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Corticotropin releasing factor (CRF) is a 41-peptide amide which stimulates the release of ACTH
(Valeetal. Science 1981,213,1394). CRF has been postulated to assume an a-helical conformation
upon binding to its pituitary receptor (Hernandez et al. J. Med. Chem. 1993, 36, 2860). We have
exploited this hypothesis in the design of a limited series of cyclic analogues and have taken into
consideration the effects of side-chain deletion (Alanine scan, Kornreich et al. J. Med. Chem. 1992,
35, 1870) as well as of changes in chirality (Rivier et al. J. Med. Chem. 1998, 36, 2851), with the
rationale that side chains necessary for binding could also be replaced by side-chain bridges. In
particular, we have used computer modeling to predict likely side chain bridging opportunities and
evaluated the effects of such replacements by correlating biological results with those derived from
CD spectroscopy. We have synthesized 38 monocyclic peptide amides, competitive antagonists
of human/rat CRF, using solid-phase methodology on MBHA resin. After purification by preparative
RP-HPLC, the peptides were analyzed by RP-HPLC and capillary zone electrophoresis and
characterized by mass spectroscopy and amino acid analysis. CRF antagonists were tested for
their ability to interfere with CRF-induced release of ACTH by rat anterior pituitary cells. Inmost
cases, one of the bridge heads was located at a position where substitution by a D-residue was
tolerated (i.e., positions 12 and 20). It has become clear that careful optimization of bridge length
and chirality is critical. This is best exemplified by the fact that out of the 38 analogues that were
synthesized and tested, only two, {cyclo(20-23) [DPhel?, Glu?, Lys?2 Nle2:38]h/rCRF;2 4, and cyclo-
(20-23)[DPhe!2,Glu2°,0rn23 Nle2!38]h/rCRF 150}, were found to be more potent (3 and 2 times,
respectively) than [DPhe!? Nle?*38]h/rCRF )24, the parent compound. Six analogues belonging to
two different families were found to be half as potent as the standard, 18 had 2-20% of the potency
of the standard, and the others were significantly less potent. CD results of all analogues in 50%
TFE (a concentration of TFE that induced nearly maximum helicity of [DPhe!2 Nle2!#1h/rCRF 2 4)
suggest that while helicity may be an important factor for CRF analogue recognition, little correlation
is found between percent helicity as determined by spectral deconvolution and biological activity

in vitro.

Introduction

Corticotropin releasing factor (CRF) was originally
characterized from ovine hypothalamus by Vale et al. in
1981.} Since then, homologous CRF sequences from
several other mammalianspecies have been either isolated
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t Abbreviations: The abbreviations for the amino acids are in accord
with the recommendations of the IUPAC-IUB Joint Commission on
Biochemical nomenclature (Eur. J. Biochem. 1984, 138,9-37). Thesymbols
represent the L-isomer except when indicated otherwise. In addition:
AcOH, acetic acid; ACTH, adrenocorticotropin hormone; Aib, amino-
isobutyric acid; Boc, tert-butoxycarbonyl; BOP, (benzotriazol-1-yloxy)-
tris(dimethylamino) phosphonium hexafluorophosphate; Bzl, benzyl ester;
Chs, octadecyl; CD, circular dichroism; CH3CN, acetonitrile; CNS, central
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electrophoresis; Dbu, 2,4-diaminobutyric acid; DCHA, dicyclohexylamine;
DCM, dichloromethane; DIC, 1,3-diisopropylcarbodiimide; DIEA, di-
isopropylethylamine; DMF, dimethylformamide; Dpr, 2,3-diaminopro-
pionic acid; EDT, ethanedithiol; Fmoc, 9H-fluorenylmethoxycarbonyl;
HF, hydrogen fluoride; HOBt, 1-hydroxybenzotriazole; HPLC, high-
performance liquid chromatography; h/rCRF, human/ratCRF; i-PrOH,
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ship; SEM, standard error of the mean; TEA, triethylamine; TEAP 2.25,
triethylammonium phosphate with pH adjusted to 2.25; TFA, trifluo-
roacetic acid; TFE, 2,2,2-trifluoroethanol; Tos, p-toluenesulfonyl; 2C1Z,
2-chlorobenzyloxycarbonyl; CNS, central nervous system.
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and characterized or cloned.™° The primary sequence
of human/rat CRF is Ser-Glu-Glu-Pro-Pro-Ile-Ser-Leu-
Asp-Leul0-Thr-Phe-His-Leu-Leu-Arg-Glu-Val-Leu-Glu2-
Met-Ala-Arg-Ala-Glu-Gin-Leu-Ala-GIn-GIn%-Ala-His-Ser-
Asn-Arg-Lys-Leu-Met-Glu-Ile®0-Ile-NH,.  Also, non-
mammalian peptides with homologous sequences have
been isolated and characterized (sauvagine,!!2 the uro-
tensins,!®4 and two diuretic peptides isolated from tobacco
hornworm, Manduca sexta!51%) or cloned.}” These pep-
tides were synthesized and tested for their ability to release
ACTH and were all found to be equipotent in the in vitro
assay reported here.}® Members of the CRF family have
been found to have many additional activities resulting in
the alteration of the cardiovascular system, behavior,
reproduction, gastrointestinal secretion, intestinal motility,
and transjt.1®-2! These peptides are also presentinalarge
number of tissues.2223 Most importantly, CRF is involved
in a wide spectrum of CNS-mediated effects which suggest
that this peptide plays an important role within the brain,
especially during stress.%-2! Because of this diversity of
action, potent competitive antagonists of CRF have been
extremely useful in the study of the physiologic and
pathophysiologicrole of CRF.2+-2% Ultimately, it is hoped
that such analogues will play a major role in the manage-
ment of some stress-related states.2’-32 In view of studies
suggesting that each member of the CRF family possessed
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considerable amphiphilic a-helical stretches,1233:34 Rjvier
et al.2¢ built a chimeric molecule which was found to be
3 times as potent as CRF. On the basis of this structure,
an antagonist, a-helical-CRFg_4; (Asp-Leu-Thr-Phe-His-
Leu-Leu-Arg-Glu-Met-Leu-Glu-Met-Ala-Lys-Ala-Glu-Gln-
Glu-Ala-Glu-Gln-Ala-Ala-Leu-Asn-Arg-Leu-Leu-Leu-Glu-
Glu-Ala-NH,) was designed.2¢ This analogue proved
important by showing marked differences in its ability to
antagonize the actions of CRF in three in vivo bioassay
systems. This suggested the existence of different CRF
receptor subtypes.?®> SAR studies in our laboratories led
to the observation that the introduction of Nle residues
at positions 21 and 38 generated analogues that were
significantly more potent than the a-helical-CRFg 4.3 One
such antagonist, [DPhe!2 Nle2#]h/rCRF 2 4, presently
used as our standard, is ca. 18 times more potent than
a-helical-CRFy 4 in inhibiting the release of ACTH by
rat pituitary cells in culture.?’

A complementary approach to understanding the mecha-
nism of CRF/receptor interaction would be to investigate
the effect of structural constraints on activity and bio-
potency. Three specific issues should be addressed: (i)
the positions in a sequence where bridgeheads should be
introduced, (ii) the chirality of the bridgeheads, and (iii)
the length of the bridge. Because physicochemical evi-
dence (CD), NMR,38 and SAR studies (Na-methylation
and Ca-methylation®) suggest that CRF assumes an
a-helical structure in solution or when interacting with its
receptor, we have searched for structural constraints that
would unequivocally lock such structural motifs into the
overall structure. Side chain—side chain bridging (either
through disulfide or lactam bridges) offers such an
opportunity. Whereas Felix et al.4? took advantage of
putative salt bridges as the rationale for the location of
bridgeheads in GRF, we independently introduced bridge-
heads in GRF at positions where (at least for one of the
bridgeheads) introduction of a D-residue increased po-
tency.4! Here, we report: (a) the hypotheses that led to
the synthesis of 38 constrained analogues of human/
ratCRF;2 4, (b) their relative biological potencies in
inhibiting ACTH release from pituitary cells in culture,
and (c) the conclusions that we can draw as to the nature
of CRF’s bioactive conformation based on CD studies and
molecular modeling. Preliminary results were presented
at the 12th American Peptide Symposium.3?

