent was removed under reduced pressure,
and the peptide was lyophilized from Hz0 (~100 mL). The
side chain protecting groups were then removed with HF as
described above (peptide cleavage method A).

Peptide Purification. The crude peptide was dissolved
in approximately 3—5 mL of H)O + 20% CH;CN (with
increasing amounts of CH3CN as needed for dissolution) and
chromatographed on a Vydac 218TP1022 (2.2 x 25.0 cm)
preparative HPLC column. A linear gradient of 0.1% TFA/
water to 0.1% TFA/CH;CN was used to elute the peptide from
the column. A flow rate of 15 mL/min was maintained on a
Waters 600E System Controller, and the absorbance of the
eluant at 214 and 280 nm was recorded on a Waters 490E
programmable multiwavelength detector. Individual fractions
were collected and analyzed by analytical HPLC. Appropriate
fractions were combined and concentrated under reduced
pressure, diluted with HyO, and lyophilized to give the purified
peptide.

Peptide Characterization. The peptides were assayed
for purity by analytical HPLC on a Vydac 218TP54 (0.46 x
25.0 cm) analytical HPLC column connected to a Waters 600E
system controller with a Waters 490E programmable multi-
wavelength detector. A gradient of 20—86% B over 22 min (A
= 0.1% TFA/H:0, B = 0.1% TFA/CH3CN) was used with a flow
rate of 1.5 mL/min. The purity of the peptides was confirmed
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by capillary zone electrophoresis (CZE) using an ABI 270A
capillary electrophoresis system with a 72 ¢m capillary at +20
kV and a buffer of 20 mM sodium citrate, pH 2.5. The peptides
were also analyzed by fast-atom bombardment (FAB) or
electrospray (ES) mass spectrometry, amino acid analysis
(AAA), and 'H-NMR. Values found were in good agreement
with the predicted values.

Compound 2 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical, RP-HPLC, ¢g 8.07 min; purity, 91% at
214 nm. CZE: tg 17.54 min; purity, >99% at 214 nm. MS
(ES, m/z). 809.8 [MH]*. AAA and 'H-NMR (D;0) were
consistent with the proposed structure.

Compound 3 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢g 9.16 min; purity, 90% at
214 nm. CZE: tg 9.44 min; purity, 89% at 214 nm. MS (FAB,
m/z): 796.4 [MH]*. AAA and !H-NMR (D,0) were consistent
with the proposed structure.

Compound 4 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢z 5.18 min; purity, 97% at
214 nm. CZE: ¢g 9.18 min; purity, 95% at 214 nm. MS (FAB,
m/z). 754.3 [MH]*. AAA and H-NMR (DMSO-dg) were
consistent with the proposed structure.

Compound 5 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢ 10.18 min; purity, 95%
at 214 nm. CZE: tg 12.68 min; purity, >99% at 214 nm. MS
(FAB, m/z): 753.8 [MH]*. AAA and 'H-NMR (DMSO-d¢) were
consistent with the proposed structure.

Compound 6 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢z 13.33 min, purity, 90%
at 214 nm. CZE: ¢z 6.06 min; purity, 95% at 214 nm. MS
(FAB, m/z): 697.6 [MH]*. AAA and 'H-NMR (DMSO-d¢) were
consistent with the proposed structure.

Compound 7 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢ 10.63 min; purity, >99%
at 214 nm. CZE: tg 17.32 min; purity, >99% at 214 nm. MS
(ES, m/z): 682.6 [MH]*. AAA and 'H-NMR (DMSO-ds) were
consistent with the proposed structure.

Compound 8 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢y 6.77 min; purity, >99%
at 214 nm. CZE: tg 10.10 min; purity, >99% at 214 nm. MS
(FAB, m/z): 810.7[MH]*. AAA and !H-NMR (DMSO-d¢) were
consistent with the proposed structure.

Compound 9 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical, RP-HPLC, ¢ 7.38 min; purity, 91% at
214 nm. CZE: tr 13.83 min; purity, >99% at 214 nm. MS
(ES, m/z): 867.4 [MH]*. AAA and 'H-NMR (DMSO-ds) were
consistent with the proposed structure.

Compound 10 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢g 9.07 min; purity, 95% at
214 nm, CZE: ¢g 10.58 min; purity, 93% at 214 nm. MS (FAB,
m/z). 8814 [MH]*. AAA and H-NMR (DMSO-ds) were
consistent with the proposed structure.

