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In an effort to determine the effect of side chain conformational restriction on opioid receptor selectivity, the cyclic 
phenylalanine analogues 2-aminoindan-2-carboxylic acid (Aic), 2-aminotetralin-2-carboxylic acid (Ate), and tetra-
hydroisoquinoline-3-carboxylic acid (Tic) were substituted for Phe in the potent cyclic opioid peptide analogue 

• i 

H-Tyr-D-Orn-Phe-Glu-NH2, which lacks significant opioid receptor selectivity. Compounds were tested in n- and 
{-opioid receptor representative binding assays and bioassays in vitro. The analogue H-Tyr-D-Orn-Aic-Glu-NH2 
was found to be a potent agonist with high preference of ii receptors over & receptors. Opening of the five-membered 
ring of Aic in the latter peptide, as achieved through substitution of O-methylphenylalanine or o-methylphenylalanine, 
resulted in only slightly selective compounds, indicating that the high M selectivity of the Aic analogue is exclusively 

the consequence of the imposed side chain conformational restriction. Both diastereoisomers of H-Tyr-D-Orn-

(D,L)-Atc-Glu-NH2 were highly /u-selective and, in contrast to the weak affinity observed with the D-Phe3 analogue 
as compared to the L-Phe3 analogue, both had similar potency. Thus, stereospecificity was lost as a consequence 
of side chain conformational restriction. Further structure-activity data obtained with analogues containing L- or 
D-homophenylalanine (Hfe) or 3-(l'-naphthyl)alanine (Nap) in place of Phe3 and consideration of geometric in
terrelationships between Nap and the L and D isomers of Ate, Hfe, and Phe led to the proposal that the D-Phe3 

and the D-Ate8 analogue may have different modes of binding to the receptor. The very low potency observed with 

H-Tyr-D-Orn-NaMePhe-Giu-NH2 (N"MePhe = AP-methylphenylalanine) and H-Tyr-D-Orn-Tic-Giu-NH2 indicated 
that Na-alkylation at the 3-position is detrimental to activity. 

Most of the small linear opioid peptides isolated to date 
are known to be structurally flexible molecules whose 
conformations are strongly dependent on the environment 
(for a review, see ref 2). This structural flexibility not only 
prevents meaningful conformational studies aimed at 
elucidating the bioactive (receptor-bound) conformation(s) 
but also may be one of the major reasons for the lack of 
significant selectivity of most of these peptides toward one 
or the other of the different opioid receptor types (n, 8, K). 
In efforts to obtain better conformational integrity and to 
improve receptor selectivity, various conformationally re
stricted opioid peptide analogues have been developed. In 
particular, peptide cyclizations via side chains led to cyclic 
opioid peptide analogues displaying quite high ^-receptor 
selectivity (e.g. H-Tyr-cyclo[-D-A2bu-Gly-Phe-Leu-]3 or 

i i 

H-Tyr-D-Orn-Phe-Asp-NH2
4) or greatly improved 6-re-

i i 

ceptor selectivity (e.g. H-Tyr-r>Pen-Gly-Phe-D(or L)-Pen-
OH6 or H-Tyr-D-Cys-Phe-D-Pen-OH) .6 Molecular me
chanics studies recently performed with the cyclic ana
logues H-Tyr-D-Orn-Phe-Asp-NH2 and H-Tyr-D-Pen-

i 

Gly-Phe-D-Pen-OH revealed that the exocyclic Tyr1 resi
due and the Phe3 (Phe4) side chain in these compounds 
still enjoy considerable orientational freedom.7,8 Since the 
latter moieties are crucial for opioid activity, it is obvious 
that they also need to be conformationally restricted in 
order to obtain more definitive insight into the distinct 
bioactive conformations of these cyclic opioid peptide 

1 Affiliated with the University of Montreal. 

analogues at the M and 8 receptor. 
In the present paper we describe a series of analogues 

(1) Symbols and abbreviations are in accordance with recommen
dations of the IUPAC-IUB Joint Commission on Biochemical 
Nomenclature: Nomenclature and Symbolism for Amino 
Acids and Peptides. Biochem. J. 1984, 219, 345-373. The 
following other abbreviations were used: A2bu, a,7-diamino-
butyric acid; Aic, 2-aminoindan-2-car boxy lie acid; Ate, 2-
aminotetralin-2-carboxylic acid; Boc, tert-butoxycarbonyl; 
BOP, benzotriazol-l-yl-oxytris(dimethylamino)phosphonium 
hexafluorophosphate; CaMePhe, C-methylphenylalanine; 
DAGO, H-Tyr-D-Ala-Gly-N'MePhe-Gly-ol; DCC, dicyclo-
hexylcarbodiimide; DIEA, diisopropylethylamine; DSLET, 
H-Tyr-D-Ser-Gly-Phe-Leu-Thr-OH; FAB, fast atom bombard
ment; Fmoc, (fluoren-9-ylmethoxy)carbonyl; GPI, guinea pig 
ileum; Hfe, homophenylalanine; MVD, mouse vas deferens; 
Nap, 3-(l'-naphthyl)alanine; N"MePhe, W-methylphenyl-
alanine; oMePhe, o-methylphenylalanine; Pen, penicillamine; 
TFA, trifluoroacetic acid; Tic, 1,2,3,4-tetrahydroisoquinoline-
3-carboxylic acid; U69.593, (5a,7a,80)-(-)-iV-methyl-[7-(l-
pyrrolidinyl)-l-oxaspiro[4.5]dec-8-yl]benzeneacetamide. 