Results

Peptides Synthesis, Purification, and Character-
ization. Stepwise synthesis of the cyclic peptides was
carried out using manual solid-phase methodology on
methylbenzhydrylamine-resin (MBHA-resin)*2 with tert-
butoxycarbonyl (Boc)-protected amino acids and with 1,3-
diisopropylcarbodiimide (DIC) as coupling agent. OFm/
Fmoc protecting groups were used for the orthogonal
protection of the amino acid side chains used as bridge
heads. Recouplingsand cyclization on the resin were done
using (benzotriazol-1-yloxy)tris(dimethylamino)phospho-
nium hexafluorophosphate (BOP)#? in the presence of
excess diisopropylethylamine (DIEA). Peptides contain-
ing cysteine residues were air-oxidized after HF depro-
tection and cleavage from the resin. Lactam formation
for the other cyclic analogues used essentially two strate-
gies. Inthe firststrategy (5-8,13-15, 18,19, 22-30, 32-35,
38) cyclization was effected upon complete synthesis of
the peptide. In the second strategy (9-12, 16, 17, 20, 31,
36-37) cyclization was achieved immediately after the
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introduction of the last element of the bridge and prior
to completion of the whole sequence. After completion of
the synthesis, the protected, cyclized peptide was cleaved
from the resin in liquid HF in the presence of a scavenger,
extracted, and lyophilized. It is interesting to note that
the first strategy seems to have generated purer compounds
resulting in higher yields. The alternate reasoning behind
using these two strategies was that a more flexible peptide
(i.e., shorter in the case of 9-12, 16, 17, 20, 31, 36-37)
would be more likely to cyclize easily or cyclization would
be favored under conditions whereby the peptide would
assume a more rigid conformation that would favor
proximity of those side chains to be cyclized. Because of
the fact that the location of the bridges was not equivalent
or identical in these two sets of experiments, it is difficult
to assess whether one or the other strategy is clearly better
than the other. A source of structure ambiguity was
pointed out to us by one of the referees who suggested the
possibility of 8-aspartyl linkage for compounds 33-38 as
aresult of activation of the 8-carboxyl of the Asp residue
at position 20 which may proceed through an aspartimide
intermediate. At thispointtwo products may be obtained
(the desired peptide and the corresponding $-aspartyl
derivative) with their ratio depending on steric as well as
electrophilic considerations. The point was particularly
well taken in view of our prior observations (unpublished
results in collaboration with L. Gierasch and J. Rizo) that
B-aspartyl peptides readily formed during the synthesis
of constrained GnRH analogues as demonstrated by NMR
(manuscript in preparation). In the case of GnRH
analogues, however, thisside reaction was never prevalent,
although 50:50 mixes of the desired product and its isomer
could be seen in a few instances. In all GnRH analogues,
the two isomers were readily separable by RP-HPLC.
Analogues 33-38 were submitted to 14 Edman cycles in
order to exclude this possibility. Results clearlyindicated
that we had isolated the desired peptides. Because of the
complexity of the crude mixes, it is impossible to conclude
whether this side reaction did or did not occur to any
significant level in any of the cases presented here. The
fact that this reaction was very significant in dicyclic but
not in monocyclic GnRH analogues, whereby the Asp
containing cycle was formed last, suggests that the
supplemental constraints were responsible for that un-
desired reaction. Crude peptides were purified by pre-
parative reverse-phase HPLC (RP-HPLC) and obtained
as the TFA salts. Compounds were subjected to several
HPLC purification steps using different solvent systems.*
Final preparations of the analogues (yields ranged from
3 to 8% of theory based on resin substitution) were
analyzed for purity using RP-HPLC and CZE (purity as
shown in Table 1) and characterized using optical rotation,
mass spectrometry (all in Table 1), and amino acid analysis
(not shown). Noteworthy was the observation that in
contradistinction with what had been observed with the
introduction of a D-amino acid,*® the optical rotations of
the peptides were significantly influenced by the intro-
duction of structural constraints (internal bridges).
Circular Dichroism Spectra. The CD spectrum of
the standard, [DPhe!2,Nle2!:381h/rCRF 241, was investi-
gated as a function of the concentration of TFE. Asshown
in Figure 1, even in the absence of TFE this peptide
assumes a partially helical structure (20%) as judged by
spectral deconvolution using the method of Yang et al.4é
The theoretical helical content at varying concentrations
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Table 1. Percent Purity Determined by HPLC, Isocratic Retention Times, Capillary Zone Electrophoresis, Specific Rotations, Mass
Spectrometry Data, and Relative Potency for the CRF Cyclic Antagonists

HPLC isoRTat CZE [al®p caled  obsd _Ielative potency in vitro

no. compound (%)* % CHsCN® (%)° (deg)® mass (Da)® (m/z)e antagonist/ 1A¢
1  cyclo(12-15)[Cys!2,Cys!5,Nle21381h/rCRF)5 4 98 3.8at 35.4 99 -16 3481.86 3481.4 0.015 (0.008-0.026) 5
2  cyclo(12-15)[Cys!2,DCys!5,Nle?!381h/rTCRF)5 4 99 3.7at 31.8 97 -8 3481.86 3481.4 0.003 (0.001-0.005) 9
3 cyclo(12-15)[DCys!2,DCys15,Nle? 381 h/rCRF 5o 99 4.0at 31.8 99 -38 3481.86 3482.0 0.025 (0.009-0.063) ND
4 cyclo(12-15)[DCys!?,Cys!5,Nle2138]h/rCRF5 4 98 4.5 at 33.0 98 -24 3481.86 3481.6 0.006 (0.002-0.014) ND
5 cyclo(12-15)[DGlu!?,Lys!5,Nle238]h/rTCRF )2 4 95 3.1at31.8 99 -52 3516.97 3517.1 0.006 (0.002-0.014) 10
6 cyclo(12-15)[DGlu!?,Lys!$ Nle2381h/tTCRF )5 4 98 3.6 at 36.6 98 -24 3473.97 3473.9 0.16 (0.08-0.32) 8
7 cyclo(15-20)[DPhe!?,Lys!5,Glu?0,Nle2138]h/rCRF), 4 98 3.7 at 30.0 99 -66 3535.01 3535.3 <0.001 4
8 cyclo(16-20)[DPhe!? Lys!8,Glu20,Nle2138]h/rCRF5 o 95 4.6 at 36.6 97 ~53 3491.98 3491.9 0.4 (0.2-0.9) 18
9 cyclo(16-20)[DPhe!?,Lys!6,Asp2 Nle2.38]h/rCRF), 4 95 4.2 at 37.2 95 -38 3477.98 3478.1 0.18 (0.075-0.39) 21
10 cyclo(16-20) [DPhe!?,0rn16,Glu®,Nle2!38]h/rCRF;5 o 95 6.1 at 34.3 96 -65 3477.98 3477.30  0.16 (0.07-0.33) 11
11  cyclo(16-20)[DPhe!2,Dbu!é,Glu20,Nle21:38]h/rCRFy, 90 4.7 at 33.6 93 -69 3463.97 3463.85  0.021 (0.006—0.055) 4
12  eyclo(16-20)[DPhe!2,0rn6,Asp?,Nle21381h/rCRF 2 91 3.7 at 33.0 91 -65 3463.97 3463.92  0.001 (0.000-0.004) 2
13  cyclo(16-20)[DPhe!2,DLys!¢,Glu%,Nle2-38]h/rCRFy, 4 95 4.4 at 34.2 95 -30¢ 3491.98 3492.2 0.08 (0.03-0.17) 4
14  cyclo(16-20) [DPhe!2,DLys!8,DGlu®,Nle2t38]h/rCRF), 994 3.2 at 36.0 99 -11t 3492.00 3491.9 0.2 (0.1-0.4) 5
15 cyclo(16-20)[DPhe!?,Lys6,nGlu®,Nle?38]1h/rCRF12 9 99¢ 3.9 at 36.6 99 -21t 3492.00 3491.7 0.4 (0.2-0.8) 6
16 cyclo(16-20)[DPhe!?,Lys!8,DAsp?, Nle2:38]h/rCRF), 4 100 3.5at37.8 99 —41 3477.98 3478.0 0.06 (0.03-0.13) 7
17  cyclo(16-20) [DPhe!2,0rnl6,DAsp?,Nle21:38]h/rCRF, 4 99 4.0 at 34.2 99 —42 3463.97 3464.1 0.006 (0.001-0.019)
18 cyclo(17-20) [DPhe!?,Lys!7,Glu®,Nle2!38]h/rCRF 5 g 95 4.0 at 31.8 99 -55 3519.06 3519.2 0.02 (0.01-0.03) 3