Compound 11 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢g 7.88 min; purity, 90% at
214 nm. CZE: tg 14.78 min; purity, 93% at 214 nm. MS (FAB,
m/z). 824.8 [MH]*. AAA and 'H-NMR (DMSO-d¢) were
congistent with the proposed structure.

Compound 12 was synthesized using peptide synthesis
method A, cyclization method B, followed by peptide cleavage
method A. Analytical; RP-HPLC, g 9.42 min; purity, 94% at
214 nm. CZE: tg 9.41 min; purity, 90% at 214 nm. MS (ES,
m/z): 405.7 [M + 2H]?*. AAA and 'H-NMR (DMSO-d;) were
consistent with the proposed structure.

Compound 13. N®-Boc-homoglutamic acid y-Fmo ester
(homoglutamic acid (Hgl) = 2-aminoadipic acid) was prepared
according to the procedure of Al-Obeidi et al.4” Compound 13
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was synthesized using peptide synthesis method A, cyclization
method B, followed by peptide cleavage method A, Analytical;
RP-HPLC, ¢ 10.47 min; purity, 93% at 214 nm. CZE: ¢g 6.04
min; purity, >99% at 214 nm. MS (ES, m/z): 823.8 [MH]*.
AAA and 'H-NMR (DMSO-dg) were consistent with the
proposed structure.

Compound 14 was synthesized using peptide synthesis
method A, followed by peptide cleavage method A. Analytical;
RP-HPLC, ¢g 6.78 min; purity, 95% at 214 nm. CZE: ¢z 10.03
min; purity, 96% at 214 nm. MS (FAB, m/z): 869.5 [MH]*.
AAA and 'H-NMR (DMSO-dg) were consistent with the
proposed structure.

Compound 15 was synthesized using peptide synthesis
method A, followed by peptide cleavage method A. Analytical;
RP-HPLC, ¢g 6.13 min; purity, >99% at 214 nm. CZE: ¢ 12.27
min; purity, >99% at 214 nm. MS (FAB, m/z): 842.9 [MH]".
AAA and 'H-NMR (DMSO-ds) were consistent with the
proposed structure.

Compound 16 was synthesized using peptide synthesis
method B, peptide cleavage method B, followed by cyclization
method D. Analytical; RP-HPLC, #r 9.73 min; purity, 98% at
214 nm. CZE: ¢g 9.46 min; purity, 98% at 214 nm. MS (FAB,
m/z): 794.7 [MH]*. AAA and 'H-NMR (DMSO-d¢) were
consistent with the proposed structure.

Compound 17 was synthesized using peptide synthesis
method B, peptide cleavage method B, followed by cyclization
method D. Analytical; RP-HPLC, ¢g 9.95 min; purity, 96% at
214 nm, CZE: tr 13.06 min; purity, 97% at 214 nm. MS (FAB,
m/z): 799.7 [MH]*. AAA and H-NMR (DMSO-ds) were
consistent with the proposed structure.

Compound 18 was synthesized using peptide synthesis
method B, peptide cleavage method B, followed by cyclization
method D. Analytical, RP-HPLC, ¢g 13.04 min; purity, >95%
at 214 nm. CZE: tr 13.96 min; purity, 95% at 214 nm. MS
(ES, m/z). 638.4 [MH]*. AAA was consistent with the
proposed structure.

Compound 19 was synthesized using peptide synthesis
method A, cyclization method A, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢g 9.38 min; purity, 98% at
214 nm. CZE: tg 7.34 min; purity, 93% at 214 nm. MS (ES,
m/z). 823.5 [MH]*. AAA and 'H-NMR (DMSO-d¢) were
consistent with the proposed structure.

Compound 20 was synthesized using peptide synthesis
method A, cyclization method A, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢g 9.43 min; purity, 92% at
214 nm. CZE: tg 10.30 min; purity, 95% at 214 nm. MS (FAB,
m/z): 824.5 [MH]*. AAA and 'H-NMR (DMSO-dg) were
consistent with the proposed structure.

Compound 21 was synthesized using peptide synthesis
method A, cyclization method A, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢z 9.28 min; purity, >99%
at 214 nm. CZE: tr 9.99 min,; purity, 99% at 214 nm. MS
(FAB, m/z): 824.5 [MH]*. AAA and 'H-NMR (DMSO-dg) were
consistent with the proposed structure.