(2) Schiller, P. W. Conformational Analysis of Enkephalin and 
Conformation-Activity Relationships. In The Peptides: 
Analysis, Synthesis, Biology; Udenfriend, S., Meienhofer, J., 
Eds.; Academic Press: Orlando, FL, 1984; Vol. 6, pp 219-268. 

(3) Schiller, P. W.; DiMaio, J. Opiate Receptor Subclasses Differ 
in their Conformational Requirements. Nature (London) 
1982, 297, 74-76. 

(4) Schiller, P. W.; Nguyen, T. M.-D.; Lemieux, C; Maziak, L. A. 
Synthesis and Activity Profiles of Novel Cyclic Opioid Peptide 
Monomers and Dimers. J. Med. Chem. 1985, 28,1766-1771. 

(5) Mosberg, H. I.; Hurst, R.; Hruby, V. J.; Gee, K.; Yamamura, 
H. I.; Galligan, J. J.; Burks, T. F. Bis-penicillamine Enkepha
lins Possess Highly Improved Specificity Toward S Opioid 
Receptors. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 5871-5874. 
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H-Tyr-D-Orn-X-Giu-NH2 
i i 
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Figure 1. Structural formulas of phenylalanine analogues. 
of the cyclic opioid peptide analogue H-Tyr-D-Orn-Phe-

GIu-NH2 that contain various conformationally restricted 
analogues of phenylalanine in 3-position of the peptide 

i i 

sequence (Figure 1). H-Tyr-D-Orn-Phe-Glu-NH2 is potent 
but only slightly ^-receptor-selective and, therefore, rep
resents an ideal parent peptide to study the effect of 
conformational constraints introduced at the Phe3 residue 
on receptor affinity and receptor selectivity. Local con
formational restriction of the peptide backbone around the 
3-position residue was achieved by replacement of Phe3 

with C"-methylphenylalanine (OMePhe) or iVa-methyl-
phenylalanine (N"MePhe), whereas substitution of 2-
aminoindan-2-carboxylic acid (Aic), 2-aminotetralin-2-
carboxylic acid (Ate), or tetrahydroisoquinoline-3-
carboxylic acid (Tic) resulted in conformational restriction 
of both the side chain and the peptide backbone. In order 
to distinguish whether the effect on the opioid activity 
profile upon substituting Aic or Ate for Phe3 was due to 
the introduced conformational constraints per se or to the 
presence of a substituent in the ortho position of the 
aromatic ring, a cyclic analogue containing o-methyl-
phenylalanine (oMePhe) in the 3-position was also syn
thesized and tested. Since Ate represents a conforma
tionally restricted analogue not only of Phe but also of 
homophenylalanine (Hfe), the D- and L-Hfe3 analogues of 

i i 

H-Tyr-D-Orn-Phe-Glu-NH2 were prepared and charac
terized as well. Finally, the ability of the opioid receptor 
subsite interacting with the Phe3 side chain of the parent 
peptide to accommodate a more extended aromatic moiety 
(naphthyl ring) was examined through preparation and 
characterization of the analogue H-Tyr-D-Orn-Nap-Glu-
NH2 (Nap = 3-(l'-naphthyl)alanine). 

Chemistry. Aic and Ate were prepared by a modified 
version of the Strecker synthesis9,10 through conversion of 

(6) Mosberg, H. I.; Omnaas, J. R.; Medzihradsky, F.; Smith, G. B. 
Cyclic Disulfide- and Dithioether-containing Opioid Tetra-
peptides: Development of a Ligand with High Delta Opioid 
Receptor Selectivity and Affinity. Life Sci. 1988, 43, 
1013-1020. 

(7) Wilkes, B. C; Schiller, P. W. Conformation-Activity Rela
tionships of Cyclic Dermorphin Analogues. Biopolymers 1990, 
29, 89-95. 

(8) Wilkes, B. C; Schiller, P. W. Comparative Conformational 

Analysis of [D-Pen2,D-Pen«] Enkephalin (DPDPE): A Molecu
lar Mechanics Study. J. Comput.-Aided MoI. Des., in press. 