3521.20* 3521.3* <0.001 23
3477.01 3477.0 0.005 (0.001-0.013) 9
3483.93  3484.1 0.008 (0.003-0.02) 15

38at39.0 99  -38
3.0at323 94 53
39at300 99 -27¢

19 eyclo(17-20)[DPhe!?,Lys!7,DGlu®0,Nle?-38]h/rCRF), 4 98¢
20  cyclo(17-20)[DPhe!2,Dbul?,Asp?,Nle2138 h/rCRF 15 ¢ 95
21  eyclo(17-20)[DPhe!2,Cys!?,Cys?,Nle2138]h/rCRFy, 98

22  cyclo(20-25)[DPhe!2,DGlu®,Lys?,Nle238]1h/rCRF 5 ¢ 99 43at384 99 46 3519.06  3519.0 0.05 (0.02-0.1) 25
23 cyclo(20-24)[DPhe!2,DGlu®,Lys?,Nle2138]h/rCRF 5 96 46at360 99 -51 3577.06 3577.1 0.2 (0.1-0.5) 18
24  cyclo(20-23)[DPhe!2,DGlu®,Lys?,Nle2138]h/rCRF 5 98 36at360 99 41 3492.00  3492.0 0.5 (0.3-0.9) 23
25 cyclo(20-23)[DPhe!?,Glu®,Lys?3, Nle2.38]h/rCRF; o 98 4.2at366 98 —49% 349200 34917 2.9 (1.3-6.7) 11
26 cyelo(20-23) [DPhe!?,DGlu®,DLys?,Nle?38]h/rCRF5 98 36at348 99 65 3492.00 34918 0.4 (0.2-0.9) 8
27  cyclo(20-23)[DPhe!2,Glu®,DLys?3 Nle2-3¥]h/rCRF 5 4 98¢ 3.6at40.8 97  -64!  3492.00 34919 0.02 (0.01-0.04) 0
28 cyclo(20-23)[DPhe!2,Lys®,Glu?,Nle21381h/rCRFy 98 39at33.6 99 50t  3492.00 34919 0.12 (0.06-0.25) 6
29 cyclo(20-23)[DPhe!2,DLys?,Glu?3 Nle?13]h/rCRFy; 4 99¢ 3.4at354 99 40t  3492.00 34919 0.12 (0.07-0.22) 1
30 cyelo(20-23)[DPhe!?,DGlu®,0rn2,Nle2%8]1h/rCRFy; 95 33at348 99 65 347798  3478.1 0.2 (0.1-0.3) 1
31 cyclo(20-23)[DPhe!2,DGlu2,Dpr#,Nle?l-#]h/rCRF)y 4 98 40at348 98 -66 3449.95  3450.0 0.25 (0.14-0.46) 1
32 cyclo(20-23)[DPhe!2,Glu®,0rn?,Nle23 h/rCRF1, 98 3.0at354 98 -67 3477.98  3478.1 2.0 (1.2-3.6) 10
33  cyclo(20-23)[DPhe!2,Asp®,Lys?? Nle?1381h/rCRF 1, 4 97¢ 4.7at390 98 -66 3480.10%  3480.1* <0.001 10
34 cyclo(20-23)[DPhe!2,DAsp?,Lys?, Nle2138]h/rCRF 15 ¢ 95 3.0at39.0 97 51 3480.10*  3479.9*  0.022 (0.003-0.07) 13
35 cyclo(20-23)[DPhe!2,DAsp?,0rn?,Nle138]h/rCRFy5 4 98 3.3at342 98 58 3463.97  3464.0 0.4 (0.2-0.7) 1

36 cyclo(20-23)[DPhe!2,DAsp?,Dbu?3,Nle2:3]h/rCRF)y 4 99 3445.95  3450.1
37 cyclo(20-23)[DPhe!2,DAsp?,Dpr?, Nle213]h/rCRF)y 4 88 36at336 8 -T0 3435.93  3436.2 0.11 (0.035-0.34) 5

38 cyclo(20-23)[DPhe!?,Asp?,0rn?3,Nle2381h/rCRF 2 ¢ 98¢ 38at366 98 -68 3463.97  3464.0 0.04 (0.02-0.07) 4

¢ Percent purity determined by HPLC using buffer system. A: TEAP (pH 2.5). B: 60% CH3CN/A with a gradient slope of 1% B/min,
at flow rate of 1.5 mL/min on a Vydac Cjs column (0.46 X 25 cm, 5-um particle size, 300-A pore size or (#) at flow rate of 0.2 mL/min on a
Vydac C,3 column (0.21 X 15 mm. 5-um particle size, 300-A pore size). Detection at 210 nm. ? Isocratic retention times in minutes using buffer
system. A: 0.1% TFA/H;0. B: 0.1% TFA in CH3CN/H:0 (60:40). Results are reported in terms of retention time at a shown concentration
of CH3CN at 2 mL/min using a Vydac Cjg column (0.46 X 25 cm, 5-um particle size, 300-A pore size). Detection at 210 nm. ¢ Field strength
of 15 kV at 30 °C, mobile phase: 100 mM sodium phosphate pH 2.50, on a fused silica capillary (363-um o.d. X 75-um i.d. X 60-cm length).
Detection at 214 nm. ¢ Measured in 1% or in 50% (}) acetic acid. ¢ The observed m/z of the monoisotope compared with the calculated [M
+ H]* monoisotopic mass. The average m/z compared with the calculated [M + H]* average mass is indicated by an asterisk (*). f Potencies
are relative to that of [DPhe!2,Nle2138)rCRF 5.4, with 95% confidence limits in parentheses. £ Intrinsic activity expressed as a percent of that
of oCRF.

35at348 99 -66 0.4 (0.17-0.93) 3

80 100 studies of r/hCRF carried out under very similar conditions
2% by Romier et al. and where they found that the extended
6.0 § : [ = N N-terminal (residues 1-5) connected to a well-defined
® b a-helix between residues 6 and 36 with the five C-terminal
401 ° residues assuming no structure or the 78 % helicity found

©

20 4 & 0 10

201 % TFE (V) in 100% TFE for the whole human/rat CRF using CD.3¢

Thus, we judged that zero and 50% TFE would be
convenient standard concentrations for investigating the
effect of side chain bridge introduction on peptide
secondary structure. Consequently, the CD spectra of all
of the cyclic compounds reported here, with the exception
49 4 y - 4 4 of 23, were measured in aqueous and 50% TFE solution.

b 0 o = =0 2o 20 As shown in Table 2, significant 8 sheet and random coil
type structures characterize all of the compounds under
aqueous conditions with only compounds 6, 9, and 16
having a-helical structure in excess of 20%. Alternatively,

0.0

2.0

Ellipticity {deg-cm? dmol-1 x 104)

Wavelength (nm)

Figure 1. CD spectrum of the standard, [DPhe!2,Nle?3]rCRF}5 4
as a function of the concentration of TFE: 0% TFE, open circles;

10% TFE, closed boxes; 20% TFE, open triangles; 50% TFE,
closed circles. Insert: The theoretical helical content at varying
coilscentrations of TFE was calculated by the method of Yang et
al.

of TFE, plotted in the inset to Figure 1, attains a value
of 62% at a TFE concentration of 50% (v/v). This value
is lower than the expected one (76%) based on NMR

in 50% TFE, significant a-helical structure is induced in
all compounds with concomitant reduction in 8 sheet and
turn structures. No obvious correlation can be found
between biological activity and secondary structural
features observed in CD.