Compound 22 was synthesized using peptide synthesis
method A, cyclization method A, followed by peptide cleavage
method A. Analytical; RP-HPLC, ¢g 9.26 min; purity, 95% at
214 nm. CZE: tg 10.71 min, purity, 93% at 214 nm. MS (FAB,
m/z). 824.6 [MH]*. AAA and 'H-NMR (DMSO-ds) were
consistent with the proposed structure.

Compound 23 was synthesized using peptide synthesis
method A, peptide cleavage method A, followed by cyclization
method C. Analytical; RP-HPLC, ¢g 10.69 min; purity, 99%
at 214 nm. CZE: tg 7.10 min; purity, 98% at 214 nm. MS
(FAB, m/z): 818.5 [MH]*. AAA and H-NMR (D,0O) were
consistent with the proposed structure.

Compound 24 was synthesized using peptide synthesis
method A, peptide cleavage method A, followed by cyclization
method C. Analytical; RP-HPLC, ¢g 9.28 min; purity, 99% at
214 nm. CZE: ¢gr 14.95 min; purity, 98% at 214 nm. MS (ES,
m/z): 789.3 [MH]*. AAA and 'H-NMR (DMSO-ds) were
consistent with the proposed structure.

Compound 25 was synthesized using peptide synthesis
method A, peptide cleavage method A, followed by cyclization
method C. Analytical; RP-HPLC, ¢g 9.33 min; purity, 98% at
214 nm. CZE: ¢g 6.03 min; purity, 98% at 214 nm. MS (FAB,
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m/z): 845.6 [MH]*. AAA and 'H-NMR (DMSO-d¢) were
consistent with the proposed structure.

Compound 26 was synthesized using peptide synthesis
method A, peptide cleavage method A, followed by cyclization
method C. Analytical; RP-HPLC, ¢g 11.95 min; purity, 98%
at 214 nm. CZE: ¢g 6.70 min; purity, 99% at 214 nm. MS
(FAB, m/z): 931.4[MH]*. AAA and *H-NMR (DMSO-dg) were
consistent with the proposed structure.

NMR Measurements for Structural Studies. The NMR
spectra were acquired on a Bruker AMX500 spectrometer
using 2 mg of peptide dissolved in 0.5 mL of Hy0/5% D20. The
proton chemical shifts were referenced to tetramethylsilane
(TMS) at 0.00 ppm, and the water signal was presaturated
during acquisition. Proton assignments were based on the
TOCSY* experiment acquired into 512 t1 blocks of 2048 t2
data points using a 7 kHz MLEV-174® spin lock field applied
at the transmitter frequency (ca. 4.76 ppm) for 65 ms.
Sequential assignments were based on the rotating frame
nuclear Overhauser spectroscopy (ROESY)* experiment (512
t1 blocks of 2048 t2 data points). A 4 kHz continuous wave
spin-lock field was applied during the 250 ms mixing time at
the transmitter frequency. The temperature dependence of
the amide protons was determined by acquiring proton spectra
at 5° increments between 288 and 308 K. Homonuclear
coupling constants were measured directly from the resolution-
enhanced proton spectra (Gaussian broadening (GB) = 0.6, line
broadening (LB) = —6). Heteronuclear coupling constants
were measured from the 1*C-edited TOCSY*! spectra at natural
abundance of the !*C nuclei. The pulse sequence includes
BIRD type heteronuclear editing to select protons attached to
13C nuclei followed by a conventional TOCSY pulse sequence.

Neurotensin Binding Assay. [PHINT (107.2 Ci/mmol) or
[125]-Tyr3INT (2200 Ci/mmol) was obtained from Dupont-New
England Nuclear, Boston, MA. Membranes were prepared
according to the methods of Mazella et al.5° with minor
modifications. Briefly, seven frozen 10-day-old postnatal
mouse brains were thawed and the cerebellum removed. The
membranes were homogenized in 20 volumes of ice cold 5 mM
tris(thydroxymethyl)aminomethane (TRIZMA) buffer, pH 7.5
(buffer A). The homogenates were centrifuged at 100000g for
15 min at 4 °C. Resulting pellets were resuspended in the
same volume of buffer and recentrifuged as above, twice
repeated. Final pellets were resuspended in 1 g wet weight
in each milliliter of buffer B (50 mM TRIZMA, pH 7.4, 0.1%
bovine serum albumin (BSA), 0.2 mM bacitracin, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM phenanthro-
line, 0.3 mM toluenesulfonyl fluoride (PMSF)) and used for
the assay.