(9) Cannon, J. G.; O'Donnell, J. P.; Rosazza, J. P.; Hoppin, C. R. 
Rigid Amino Acids Related to a-Methyldopa. J. Med. Chem. 
1974, 17, 565-568. 
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2-indanone or 2-tetralone to the corresponding spiro-
hydantoins, followed by hydrolysis with 40% alkali. Ate 
was obtained in racemic form and incorporated as such 
into the cyclic peptide structure. L-C"MePhe was obtained 
in optically pure form through digestion of the iV-tri-
fluoroacetyl derivative of the commercially available 
racemate with carboxypeptidase A, as described in the 
literature.11 D,L-oMePhe was synthesized by condensation 
of o-methylbenzyl chloride with ethyl acetamidocyano-
acetate in the presence of sodium ethoxide and subsequent 
hydrolysis with 6 N HCl.12 Racemic oMePhe was used 
in the preparation of the peptide analogue. 

The cyclic peptide analogues were prepared by the 
solid-phase method on a p-methylbenzhydrylamine resin 
according to a scheme described elsewhere.13 The C-
terminal tripeptide segment to be cyclized was assembled 
by using iVa-Fmoc amino acids with Boc and tert-butyl 
protection for the side chains of Orn and GIu, respectively. 
The side chain protecting groups of the C-terminal tri
peptide were removed by treatment with TFA, and side 
chain to side chain cyclization of the still-resin-bound 
peptide was then performed by reaction with the BOP 
[benzotriazol-l-yl-oxytris(dimethylamino)phosphonium 
hexafluorophosphate] reagent14 in DMF containing 1.5% 
(v/v) diisopropylethylamine (DIEA). The time required 
for amide bond formation to be complete varied from 12 
to 48 h. After the cyclization step, the N-terminal Fmoc 
protecting group was removed and the peptide chains were 
completed by coupling Boc-Tyr(Boc)-OH. Following the 
removal of the Boc groups, the cyclic peptide amides were 
cleaved from the resin by HF/anisole treatment in the 
usual manner. Crude products were purified by gel fil
tration on Sephadex G-25 and by reversed-phase chro
matography. In all cases the desired cyclic monomer was 
the predominant component (60-70%) in the crude re
action product, but cyclodimerization13 and cyclo-
polymerization did occur to some extent. In the case of 

H-Tyr-D-Orn-(D,L)-Atc-Giu-NH2 and H-Tyr-D-Orn-(D,-

L)-oMePhe-Glu-NH2 the two diastereoisomers were iso
lated separately by semipreparative HPLC. 

Bioassays and Receptor Binding Assays. Affinities 
for n-, 5-, and x-opioid receptors were determined by dis
placement of [3H]DAGO, [3H]DSLET, and [3H]U69,593 
from rat brain membrane binding sites. For the deter
mination of their in vitro opioid activities, analogues were 
tested in bioassays based on inhibition of electrically 
evoked contractions of the guinea pig ileum (GPI) and of 
the mouse vas deferens (MVD). In the GPI preparation 
opioid effects are primarily mediated by n receptors; 
however, K receptors are also present in this tissue, n-
Receptor interactions in the GPI are characterized by 
relatively low Ke values for naloxone as antagonist (1-2 
nM),16 in contrast to the considerably higher values (20-30 

(10) Pinder, R. M.; Buther, B. H.; Buxton, D. A.; Howells, D. J. 
2-Aminoindan-2-carboxylic Acids. Potential Tyrosine Hy
droxylase Inhibitors. J. Med. Chem. 1971,14, 892-893. 

(11) Turk, J.; Panse, G. T.; Marshall, G. R. Studies with a-Methyl 
Amino Acids. Resolution and Amino Protection. J. Org. 
Chem. 1975, 40, 953-955. 

(12) Albertson, N. F.; Tullar, B. F. Synthesis of Amino Acids from 
Acetamidocyanoacetic Ester. J. Am. Chem. Soc. 1945, 67, 
502-503. 

(13) Schiller, P. W.; Nguyen, T. M.-D.; Miller, J. Synthesis of 
Side-Chain to Side-Chain Cyclized Peptide Analogs on Solid 
Supports. Int. J. Pept. Protein Res. 1985, 25, 171-178. 

(14) Castro, B.; Dormoy, J. R.; Evin, G.; Selve, C. Peptide Coupling 
Reagents IV (l)-Benzotriazol-Af-oxytrisdimethylamino-
phosphonium hexafluorophosphate (B.O.P.). Tetrahedron 
Lett. 1975, 1219-1222. 
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nM)16 observed with x-receptor ligands. The MVD assay 
is usually taken as being representative for 5 receptor in
teractions, even though the vas also contains n and K re
ceptors. 