Molecular Modeling. As a heuristic aid in the design
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Table 2. Calculated Secondary Structural Components in
Aqueous and 50% TFE solution®

aqueous solution 50% TFE solution
compd « g turn random « g turn random
1 0.07 044 0.03 0.46 0.62 0.00 0.00 0.38
2 0.09 046 0.00 0.44 0.58 0.00 0.00 0.42
3 0.12 0.26 0.06 0.57 0.58 0.00 0.00 0.42
4 012 0.22 0.11 0.55 0.70 0.00 0.00 0.30
5 0.10 0.24 0.08 0.58 0.62 0.00 0.00 0.38
6 032 0.26 0.00 0.42 0.69 0.00 0.00 0.31
7 0.00 0.50 0.00 0.50 056 0.00 0.00 0.44
8 0.19 0.26 0.12 0.43 0.65 0.00 0.00 0.35
9 021 0.28 0.08 0.43 0.65 0.00 0.00 0.35
10 0.04 0.26 0.09 0.61 0.57 0.00 0.00 0.43
11 0.03 032 0.10 0.55 0.53 0.00 0.00 0.47
12 0.00 0.48 0.00 0.52 0.51 0.01 0.00 0.48
13 0.06 0.48 0.00 0.45 0.67 0.00 0.00 0.33
14 0.06 0.47 0.00 0.47 0.67 0.02 0.00 0.31
15 0.03 0.35 0.05 0.57 0.69 0.00 0.00 0.31
16 0.26 0.00 0.13 0.61 0.8 0.00 0.00 0.11
17 0.06 0.27 0.10 0.57 0.65 0.00 0.00 0.35
18 0.00 0.35 0.09 0.56 0.53 0.00 0.00 0.47
19 0.00 0.34 0.08 0.58 0.62 0.00 0.00 0.38
20 0.02 0.37 0.08 0.53 040 0.12 0.00 0.48
21 0.00 0.45 0.05 0.50 041 0.04 0.00 0.55
22 0.00 0.38 0.12 0.50 0.40 0.09 0.03 0.48
23 ND ND
24 0.00 0.44 0.06 050 0.34 028 0.00 0.38
25 0.00 0.60 0.00 039 042 017 0.00 041
26 0.00 0.46 0.08 0.46 047 0.16 0.00 0.37
27 0.00 0.44 0.06 050 038 0.11 0.00 0.51
28 0.00 0.24 0.18 0.58 0.50 0.00 0.00 0.50
29 0.00 0.39 0.08 0.53 0.62 0.00 0.00 0.38
30 0.06 0.19 0.12 0.62 0.50 0.00 0.00 0.50
31 0.08 0.19 0.14 0.59 051 0.00 0.00 0.49
32 0.04 035 0.06 0.55 0.50 0.00 0.00 0.50
33 0.19 0.06 0.019 0.56 0.59 0.00 0.00 0.41
34 0.06 0.53 0.00 0.41 0.52 0.09 0.00 0.39
35 0.06 0.57 0.01 0.37 0.47 0.03 0.00 0.50
36 0.07 0.23 0.12 0.58 0.61 0.00 0.00 0.39
37 0.05 0.27 0.12 0.56 046 0.06 0.00 0.48
38 0.00 0.58 0.01 0.41 0.33 0.24 0.00 0.43

@ Spectra were deconvoluted with the program PROSEC (Aviv
Associates) using the reference spectra of Yang et al.48

and optimization of side chain bridging functions, the
structural consequences of the introduction of i - (i + 3),
i-(@+4),andi- (I +5) disulfides or lactams of varying
bridge length were investigated. A computer model of an
idealized o helical conformation [({,¢) = (—65,-40)] of
tetradecaalanine was constructed. This structure was
mutated in turn by the introduction of Cys, Asp, or Glu
at position 5 and Cys, Dpr, Dbu, Orn, Lys at positions
8-10 to yield the corresponding i - (¢ + 3),i - ({ + 4), or
i - (i + 5) bridges. The mutated structures were allowed
to relax by flexible geometry energy minimization to a
maximum derivative of 0.1 keal/(mol/A) and the resulting
Ca—Cadistances between the bridgeheads were calculated.
In order to quantitate the degree of distortion to the
a-helical structure caused by the bridge, the rms deviations
with respect to the ideal a-helix over the backbone atoms
of theresidues involved in the cyclic bridged substructures
were calculated. These data are reported in Table 3.

Biological Activity. CRF analogues were tested for
antagonist activity in anin vitro assay measuring alteration
of CRF-induced release of ACTH by rat anterior pituitary
cells in culture.4” The relative potency of each cyclic
antagonist is reported in Table 1. Each value represents
the mean + the standard error of the mean (SEM) of
triplicate wells. Relative potencies with 95% confidence
limits in parentheses are shown with [DPhe!2 Nle2!:38]1h/
rCRF12_41 =1.
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Table 3. Ca—Ca Distances betweeni -~ (i + 3),{~ ({ + 4), ori -
(i + 5) Bridgeheads Derived from a Computer Model of an
Idealized a-Helical Conformation [(¥,¢) = (—65,-40)] of
tetradecaalanine®

i-(+3) i-(i+4) i-(i+5)
bridgetype Ca—Ca rms Ca-Ca mms Ca-Ca rms
Cys-Cys 4.22 0.67 4.58 1.16 4.87 1.94
Asp-Dpr 4.46 0.46 4.63 1.40 4.58 2.33
Asp-Dbu 5.19 1.09 5.48 1.47 4.96 2.26
Asp-Orn 4.83 0.45 5.55 1.08 5.14 1.95
Asp-Lys 4.68 0.33 5.51 0.58 6.33 1.44
Glu-Dpr 4.76 0.28 5.13 0.70 5.26 1.93
Glu-Dbu 4.64 0.29 5.36 0.80 5.66 1.64
Glu-Om 4.84 0.23 5.79 0.55 6.06 1.46
Gly-Lys 4.72 0.17 5.87 0.36 6.75 1.21
pCys—Cys 5.38 0.13 5.48 0.99 5.05 1.86

DAsp-Dpr 5.12 0.25 5.12 1.26 5.20 2.21
DpAsp-Dbu 5.38 0.31 5.90 1.15 5.71 2.05
DAsp—Orn 6.06 0.75 5.86 0.80 5.89 1.75
DAsp-Lys 5.54 0.45 6.03 0.58 6.57 1.50
pGlu-Dpr 5.38 0.13 5.55 0.56 5.39 1.93
pGlu-Dbu 5.82 0.36 5.83 0.98 5.75 1.68
bpGlu-Orn 5.49 0.26 5.86 0.62 6.16 1.53
pGlu-Lys 5.43 0.17 6.27 0.60 6.75 1.41

Cys-DCys 371 036 408 071 415 190
Asp-pDpr 481 065 439 068 473  1.83
Asp-pDbu 394 033 449 058 429 190
Asp-pOrn 402 033 510 037 446  1.86
Asp-DLys 404 031 473 055 604 127
Glu-pDpr 423 034 422 070 - 484  1.64
Glu-pDbu 390 031 407 084 562 1.36
Glu-DOrn 398 031 525 036 603 1.29
Glu-DLys 416 026 603 009 663 1.01

pCys-DCys  4.23 029 483 057 482 165
DAsp-DDpr 449 035 467 072 482 173
DAsp-DDbu 458 030 525 041 519  1.62
DAsp-DOrn  4.69 023 531 048 542 159
DAsp-DLys 490 027 536 041 617 131
pGlu-pDpr 538 0.46 517 046 508 161
pGlu-pDDbu 461 024 502 062 551  1.48
DGlu-DOrn 469 019 542 041 602 139
pGlu-DLys 493 014 547 049 645 119

¢ This structure was mutated in turn by the introduction of Cys,
Asp, or Glu at position 5 and Cys, Dpr, Dbu, Orn, and Lys at positions
8-10. Idealized Ca—Ca distances between i - (i + 3),i{ - (i + 4), or
i- (i + 5) in an a-helix are 5.23, 6.18, and 8.75 A, respectively.

Discussion

While short bioactive compounds are not observed to
assume helical structures, helicity and amphiphilicity often
seem to characterize long peptides. Because physico-
chemical evidence suggests that CRF assumes an a-helical
structure in solution, we have searched for structural
constraints that would unequivocally lock the structure
into such conformation. Side chain-side chain bridging
offers such opportunity. Whereas Felix et al. took
advantage of putative salt bridges as the rationale for the
location of bridgeheads in GRF,* we introduced (in CRF)
bridgeheads at such locations (positions 20 and 23) as well
as at positions where (at least for one of the bridgeheads)
aD-residueincreased potency (positions 12 and 20). These
substitutions were guided by model studies based on Ca—
Ca distances shown in Table 3 and on a model of [DPhe!2,-
Nle2!¥81h/rCRF 24, originally constructed in an ideal
a-helix and subsequently relaxed. Of interest was the
distribution of hydrophobic and hydrophilic residues in
this idealized structure. As shown in Figure 2A, the
N-terminal region from DPhe!2 to Arg?® is very polarized,
with DPhe!2, Leu!4151% Val18 Nle?!, and Ala?2 describing
the hydrophobic face, opposed by His!3, Arg!é, Glu!"20,
and Arg? forming the hydrophilic face. This is a
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Figure 2. Helical wheel diagrams of regions of [DPhe!%-
Nle?'#¥1h/rCRF241: (A) residues 12-23; (B) residues 23-39.
Hydrophilic residues are not shaded. Hydrophobic residues are
shaded dark gray. Positions on the helical wheel which are not
filled are shaded light gray. Both diagrams are in the same
registration.

configuration (amphipathic helix) that was also observed
using NMR.?® The hydropathy of these faces then
“switches” sides (Figure 2B) with a hydrophobic stretch
evident involving Ala?4283! and Leu?’, which is disrupted
by the Asn®*-Arg3 pair but continues through to Nle%,
Dominating the other face of the C-terminal half of the
molecule is the hydrophilic region composed of Glu25:39,
GIn2:2930 Hig32 Ser?, and Lys®. The molecule is
maximally hydrogen bonded, with every carbonyl oxygen
from DPhe!? through Leu® (two residues beyond the
a-helix shown to be present by NMR in hCRF) hydrogen
bonded to the corresponding i — (i + 4) amide proton.