To label the NT receptor, PHINT or [125I-Tyr®INT (0.20 nM
or 0.21 nM final concentration, respectively) was used. (In
general, [PHINT was used for all the analyses, with the
exception of compounds 2, 20, and 21 for which ['2I-Tyr’]NT
was the radioligand.) The binding assay was slightly modified
from that of Kitabgi et al.5* Briefly, 25 4L of [3H]ligand, 25
uL of either drug or buffer, and 200 uL of brain membranes
(all diluted with ice cold buffer B) were added to polypropylene
microtubes (96-well microplate format; total volume 250 xL).
Incubation proceeded for 30 min at 25 °C and was terminated
by rapid filtration through Whatman GF/B glass fiber filters
which had been presoaked for 1 h in 0.5% polyethylenimine.
Radioactivity on the filters was determined on a y or 3 counter
following the addition of liquid scintillation cocktail. Under
these conditions 96% specific binding was observed for [125]-
Tyr?]INT and 90% specific binding for [*HINT. Nonspecific
binding was determined using 1 uM NT. Binding affinities
for NT standards were determined from competition curves.

Cellular Calcium Measurements. Changes in [Ca2t];
were determined with the Ca?*-sensitive dye fura-2/AM and
a Proton Technology International Photoscan-2 dual excitation
spectrofluorometer. The protocol followed was essentially that
of Turner et al.52 Briefly, a suspension of HT-29 cells pelleted
by centrifugation at 1000g was washed in a balanced salt
solution consisting of 130 mM NaCl, 5§ mM KCl, 1 mM Na,-
HPO,, 15 mM glucose, 10 mM HEPES, 0.1% BSA, 1.0 mM
MgCl;, and 0.2 mM CaCl; at pH 7.4 (solution 1). The pellet
obtained was suspended in a different balanced salt solution
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containing 1.0 mM MgCl; 0.2 mM CaCl;, and 0.1% BSA
(solution 2). To load cells, cell suspensions (3 x 10¢ cells/mL)
were incubated with 2 uM fura-2/AM for 40 min at 37 °Cina
shaking incubator. After washing and resuspension in solu-
tion 2 at the original density, the cell suspensions were further
incubated for 40 min to appropriately allow for the maximal
de-esterification process. Measurement of autofluorescence
was conducted in an equal aliquot of cell suspension taken
through the same steps as in the fura-2/AM-treated suspen-
sion, but without the dye added. After centrifugation, cells
were washed twice in solution 2. The final pellet was
resuspended in a balanced salt solution containing 1.0 mM
MgCl; 1.0 mM CaCl,, and 0.1% BSA. Samples were tempo-
rarily stored in a water bath maintained at 37 °C which was
placed on top of a stir plate. For [Ca?*] measurements, 1 mL
aliquots of fura-2/AM-loaded cells were transferred to quartz
cuvettes and the latter placed in the spectrophotometer to
establish a stable baseline. Compounds were then added to
the cell suspension. A magnetic stir bar was always placed
in each cuvette to allow proper mixing of compounds and to
prevent cells form settling to the bottom.

The [Ca?"]; concentration was determined using the Proton
Technology International Deltascan II spectrofluorometer by
measuring the ratio of fluorescence excited by 340 nm to that
excited by 380 nm (emission was at 505—510 nm). This was
calibrated using the equation developed by Grynkiewicz et
al.5% [Ca?*]; = KpSfa/SboR — Rumin/Rmax — RJ, where Kp =
224 nM, Sf; is the signal of the free fura-2/AM at 380 nm, Sb,
is the signal of the bound fura-2/AM at 380 nm, and R is the
ratio of the fluorescence. Values for Ry, Were obtained from
measurements with a final concentration of 500 nM EGTA (pH
balanced to 7.4 with TRIZMA base) added to the cuvette
containing a 2 mL sample of cells; while Rn.x Was determined
in a different sample of cells after addition of 0.1% Triton-X.
The 340 and 380 nm values for a sample of unloaded cells were
determined to correct for tissue or background autofluores-
cence. Percent of maximal calcium mobilized for each com-
pound was measured and the ECs values determined.
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