Results and Discussion 

o) 
•180-TTT 

The cyclic parent peptide H-Tyr-D-Orn-Phe-Glu-NH2 
(1) displays very high affinity for u receptors but also binds 
quite strongly to 5 receptors and, therefore, is only mod
erately ji-selective (Table I). Configurational inversion at 
the 3-position residue (analogue 2) resulted in a more than 
1000-fold drop in affinity for both u and 5 receptors. The 
latter finding confirms the strict requirement for L con
figuration in the 3-position of both linear and cyclic opioid 
peptide analogues that are structurally related to the 
dermorphin family.17 Methylation of the a-carbon of the 
Phe3 residue (analogue 3) produced a 7-fold decrease in 
H affinity and a similar decrease in S affinity, thus resulting 
in a compound with still only modest preference of n re
ceptors over 5 receptors. It is of interest to point out that 
C"-methylation of an amino acid residue in a peptide 
drastically reduces the conformational space available to 
the peptide backbone around that residue, insofar as the 
torsion angles at the position of the methylated residues 
are limited to values around <t> = -50°, \p = -506 and 4> = 
+50°, $ = +5O0.18 The slight reduction in affinity ob
served with analogue 3 could be due either to the backbone 
conformational constraints introduced at the 3-position 
or to steric interference of the Ca-methyl group. Intro
duction of a methyl group in the ortho position of the Phe3 

aromatic ring (analogue 4) had little effect on ^-receptor 
affinity and receptor selectivity. 

More extensive conformational restriction at the 3-
position was achieved through substitution of the con
formational^ restricted phenylalanine analogue Aic (Fig
ure 1). In comparison with parent peptide 1, the cyclic 

peptide analogue H-Tyr-D-Orn-Aic-Glu-NH2 (5) showed 
only 4 times lower ^-receptor affinity but 65 times lower 
affinity for 5 receptors and, consequently, greatly improved 
H selectivity (KyKf = 49.6). Since analogues 3 and 4 are 
distinguished from analogue 5 merely by the opening of 
one or the other of two adjacent bonds in the five-mem-
bered-ring structure of Aic3 (see Figure 1), comparison of 
the receptor binding activity profiles of these three ana
logues permits the unambiguous conclusion that the high 
^-receptor selectivity of the Aic3 analogue is exclusively 
the consequence of the imposed side chain conformational 
restriction. Replacement of Phe3 with Aic in the cyclic 
peptide structure produces conformational constraints 
both in the side chain and in the peptide backbone at the 
3-position. Torsional angles of the 3-position side chain 
in the Aic3 analogue are limited to values of Xi = -80°, x2 
= -20° and Xi = -160°, x2 = +20°, whereas the backbone 
torsional angles around the 3-position, as in the case of the 
CMePhe3 analogue, again can only assume values around 

(15) Lord, J. A. H.; Waterfield, A. A.; Hughes, J.; Kosterlitz, H. W. 
Endogenous Opioid Peptides: Multiple Agonists and Recep
tors. Nature (London) 1977, 267, 495-499. 

(16) Chavkin, C; James, I. F.; Goldstein, A. Dynorphin Is a Specific 
Endogenous Ligand of the K Opioid Receptor. Science 
(Washington, D.C.) 1982, 215, 413-415. 

(17) Schiller, P. W.; Nguyen, T. M.-D.; Maziak, L. A.; Wilkes, B. C, 
Lemieux, C. Structure-Activity Relationships of Cyclic Opioid 
Peptide Analogues Containing a Phenylalanine Residue in the 
3-position. J. Med. Chem. 1987, 2094-2099. 

(18) Marshall, G. R.; Bosshard, H. E. Angiotensin II: Studies on 
the Biologically Active Conformation. Circ. Res. 1972, 30, 31, 
Suppl. 2, II-143-II-150. 
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Figure 2. Comparison of H-Tyr-D-Orn-Phe-Glu-NH2 (panels on 

the left) and H-Tyr-D-Orn-Aic-Glu-NH2 (panels on the right) in 
a molecular dynamics simulation: (a) Xi3 (Phe), (b) Xi3 (Aic), (c) 
X2

3 (Phe), (d) x2
3 (Aic). 
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Figure 3. Comparison of H-Tyr-D-Orn-Phe-Glu-NH2 (panels on 

the left) and H-Tyr-D-0rn-Aic-Glu-NH2 (panels on the right) in 
a molecular dynamics simulation: (a) <t>3 (Phe), (b) </>3 (Aic), (c) 
^3 (Phe), (d) ^3 (Aic). 

<t> = -50°, $ = -50° and 0 - +50°, ^ = +50°. These 
torsional angle values were indeed observed in molecular 
dynamics simulations that were carried out at 600 K and 
lasted for 100 ps (Figures 2 and 3). The computer sim
ulations confirm the severe conformational constraints in 
the Aic3 side chain and show its conformational transitions 
between the two conformational states characterized by 
the xi. X2 angles indicated above. The limited confor
mational space available to the Aic3 side chain and its 
conformational transitions are also evident in Figure 4, 
which shows superpositions of 20 snapshots of the Phe3 

and Aic3 analogues taken at 5-ps intervals along the dy
namics trajectory. 