Considering the above, we determined that a compatible
bridging unit to stabilize an a-helix would be a cystine
residue or a pair of complementary residues such as Glu
or Asp and Lys linked through their side chains in an
i—(t+3),i—-(@+4),ori-(i+5) configuration. Our initial
attempts at achieving i — (i + 3) cyclization via disulfide
bridges (1-4) uniformly resulted in compounds with low
relative potencies. Upon examination of Table 3 and our
recognition that an ideal helix would have a Ca—Ca
distance of 5.23 A, only 4 with DCys!2-Cys!5 with a Ca—Ca
distance of 5.38 A should have shown significant activity.
All other analogues in that series (1-3) have predicted
Ca-Ca distances shorter by at least 1.0 A. In order to
determine whether a specific Cys side-chain effect was
responsible for the low potency of 4 with DCys!2,Cys!5, we
synthesized 5 with DGlu!2-Lys!® and found it to be equally
inactive. Because thei - (i + 3) failed to yield at first view
an active analogue, we synthesized the corresponding
i — (i + 4) cyclo(12-16) analogue 6 (DGlu!2-Lys'®) which
according to Table 3 would easily assume an a-helical
structure. Interestingly, 6 is 25 times more potent than
5. The fact that no increase in potency was observed as
a result of substituting this bridging modality (compare
5 to 4), while an increase in potency was observed as the
result of increasing the size of the bridge [i — (i + 3) vis
a vis i — (i + 4)] (compare 5 to 6), suggests significant
sensitivity of the receptor to such structural perturbation
and that further optimization could be obtained unless
side chains at these positions are necessary for receptor
binding as demonstrated in our earlier study of the alanine
scan of oCRF .48

To implement a general principle that would allow
identification of effective bridgeheads for stabilization of
a-helices (i.e., use the knowledge that a D-residue is allowed
at a given position), we have concentrated our efforts
around position 20 since [DGluZJoCRF was found to be
1.5 times more potent than oCRF.#* Using position 20 as

Miranda et al.

a pivot point, we investigated bridges between [(i - 5, -4,
-3) —1)] (7-21) and between [i — (i + 3, +4, +5)] (22-38).

Whereas in an ideal a-helix the i — (i + 5) Ca-Cadistance
is about 8.75 A (see Table 3), we hypothesized that 7 with
a cyclo(15-20) Lys!5-Glu2® would have the highest prob-
ability of exhibiting activity in the cyclo 15-20 series. The
fact that this analogue was inactive at the doses tested
argued strongly against further exploration of this series.
While 7 was inactive at the doses tested, we investigated
the next possible bridging opportunity by introduction of
a16-20 bridge in the four possible Lys!6-Glu2’ enantiomeric
pairs (8, 13-15). Interestingly, the two most potent
analogues (40%), 8 and 15, employ L-Lys!® and differ in
chirality at position 20, which is consistent with data in
Table 3 showing that both D and L configurations were
allowed (Ca—Ca distances of 5.87 and 6.03 A versus 6.18
A with insignificant RMS deviations, 0.36 and 0.09 A,
respectively). We interpret this as evidence for significant
side chain bridge flexibility of this bridging modality.
Introduction of D-Lys!® resulted in analogues 13 and 14
with 8 and 21 % potency and theoretical Ca—Ca distances
of 6.27 A (rms = 0.60 A) and 5.47 A (rms = 0.49 A),
respectively.

At this stage of development of this line of SAR, we
thought it necessary to further test our hypothesis based
ondistances shown in Table 3. The most obvious approach
would be to reduce the size of the bridge as defined in 8.
We found that reduction of ring size in 8 by one methylene
results in 9 with ca. half its potency. Maintenance of the
ring size but displacement of the bridging amide bond
(10) did not affect potency, suggesting that contrary to
what was observed in another system (GnRH),* position-
ing of the amide bond does not influence receptor/ligand
interaction. Further contraction of this ring (11-12)
significantly decreased potency (2.1 and 0.1%, respec-
tively). Insummary, it is apparent that reducing the size
of the ring by two carbon units, which would result in a
relatively small theoretical difference in Ca—Ca distances
(5.87 to 5.36 A), resulted in significant loss of potency
(40% to 2%). Because of the observation that 8 and 15
were equipotent, it raised the question as to whether a
smaller ring (such as that found in 16 and 17) than that
found in the above two analogues with a D residue at the
i + 4 position would be more favorable. Biological results
of 16 and 17 indicate again that reduction of ring size
gradually results in less potent analogues (6% and 0.6%,
respectively).

Further constriction of the ring size [(i —3) —i] with the
introduction of the L-L and L-D configurations found
earlier to be favorable (8 and 15) resulted in lactams 18
and 19 with very low (2%) or negligible (<0.1%) relative
potencies. Because of the observation that the introduc-
tion of a Dbu-Asp bridge (5.19 A) would theoretically result
in a larger Ca—Ca distance than a Glu-Lys bond (4.72 A),
we also synthesized 20 which showed low potency (0.5%).
Similarly, introduction of a Cys bridge (21) in this same
[( - 3) - i] position (resulting in a further constriction of
the ring size) also led to an inactive analogue. We had
erroneously reported 21 to have 50% relative potency in
an earlier communication®’ in which the standard (used
for this particular analogue only) was a-helical-CRFg_4;.
This analogue, recently retested against [DPhe!2, Nle?!:38]h/
rCRF3 41, was found to be less than 1% as potent as the
standard. This further demonstrates that introducing in
this region of the molecule a shorter ring than the one



Human/Rat Corticotropin-Releasing Factor Antagonists

found in the active analogues 8 and 15, and conformational
constraints such as those resulting from the introduction
of a Cys—Cys bridge, consistently result in loss of potency.

At this point, it may be important to realize that first
examination of Table 3 may suggest discrepancies in the
relative distances reported. We reiterate that the tet-
radecaalanine models were built in vacuum and that the
computational procedure was limited to flexible geometry
minimization.4? The practical implications are that the
trends in the predicted lengths of bridges may be correct
although allowing specific exceptions. For example, the
Ca—Cadistance of Cys—Cys bridges tend to be the shortest
while the Ca—Ca distance of Glu-Lys bridges the longest.
This is without saying that in our series of CRF analogs,
side chain-side chain interactions of the different amino
acid inthe sequence must play a significant role indirecting
conformation and in interacting with the CRF receptor.

Having examined (i - 5, -4, -3) — i bridges with Glu?0
as the pivot point i, our next goal was to investigate the
effect of the introduction of a bridge further down the
sequence with a series of i — (i + 5, +4, +3) bridged
analogues with Glu20 again as the pivot point.

The largest ring structure (equivalent to that found in
7) is found in 22 [i - ( + 5)] which retains 5% relative
potency. Whether such retention of activity is due to
differences in chirality of the bridges or to other specific
receptor interactions is presently being investigated. The
Glu-Lys bridge seems to be tolerated despite the fact that
Ca-Ca distances between residues 20 and 25 would be ca.
9 A in an ideal a-helix (Table 3). This suggests that this
bridge does not drastically perturb the a-helical structure
inthe [i - (¢ + 5)] context (which is confirmed by molecular
modeling) or that the receptor is permissive of such
perturbations.