The two diastereoisomers of the Ate3 analogue (com
pounds 6 and 7) show even higher n selectivity (Kf/Kj1 

values of 190 and 133, respectively) due to very weak af-
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Figure 4. Twenty snapshots of H-Tyr-D-0m-Phe-Glu-NH2 (left) and H-Tyr-D-Orn-AiC-GIu-NH2 (right) taken at 5-ps intervals along 
the dynamics trajectory. 

Table I. Receptor Binding Assays of Cyclic Opioid Peptide Analogues 

no. 

1 

2 

3 

4 

S 

6 

7 

8 

9 

10 

11 

12 
13 

compd 

H-Tyr-D-Orn-Phe-Glu-NH2 

H-Tyr-D-0m-D-Phe-Glu-NH2 

H-Tyr-D-Orn-CMePhe-Glu-NH2 

H-Tyr-D-Orn-oMePhe-Glu-NH2 

H-Tyr-D-Orn-Aic-Glu-NH2 

H-Tyr-D-Orn-(D or L)-AtC-GIu-NH2 (I) 

H-Tyr-D-Orn-(D or L)-AtC-GIu-NH2 (II) 

H-Tyr-D-0m-Hfe-Glu-NH2 

H-Tyr-D-0m-D-Hfe-Glu-NH2 

H-Tyr-D-Om-Nap-Glu-NH2 

H-TyT-D-Om-N01MePhB-GIu-NH2 

H-Tyr-D-Om-Tic-Glu-NH2 
[Leu6]enkephalin 

[8H]DAGO 
Kl" nM 

0.981 ± 0.013 

1660 ± 50 

7.17 ± 0.26 

1.92 ± 0.06 

4.21 ± 0.39 

8.26 ± 1.94 

26.3 ± 0.6 

1.17 ± 0.08 

258 ± 6 

2.56 ± 0.15 

1000 ± 130 

2410 ± 90 
9.43 ± 2.07 

rel potency4 

9.63 ± 0.10 

0.00568 ± 0.00018 

1.31 ± 0.05 

4.91 ± 0.15 

2.24 ± 0.21 

1.14 ± 0.27 

0.358 ± 0.008 

8.04 ± 0.57 

0.0365 ± 0.0008 

3.68 ± 0.22 

0.00941 ± 0.00119 

0.00391 ± 0.00015 
1 

[3H]DSLET 
K\,' nM 

3.21 ± 0.32 

14000 ± 1600 

54.6 ± 15.0 

9.22 ± 0.73 

209 ± 2 

1570 ± 9 

3510 ± 15 

15.4 ± 0.9 

2600 ± 10 

50.7 ± 2.3 

12800 ± 1500 

50100 ± 2700 
2.53 ± 0.35 

rel potency* 

0.790 ± 0.078 

0.000181 ± 0.000021 

0.0464 ± 0.0128 

0.275 ± 0.021 

0.0121 ± 0.0001 

0.00161 ± 0.00001 

0.000721 ± 0.000003 

0.165 ± 0.009 

0.000975 ± 0.000004 

0.0500 ± 0.0023 

0.000198 ± 0.000022 

0.0000505 ± 0.0000027 
1 

Kf/Kf 

3.27 

8.43 

7.62 

4.80 

49.6 

190 

133 

13.2 

10.1 

19.8 

12.8 

20.8 
0.268 

"Mean of three determinations ± SEM. bPotency relative to that of [Leu6]enkephalin. 

finity for the 5 receptor, while ̂ -receptor affinity compa
rable to that of [Leu5]enkephalin is maintained (Table I). 
As in the case of the Aic3 analogue, it is the side chain 
conformational restriction per se which is directly re
sponsible for the drastic selectivity enhancement. Again, 
the Ate residue essentially is able to adopt only two side 
chain conformations which are characterized by the tor
sional angles Xi = 180° (t), x2 = +25° and Xi = -60° (g"), 
X2 = -25° for L-Atc, and Xi = 180° (t), x2 - -25° and Xi 
= +60° (g+), X2 = +25° for D-Atc. Obviously, these side 
chain conformational constraints are even more detri
mental to 5-receptor affinity than those present in the Aic3 

analogue which has about 10 times higher 8 affinity than 
the Ate3 analogues. Interestingly, the computer simula
tions showed that in the cyclic opioid peptide analogues 
described here both the L- and the D-Atc side chain un
derwent fewer conformational transitions than the Aic side 
chain (Wilkes, B. C; Schiller, P. W., manuscript in prep
aration). 

As indicated above, the M-receptor affinity of the cyclic 
i i 

dermorphin analogue H-Tyr-D-Orn-Phe-Glu-NH2 is more 
than a 1000 times higher than that of the corresponding 
D-Phe3 analogue, whereas the n receptor affinities of both 

i i 

diastereoisomers of H-Tyr-D-Orn-(D,L)-Atc-Glu-NH2 are 
high and differ from one another by a factor of only 3.18. 
Careful examination by HPLC revealed that each dia-
stereoisomer of the Ate3 analogue contained less than 2% 
of the other and, thus, the similar affinities could not be 

explained by insufficient separation of the diastereoiso
mers. Even cross-contamination of each diastereoisomer 
to the extent of 5% would still result in a diastereomeric 
potency ratio of only 3.76, and cross-contamination of 
around 23.5% would have to occur if the potency ratio of 
the two Ate3 diastereoisomers were assumed to be similar 
to that of the two Phe3 diastereoisomers. The loss of 
stereospecificity as a consequence of the side chain con
formational constraint may be due to the fact that the 
D-Atc3 analogue binds to the receptor in a manner different 
from that of the D-Phe3 analogue. In the case of the D-Phe3 

analogue a stepwise process of binding according to the 
"zipperMype model19 may occur such that the D-Phe3 side 
chain never has a chance to bind to the hydrophobic re
ceptor subsite with which the L-Phe3 aromatic ring in
teracts. The observation that in the case of a corre
sponding cyclic analogue with homophenylalanine (Hfe) 
substituted in position 3 the L-Hfe3 analogue (8) has again 
over 200 times higher /u-receptor affinity than the D-Hfe3 

analogue (9) (Table I) is of interest in view of the fact that 
Ate represents a conformationally restricted analogue of 
both Phe and Hfe (with reversed configurational rela
tionships). The receptor binding site with which the 3-
position aromatic rings of the L-Phe3 and L-Hfe3 analogues 
interact appears to be fairly large, since it is also able to 

(19) Burgen, A. S. V.; Roberto, G. C. K.; Feeney, J. Binding of 
Flexible Ligands to Macromolecules. Nature (London) 1975, 
253, 753-755. 
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Table II. Guinea Pig Ileum (GPI) and Mouse Vas Deferens (MVD) Assay of Cyclic Opioid Peptide Analogues 
GPI MVD 

no. compd ICso." nM rel potency* ICM,0 nM rel potency* 
. MVD/GPI 

ICM ratio 

H-Tyr-D-Om-CMePhe-Glu-NHj 

H-Tyr-D-Om-oMePhe-Glu-NH2 

H-Tyr-D-Orn-Aic-Glu-NH2 

1 H-Tyr-D-0m-Phe-Glu-NH2 

2 H-Tyr-D-Orn-r>Phe-Glu-NH2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 H-Tyr-D-Orn-Tic-Glu-NH2 

13 [Leus]enkephalin 

H-Tyr-D-Orn-(D or L)-AtC-GIu-NH2 (I) 

H-TyT-D-Om-(D or L)-AtC-GIu-NH2 (II) 

H-Tyr-D-Orn-Hfe-Glu-NH2 

H-Tyr-D-Orn-D-Hfe-Glu-NH2 

H-Tyr-p-Orn-D-Nap-Glu-NH2 

H-Tyr-r>Om-N«MePhe-Glu-NH2 

1.17 ± 0.07 

879 ± 97 

3.31 ± 0.45 

0.543 ± 0.056 

7.21 ± 0.83 

31.6 ± 3.1 

285 ± 47 

5.82 ± 0.58 

728 ± 86 

4.07 ± 0.89 

707 ± 150 

3060 ± 270 
246 ± 39 

210 ± 13 

0.280 ± 0.031 

74.3 ± 10.2 

453 ± 47 

34.1 ± 3.9 

7.78 ± 0.76 

0.863 ± 0.143 

42.3 ± 4.2 

0.338 ± 0.040 

60.5 ± 13.2 

0.348 ± 0.074 

0.0803 ± 0.0071 
1 

1, 

3860 

5. 

1. 

36. 

254 

3070 

34. 

4160 

10. 