Systematic contraction of the ring along the backbone
(23 and 24) resulted in an incremental improvement in
biopotency (20 and 50 %, respectively). Systematic chiral
optimization (24-27) of the bridge heads at positions 20
and 23 resulted in the most potent cyclic CRF analogue
reported so far (25, 290%). This may be best explained
by the presence in r*CRF of an arginine in position 23 which
is likely to participate in a salt bridge with Glu?0 in the
active conformer. Indeed, stabilizing this interaction by
a covalent amide bridge resulted in a highly potent
antagonist, suggesting that the bridging unit increased
stability of the active conformer. Similar observations
had been made by Felix et al. in a series of growth hormone-
releasing factor analogues.’® Any disruption of the
conformation in which the effect of changes in chirality
has been systematically investigated (as in 24, 26 and 27)
yielded less potent analogues. Interestingly, introduction
of DGlu2resulted in a 6-fold decrease in potency (compare
25 and 24), whereas a similar substitution in 15 caused no
decrease in potency with a 17/20 bridge (compare 8 and
15). Introduction of DLys at position 23 (27) has a dramatic
effect (150-fold) on biopotency as compared to the lack of
effect of its introduction in the DGlu®-containing analogues
24 and 26 (both analogues being approximately half as
potent as the standard).

Further improvement in biopotency has been achieved
in the development of GnRH analogues by inversion of
the direction of the bridging amide.3” This observation
served as the basis for the synthesis of 28 and 29 which
incorporated a Lys and DLys at position 20, respectively.
While both analogues are equipotent (12%) (a result that
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could have been in part anticipated by the fact that both
a D- and LGlu are tolerated at position 20), a significant
loss of potency (24-fold comparing 25 to 28 and 4-fold
comparing 24 to 29) resulted from this modification. We
have attributed such changes in potencies resulting from
amide bond reversal to changes in enzymatic stability, or
simply to an as yet undefined receptor linked property.
Additionally, in the case of an a-helix, one could speculate
that changes in the direction of an amide bond could result
in the introduction of a stabilizing/destabilizing dipole.5!

Another variable that may result in dramatic changes
in potency is ring size and positioning of the amide bridge
onthat ring. In 30-38, we have investigated the influence
of ring contraction by reducing the length of the bridging
side chains in ways that also allow displacement of the
amide bridge toward or away from the N-terminal bridge
head. Reduction of the ring in 24 by one or three
methylenes (compare 24 to 30 and 31) actually results in
a nonstatistically significant 2-fold decrease in potency
while the predicted Ca—-Ca distances for the three
analogues are essentially the same (5.43, 5.49, and 5.38 A).
While substitution of Lys? by Orn2® (32) resulted in a
statistically nonsignificant reduction of potency from
3-fold for 25 to 2-fold that of the standard, reduction of
the ring size by introduction of Asp?® and Lys2 (33) led
to a completely inactive analogue (theoretical Ca-Ca
distance = 4.68 A). Interestingly, 34 with a D-Asp?
regained 2.2% potency relative to the standard (theoretical
Ca—Ca distance = 5.54 A). The ideal theoretical Ca—Ca
distance forani- (i + 3) bridge being 5.23 A, a value closer
to that calculated for 34, suggested that this approach
may have some predictive value as also shown above.
Reducing the ring size further by the introduction of Orn%,
Dbu?, and Dpr?® in 35-37 resulted in two of the most
potent analogues in this series (35 and 36) and a relative
4-fold loss of potency for 37 although this difference is not
statistically significant. In this case, the theoretical
i - ( + 3) Ca—-Ca distance for the DAsp~Orn bridge found
in 35 being 6.06 A, 5.38 A for the DAsp-Dbu bridge found
in 36, and 5.12 A for the DAsp—Dpr bridge found in 37,
which compare with 5.23 A found in the polyalanine model,
the optimized structures would not have been predicted
by the calculation. Thisreiteratestheneed for exploratory
chemical optimization.

The fact that Asp20-Orn?® (38) retained some potency
(4%) suggested that the actual placement of the lactam
function relative to the backbone, or other important
conformational or functional side chains, was crucial. For
example, comparison between 35 and 38 indicated that
chiral inversion of Asp?0 resulted in a 10-fold reduction in
potency. Onthe other hand, deletion of a methylene group
in the bridges of 30 and 35 with the D-chirality in position
20 had no statistically significant effect on biopotency
(20% and 40%, respectively).

Conclusion

In this paper, we have addressed several hypotheses
relating to the mechanism of CRF binding. First, bridge-
heads can be located at positions where a D-residue is
allowed provided that bridge length, chirality, and direc-
tion are optimized. Second, we suggest that this effect is
mediated through stabilization of an a-helical structure,
a hypothesis which is compatible with the observation
that all these structures can assume an a-helical confor-
mation in the presence of TFE. Third, by assuming an
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a-helical bioactive structure for CRF, a simple predictive
tool based on Ca—-Ca distances in an ideal polyalanine
a-helical model was developed. We have used this model
and found it to have some predictive value. In two cases,
we obtained cyclic analogues with potenciesslightly greater
than that of a related linear compound, which suggests
that restricted conformational freedom is compatible with
strong antagonist binding. Finally, most of the active
analogues presented here still showed some intrinsic
activity for which we have no explanation. It was hoped
that, as had been observed in the case of GnRH (Rivier
et al.,, unpublished results), introduction of structural
constraints would reduce intrinsic activity.

Experimental Section

Materials. All reagents and solvents for solid-phase peptide
synthesis were analytical grade and were used from freshly opened
containers without further purification. Reagent-grade trifluo-
roacetic acid (TFA) purchased from Halocarbon Products Corp.
(Hackensack, NJ) and triethylamine (TEA) purchased from
Aldrich Chemical Co., Inc. (Milwaukee, WI) were distilled for
further use in the preparation of chromatographic buffers.
Dimethylformamide (DMF) purchased from Mallinckrodt Inc.
(Paris, KY) was dried and stored over molecular sieves (Type
3A, 1/1¢-in. pellets, Eastman Kodak Co., Rochester, NY), and
before use anitrogen steam was applied to remove volatile amines.
Boc-amino acids were purchased from Bachem (Torrance, CA).
Side chain protecting groups were: Arg(Tos), Asp(8-OcHex or
$-OFm), Cys(S-p-Mob), Glu(y-OcHex or 4-OFm), His(Tos)-
DCHA, Lys(e-2CIZ or e-Fmoc), Orn(Fmoc), Ser(Bzl,) and Thr-
(Bzl). The No-Boc-L-Dpr(Fmoc) was synthesized in our labora-
tory according to the method of Almquist et al.?2 The reagents
1,3-diisopropylcarbodiimide (DIC), 1-hydroxybenzotriazole
(HOBt), anisole, acetic anhydride, and diisopropylethylamine
(DIEA) were purchased from Aldrich; acetonitrile (CH;CN)
(reagent grade and ChromAR HPLC grade) and 2-propanol
(i-PrOH) were purchased from Mallinckrodt; methanol (MeOH)
and dichloromethane (DCM) were purchased from Fisher
Scientific Co. (Fair Lawn, NJ); ethanedithiol (EDT) was pur-
chased from Fluka Chemie AG (Switzerland); (benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate
(BOP) was purchased from Richelieu Biotechnologies, Inc.
(Quebec, Canada).

General Method for Peptide Synthesis. The resin-bound
peptides incorporating the Boc-protected amino functions were
synthesized manually by solid-phase. Methylbenzhydrylamine-
resin (MBHA-resin) was prepared in our laboratory? from
polystyrene cross-linked with 1% divinylbenzene (Biobeads SX-
1,200-400 mesh, Bio-Rad Laboratories, Richmond, CA). Resins
with substitutions varying from 0.43 to 0.46 mequiv/g were used.
The Ne-terminal protection was deblocked with trifluoroacetic
acid-dichloromethane (TFA-DCM) (3:2) in the presence of 1%
ethanedithiol (EDT) for 20 min, followed by washes with
2-propanol (i-PrOH) containing 1% ethanedithiol (EDT) (2X),
10% triethylamine (TEA) in dichloromethane (DCM) (2X),
methanol (MeOH) (2X), 10% triethylamine (TEA) in dichlo-
romethane (DCM) (2X), methanol (MeOH) (2X), and dichlo-
romethane (DCM) (3%). Coupling was mediated using a 2.5-
fold excess of Boc-amino acid/1,3-diisopropylcarbodiimide (DIC)
(1:1) (based on the degree of substitution of the resin) in
dichloromethane (DCM) or dichloromethane—dimethylforma-
mide (DCM-DMF) (1:1, v/v), depending on the solubility of the
Boc-amino acid derivative. Asparagine and glutamine couplings
were done using a 1.5-fold excess of 1-hydroxybenzotriazole
(HOBt) and His(Tos)-DCHA with a 1.5-fold excess of BOP# in
presence of excess of diisopropylethylamine. All couplings were
monitored by using the Kaiser ninhydrin test.’® Coupling time
was for 1-4 h, with recouplings done where needed using BOP
in the presence of excess diisopropylethylamine (DIEA) (pH
maintained between 8 and 9 during the reaction) in dimethyl-
formamide (DMF) or dichloromethane-dimethylformamide
(DCM-DMF) (1:1, v/v) generally for 1 h. When needed,
acetylation was performed with acetic anhydride 50% in dichlo-
romethane (DCM) for 10 min.
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The dry protected peptide-resin was cleaved in liquid HF in
the presence of 3-10% anisole at 0 °C for 90 min. Excess HF
and scavenger were eliminated under high vacuum (discoloration
of the resin from bright red to yellow). The crude peptides were
precipitated with anhydrous diethyl ether, separated from ether-
soluble nonpeptide material by filtration, extracted from the
resin with 0.1% TFA in CH;CN/H;0 (60:40) and lyophilized.

Peptide Cyclization. Solid-phase side chain to side chain
cyclization (lactamization) of the peptide on the resin was
performed by the method of Felix et al.#* After washes with
dichloromethane (DCM) (2X), dimethylformamide (DMF) (2X),
the OFm/Fmoc groups were removed by 20% piperidine in
dimethylformamide (DMF) (1 X 1 and 2 X 10 min), followed by
washing with dimethylformamide (DMF) (2X), methanol (MeOH)
(2X), and dichloromethane (DCM) (2X). The peptide-resin was
cyclized by reaction with 3-fold excess of (benzotriazol-1-yloxy)-
tris(dimethylamino)phosphonium hexafluorophosphate (BOP)
in the presence of excess diisopropylethylamine (DIEA) in
N-methylpyrrolidone (NMP). After washing the cyclization was
repeated every 4 h (12 h overnight). The reaction was followed
by Kaiser ninhydrin53 test and in general was completed after
24-30 h.

Cyclization of free sulfhydryl-containing analogues was per-
formed following HF cleavage. After removal of HF under
reduced pressure, the resin was washed with diethyl ether in
portions. The peptide was quickly extracted from the resin (H,0
and 5.0% AcOH), the solutions diluted with water, the pH
adjusted to 6.8-7.0 with NH,OH, and the mixture allowed to stir
slowly and air oxidize at 4 °C. The completion of cyclization was
followed by the Ellman test and by RPHPLC. After 2-3 days
the cyclization was completed, the solution was acidified to pH
5.0 and applied to a Bio-Rex-70 column, and the peptide was
eluted with 50% AcOH. The peptide-containing fractions were
pooled and lyophilized.

Peptide Purification. The crude lyophilized peptides were
purified by preparative reverse-phase HPLC (RPHPLC)#54 on
a system composed of a Waters Associates (Milford, MA) Prep
LC 3000 System, a Waters Associate 600E System Controller, a
Shimadzu SPD-6A UV spectrophotometric variable-wavelength
detector (detection wasat 230 nm), Waters 1000 PrepPak Module,
and a Fisher (Lexington, MA) Recordall Series 5000 strip chart
recorder (chart speed 0.25 cm/min). Peptide purification was
accomplished in two (TEAP 2.25 and 0.1% TFA) or three steps
(TEAP 2.25, TEAP 5.0-6.0, and 0.1% TFA). Crude peptides
were dissolved in acetonitrile/triethylammonium phosphate
(TEAP) buffer (1:4 v/v), loaded on a preparative reversed-phase
HPLC cartridge (5 X 30 cm) packed in our laboratory using Waters
polyethylene sleeves and frits and Vydac C,s silica gel (The
Separations Group, Hesperia, CA; 300-A pore size, 15-20-um
particle size). The peptide was eluted using an appropriate
gradient (slope 0.33 % B/min) inferred from the analytical results.
Buffers A (triethylammonium phosphate (TEAP), pH 2.25) and
B (60% CH;3CN in A) were pumped at a flow rate of 95 mL/min
such that elution time of the desired peptide was between 30 and
45 min. Individual fractions were collected and analyzed by
RPHPLC under isocratic conditions [ Vydac Cjgsilica gel column,
0.46 X 25 cm, 5-um particle size, 300-A pore size, solvents A,
0.1% TFA/H;0, and B, 0.1% TFA in CH;CN/H.0 (60:40), at a
flow rate of 2.0 mL/min, detection at 210 nm], such that the
retention time was between 3 and 5 min. Selected fractions were
collected and diluted (1:1) with water and loaded on a preparative
cartridge as above and eluted using a linear gradient (slope 0.33%
B/min) containing a mixture of solvents A (TEAP, pH 5.0 t0 6.5)
and B (60% CH3;CN in A) at aflowrate of 95 mL/min. Individual
fractions were analyzed as above under isocratic conditions and
selected fractions diluted (1:1) with water. These fractions were
converted to the TFA salt by loading on a preparative cartridge
as above and eluted using a linear gradient (slope 0.33% B/min)
containing a mixture of solvents A (0.1% TFA/H;0)and B [0.1%
TFA in CH;CN/H;O (60:40)] at a flow rate of 95 mL/min.
Selected fractions, containing the purified peptide, were pooled
and lyophilized.

Synthesis and Purification of Cyclo(20-23)[DPhe!2,Glu®,-
Lys?, Nle?'#Th/rCRF2 (25). According to the protocol
described earlier in this section, 2 g (0.43 mequiv/g) of MBHA
resin was deprotected and neutralized. Completion of couplings
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(1-4 h) was monitored by ninhydrin test. His3?, GIn%, Ala®,
Nle2!, Val!8, Glu!?, Arg!é, and Leu!4 required a recoupling step.
Arg35, Asn*, Ser®®, Glu?, Ala#$, Leu!®, and Leu!®required a double
recoupling. Arg3, Asn¥, GIn?¢, and Ala?? required acetylation
after coupling. After incorporation of the last amino acid, the
OFm/Fmocgroups of Glu® and Lys?3, respectively, were removed.
The formation of the bridge was accomplished in 24 h (negative
ninhydrin test) after four treatments (3 for 4 h and 1 for 12 h)
with fresh coupling reagents (BOP/DIEA) at room temperature.
After removal of the N2-Boc protecting group a fully protected
peptide-resin was dried. A total of 4.8 g was obtained, 2 g was
cleaved by anhydrous HF (20 mL) in the presence of anisole (0.6
mL) at 0 °C for 90 min. The crude peptide was precipitated and
washed with anhydrous diethyl ether (450 mL in 3 portions),
filtered, extracted from the resin with 380 mL (4 portions) of
0.1% TFA in CH3;CN/H:0 (60:40) and lyophilized to give 1.02
g of crude product. Purification was performed in two stages as
described earlier. First the peptide was dissolved in 400 mL of
buffer A (TEAP pH 2.25) and eluted with buffer B (60% CH3sCN
in A), with a gradient from 30 t060% B in 90 min (retention time
was ca. 36 min). A total of 20 fractions containing 50-100 mL
were screened under isocratic conditions (61 % B, retention time
was ca. 4.2 min), and three acceptable fractions (numbers 30-32)
containing the compound were identified and pooled. In the
second step, the pooled fractions (ca. 160 mL) were diluted with
160 mL of Hy0, were loaded and eluted by using as buffer A
(0.1% TFA/H;0) and B (0.1% TFA in CH3CN/H,0 (60:40)),
with a gradient from 40 to 70% B in 90 min (retention time was
ca. 60 min). A total of 19 fractions containing 30-50 mL each
were screened, five fractions (160 mL, numbers 17-21) were pooled
and lyophilized to yield 25 (yield = 70.9 mg: 3.6% of expected
amount from the original substitution of the MBHA resin).

Synthesis of 5-20 and 22-38 proceeded in a similar manner.