2070 

7310 
11, 

11 ± 0.21 

±240 

51 ± 0.05 

11 ± 0.18 

5 ±6.7 

±33 

±330 

3 ±5.8 

±330 

9 ±1.2 

±260 

±420 
4 ± 1.1 

10.3 ± 2.0 

0.00295 ± 0.00018 

2.07 ± 0.20 

10.3 ± 1.7 

0.312 ± 0.057 

0.0449 ± 0.0058 

0.00371 ± 0.00040 

0.332 ± 0.056 

0.00274 ± 0.00022 

1.05 ± 0.12 

0.00551 ± 0.00069 

0.00156 ± 0.00009 
1 

0.949 

4.39 

1.66 

2.04 

5.06 

8.04 

10.8 

5.89 

5.71 

2.68 

2.93 

2.39 
0.0463 

"Mean of three determinations ± SEM. * Potency relative to that of [Leu5] enkephalin. 

accommodate the naphthyl ring of the cyclic analogue 

H-Tyr-r>Orn-Nap-Glu-NH2 (10) which retains high n re
ceptor affinity. Configuration^ inversion of Ate produces 
a change in the way the aromatic ring is fused to the cy-
clohexane structure by shifting it from one position to an 
adjacent one (see Figure 1). This shift in the positioning 
of the aromatic ring of the 3-position residue is tolerated 
by the "large" hydrophobic binding site on the receptor 
and, due to the side chain conformational constraints, the 
process of binding of not only the L-Ate3 but also the D-Ate3 

analogue is such that the Ate aromatic ring is forced to 
interact with this binding site. Thus, the low activity of 
the D-Phe3 analogue as compared to that of the D-Ate3 

analogue may be explained with a different process and 
mode of receptor binding. 

Methylation of the a-nitrogen in position 3 of the pep-
• i 

tide sequence of H-Tyr-D-Orn-Phe-Glu-NH2 resulted in 
a weakly active analogue (11) (Table I). The more than 
1000-fold decrease in /t-receptor affinity observed with this 
compound could be due to the introduced local confor
mational restriction of the peptide backbone (4> angle), the 
unavailability of the amide proton in the 3-position for the 
formation of an important hydrogen bond, or the bulk of 
the N-methyl group which might not be tolerated in this 
position. In view of the low affinity of analogue 11, it is 
not surprising that the Tic3 analogue 12 is also very weakly 
active. Interestingly, replacement of the N-terminal exo-
cyclic D-Phe residue in somatostatin-derived opioid an
tagonists with D-Tic has recently been shown to produce 
an increase in /u-receptor affinity and selectivity.20 

The determined K' values of all analogues were higher 
than 2 X 10"6 M, indicating that none of them had ap
preciable affinity for K receptors. 

The results of the GPI and MVD bioassays (Table II) 
were found to be in qualitative but not always quantitative 
agreement with the receptor binding data. In general, the 
obtained IC6o(MVD)/IC5o(GPI) ratios were much lower 
than the corresponding Kf/Kf ratios determined in the 
receptor binding assays, due to the fact that the com-

(20) Kazmierski, W. K.; Wire, W. S.; Lui, G. K.; Knapp, R. J.; 
Shook, J. E.; Burks, T. P.; Yamamura, H. I.; Hruby, V. J. 
Design and Synthesis of Somatostatin Analogues with Topo
graphical Properties That Lead to Highly Potent and Specific 
M Opioid Receptor Antagonists with Greatly Reduced Binding 
at Somatostatin Receptors. J. Med. Chem. 1988, 31, 
2170-2177. 

pounds examined showed relatively higher potency in the 
MVD assay than in the [3H]DSLET receptor binding as
say. The unexpectedly high potencies of the analogues in 
the MVD assay are due to the fact that they produce the 
opioid effect through interaction with both 5- and ^-opioid 
receptors present in the vas preparation. To some extent, 
the discrepancies between binding assay and bioassay data 
may also be due to a different degree of nonspecific ad
sorption of these more or less hydrophobic molecules in 
the various tissues. Since, aside from being conforma-
tionally restricted, all examined analogues contain a D-
amino acid residue in the 2-position of the peptide se
quence and a C-terminal carboxamide function, they can 
be expected to be equally stable against enzymolysis under 
the conditions of the binding assays and bioassays and, 
thus, a different extent of peptide degradation in the 
various tissues can be ruled out as a factor explaining the 
differences between bioassay and binding assay data. In 
the GPI assay all analogues showed K, values for naloxone 
as antagonist ranging from 1 to 3 nM. Such low Kt values 
are typical for ^-receptor interactions and rule out an 
additional interaction with K receptors, since K-receptor 
interactions would be characterized by much higher K, 
values. These results are in agreement with the lack of 
K-receptor affinity established in the receptor binding 
assay. 

Conclusions 
In the present paper we described a systematic effort 

to further rigidify the structure of the cyclic opioid peptide 

analogue H-Tyr-D-Orn-Phe-Glu-NH2 through introduction 
of additional conformational constraints at the Phe3 res
idue. This goal was successfully achieved through sub
stitution of the Phe3 residue with the conformational^ 
restricted phenylalanine analogues Aic and Ate, which 
resulted in potent and highly p-receptor-selective com
pounds. Furthermore, comparison of the opioid receptor 
affinity profile of the Aic3 and Ate3 analogues with those 
of corresponding C°MePhe and oMePhe analogues led to 
the first unambiguous demonstration that side chain 
conformational restriction per se may result in enhanced 
receptor selectivity. Another finding of fundamental im
portance was the loss of stereospecificity due to side chain 
conformational restriction observed with the Ate3 ana
logues which may be explained with an altered mode of 
receptor binding. As in the case of the parent peptide (1), 
the exocyclic tyrosine residue in analogues 5-7 retains 
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considerable orientational freedom and will also have to 
be conformational^ restricted in order to obtain better 
insight into the /i-receptor-bound conformation of this type 
of cyclic opioid tetrapeptide. 