Cyclization and Purification of Cyclo(20-23)[DPhe!2,-
Cys?,Cys® Nle?#1h/rCRF 5. (21). According tothe synthesis
protocol described earlier in this section, 1.9 g of the fully
protected peptide-resin was cleaved by HF. After precipitation
and washing with diethy] ether (ca. 480 mL in three portions),
the peptide was extracted with water (200 mL) and 5% AcOH
(100 mL). The resulting solution was poured into 4.0 L of
degassed water and the pH adjusted to 6.8-7.0 with NH,OH. As
the mixture became cloudy, CH;CN (300 mL) was added to avoid
precipitation. The mixture was then stirred at 4 °C, and after
48 h the cyclization was completed (Ellman test). The pH was
adjusted to 5.0 with AcOH, and the resulting solution was loaded
on a Bio-Rex-70 column (120 mL). The column was washed with
0.5% AcOH (200 mL) and the peptide eluted with 50% AcOH.
Fractions were collected, and those containing ninhydrin positive
material were diluted and lyophilized (800 mg). Purification
was performed in three steps. First the peptide was dissolved
in buffer A (TEAP pH 2.25, 300 mL) and eluted with buffer B
(60% CH4CN in A) and a gradient from 30 to 60% B in 60 min
(retention time was ca. 32 min). A total of 10 fractions was
screened under isocratic conditions (53% B, retention time 3.7
min), and three acceptable fractions containing the compound
were pooled. Inthesecond step the pooled fractions (ca 150 mL)
were diluted with HoO (150 mL) and eluted using buffer A (TEAP
6.0) and B (60% CH:CN in A), with a gradient from 30 to 55%
B in 60 min (retention time was ca. 25 min). A total of 24 fractions
were screened under isocratic conditions (53% B). The pooled
fractions (17-23) were diluted with H2O and eluted using buffer
A (0.1% TFA/H;0) and B (0.1% TFA in CH;CN/H,0 (60:40)),
with a gradient from 30 to 60% B in 20 min (retention time was
ca. 10 min). A total of five (30-50 mL) fractions were screened;
three acceptable fractions were pooled and lyophilized to yield
21 (89.5 mg, 4.4%).

Synthesis and purification of 1-4 proceeded in a similar
manner.

Peptide Characterization. Analytical RPHPLC. Analyti-
cal RPHPLC analysis was achieved in TEAP (pH 2.50)/
acetonitrile (CHsCN) on a Waters Associates HPLC system which
was comprised of two 6000A pumps (gradient 40-70% B 30 min,
at 1.5 mL/min), a Waters Associates WISP sample injector, a
Vydac Cys column (0.46 X 25 cm, 5-um particle size, 300-A pore
size), a Kratos Spectroflow Model 773 UV detector (at 210 nm),
and a Waters Associates data module integrator/recorder or using

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 10 1457

a Hewlett-Packard apparatus composed by a Series I1 1090 Liquid
Chromatograph (40-70% B 30 min, at 0.2 mL/min), a Vydac Cys
column (0.21 X 15 cm, 5-um particle size, 300-A pore size), a
Controller 362, and a Think Jet recorder. During the preparative
purification, the fractions were screened on a Waters Associates
system composed of an Automated Gradient Controller, two
pumps Model 510, 486 tunable absorbance detector (210 nm), a
Rheodyne 7125 injector, and a Servocorder SR6253 Datamark
dual-pen chart recorder (chart speed of 1 cm/min).

Capillary Zone Electrophoresis. Capillary zone electro-
phoresis (CZE) was done using a Beckman P/ACE System 2000
controlled by an IBM Personal System/2 Model 50Z and using
a ChromdJet integrator. Conditions are given in legend Table 1.

Amino Acid Analysis. Amino acid analysis of the peptides
(after 4 N methanesulfonic acid hydrolysis at 110 °C for 24 h)
was performed on a Perkin-Elmer LC system (Norwalk, CT)
comprising of two Series 10 LC pumps, a ISS-100 sample injector,
an RTC 1 column oven, a Kratos Spectroflow 980 fluorescence
detector, and a LCI-100integrator. A Pierce AA511ion-exchange
column was maintained at 60 °C and post column derivatization
with o-phthalaldehyde was performed at 52 °C. Samples
containing the internal standard y-aminobutyric acid were
injected and 5 min after injection were subjected to a gradient
of 0-100% B in 25 min and then 100% B for 15 min. The flow
rate was 0.5 mL/min, and A and B buffers were Pierce Pico buffer
(pH 2.20) and Beckman Microcolumn sodium citrate buffer (pH
4.95), respectively. All results were consistent with expected
values.

Optical Rotations. Optical rotations of peptides were
measured (sodium D line) in 1% or 50% acetic acid depending
on the solubility of the peptide (¢ = 1.0; i.e., 10 mg of lyophilized
peptide/mL, uncorrected for TFA counterions or water present
after lyophilization). Values were obtained from the means of
15 successive 5-s integrations determined at room temperature
(~25°C) on a Perkin-Elmer 241 polarimeter using a 100-uL cell
and are quoted as uncorrected specific rotations.

Liquid Secondary Ion Mass Spectra. LSIMS massspectra
were measured with a JEOL JMS-HX110 double-focusing mass
spectrometer (JEOL, Tokyo, Japan) fitted with a Cs* gun. An
accelerating voltage of 10 kV and Cs* gun voltage between 25
and 30 kV were employed. The sample was added directly to a
glycerol and 3-nitrobenzyl alcohol (1:1) matrix. The spectra were
calibrated using Cs(Csl), cluster peaks. The spectra were
measured at a nominal resolution of either 1000, 3000, or 5000
as determined by the intact molecule ion peak intensity. For
those spectra that were measured at 1000 resolution, the observed
average m/z was compared with the calculated [M + H]* average
mass. In those cases where the higher mass resolving power of
the instrument was used (3000 or 5000), the observed m/z of the
monoisotopomer was compared with the calculated [M + H]*
monoisotopic mass. On the basis of the intact molecule ion isotope
peak distribution intensities for the spectra measured at either
3000 or 5000 resolution, we could exclude the possibility that the
disulfide bridge containing analogues contained a reduced
component which amounted to more than a 5% impurity.5
Because a large mass shift (18 Da) is characteristic of uncyclized
lactam-bridged analogues, we could exclude this possibility for
measurements made at both high and low resolution.

Edman Degradation. ABI Model 477A Pulsed Liquid Phase
Protein Sequencer was used with ABI on line PTH amino acid
analyzer. Repetitive yields were between 90 and 95%. Load of
peptides was 500 pmoles.

Molecular Modeling. Molecular modeling and other com-
putational procedures were conducted with the DISCOVER and
Insight I packages (Biosym Technologies, San Diego) on a Silicon
Graphics Model 310 GTX workstation using the IRIX 4.0.5
operating system. A full valenceforce field*®was usedto calculate
potential energies. The analytical forms and parameters of this
force field have been reported previously.5

Circular Dichroism Spectra. Circular dichroism (CD)
spectra were obtained with a computer-controlled Aviv Model
62DS spectropolarimeter (Aviv Associates, Lakewood, NJ) under
the control of the manufacturer’s 60DS operating system. Spectra
were collected at 1.0-nm intervals in the range 190-250 nm as the
average of four runs using a 2.0-s integration time and a spectral
band width of 2.0 nm in 0.5-mm cuvettes thermostated at 20 °C.
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Spectra were collected under two sets of buffer conditions: (1)
0.02 M sodium phosphate, 0.05 M sodium chloride (pH 6.5), and
(2) the same buffer diluted 1/1 (v/v) with 2,2,2-trifluoroethanol
(TFE). Concentrations were based on the calculated molecular
weight of the TFA salt of the purified lyophilized peptide.
Residue molar elipticities were calculated based on the number
of residuesin each analogue, irrespective of any side chain bridging
amide bonds.

Biological Testing. Rat anterior pituitary glands from male
Sprague-Dawley rats were dissociated by collagenase and plated
(0.16 X 108 cells/well in 48-well plates) in medium containing 2%
fetal bovine serum (FBS).#” Three days after plating, the cells
were washed three times with fresh medium containing 0.1%
bovine serum albumin (BSA) and incubated for 1 h. Following
the 1-h preincubation, the cells were washed once more and the
test peptides were applied in the absence (determination of
intrinsic activity) or the presence (testing of antagonistic activity)
of 1 nM oCRF. At the end of a 3-h incubation period, the media
were collected and the level of ACTH was determined by
radioimmunoassay (Diagnostic Products Corp.). The percent
intrinsic activity of each of the antagonists is calculated by
determining level of secretion caused by the highest dose of
antagonist (in the absence of oCRF) minus basal secretion and
dividing that number by the level of secretion of 1 nM oCRF
minus basal secretion and multiplying the result by 100.
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