Experimental Sect ion 
General Methods. Precoated plates (silica gel G, 250 urn, 

Analtech, Newark, DE) were used for ascending TLC in the 
following solvent systems (all v/v): (I) CHCl3/MeOH/AcOH 
(90/8/2); (II) CHCl3/MeOH/benzene/H20 (8/8/8/1); (III) n-
BuOH/AcOH/H20 (4/1/5, organic phase), and (IV) n-BuOH/ 
pyridine/AcOH/HjO (15/10/3/12). Reversed-phase HPLC was 
performed on a Varian VISTA 5500 liquid chromatograph, uti
lizing a Waters column (30 x 0.78 cm) packed with C-18 Bondapak 
reversed-phase (10 /um) material For amino acid analyses peptides 
(0.2 mg) were hydrolyzed in 6 N HCl (0.5 mL) containing a small 
amount of phenol for 24 h at 110 0C in deaerated tubes. Hy-
drolysates were analyzed on a Beckman Model 121C amino acid 
analyzer equipped with a Model 126 Data System integrator. 
Proton nuclear magnetic resonance spectra were recorded at 25 
0C on a Varian VXR-400S spectrometer using 3-(trimethyl-
silyD-1-propanesulfonic acid (sodium salt) as an internal standard. 
Molecular weights of peptides were determined by FAB mass 
spectrometry on an MS-50 HMTCTA mass spectrometer inter
faced to a DS-90 data system (Drs. M. Evans and M. Bertrand, 
Department of Chemistry, University of Montreal). 

Amino Acid Synthesis. D,L-o-Methy !phenylalanine 
(oMePhe). Sodium metal (920 mg, 0.04 g-atom) was dissolved 
in 200 mL of absolute EtOH under nitrogen. When the sodium 
had dissolved, 6.8 g (40 mmol) of ethyl acetamidocyanoacetate 
and 4.4 g (40 mmol) of 2-methylbenzyl chloride were added. The 
solution was stirred at 60 0C for 24 h and then evaporated in vacuo. 
The residue was dissolved in 150 mL of CHCl3 and extracted with 
water. The organic phase was dried (Na2SO4), filtered, and 
evaporated in vacuo. The obtained oily residue was dissolved in 
200 mL of 6 N HCl and refluxed for 16 h. The solution was then 
treated with Norite, filtered, and allowed to stand in the cold. 
The solid which deposited was collected by filtration and dried 
in vacuo over KOH. The product was recrystallized from 
MeOH/EtjO to afford 6.6 g (60%) of a white powder mp 248-252 
0C; TLC fl,0.55 (III); 1H NMR (D2O) S 2.56 (s, 3 H, CH3), 3.25 
(q, 1 H, CH2), 3.58 (q, 1 H, CH2), 4.13 (q, 1 H, CH), 7.48 (m, 4 
H, ar); MS m/e 179 (M+). 

2-Aminoindan-2-carboxylic Acid (Aic). A mixture of 2.6 
g (0.02 mol) of 2-indanone, 2.82 g (0.05 mol) of NaCN, 21 g of 
ammonium carbonate, and 90 mL of EtOH/H20 (1:1, v/v) was 
heated at 55-60 0C for 6 h. The solid that precipitated on cooling 
was collected by filtration and recrystallized from EtOH to give 
2.67 g (73%) of 2-spirohydantoinindan (mp 262 0C). 

2-Spirohydantoinindan (3.8 g, 0.02 mol), 20 mL of a 40% (w/w) 
aqueous NaOH solution and 10 mL of propylene glycol were 
combined, stirred, and refluxed for 24 h. The reaction mixture 
was then cooled and diluted with 50 mL of water. After acidi
fication with 1 N HCl to pH 2 and filtration of the precipitated 
solid, the pH was adjusted to 6 by careful addition of a 10% (w/w) 
aqueous NaHCO3 solution. The amino acid then precipitated in 
crystalline form and was collected by filtration. Recrystallization 
from EtOH/H20 gave 2.45 g (82%) of 2-aminoindan-2-carboxylic 
acid: mp 298 0C; TLC R, 0.54 (III); 1H NMR (D2O) S 3.37 (d, 
2 H, H-I, H-3), 3.77 (d, 2 H, H-I, H-3), 7.34 (s, 4 H, ar); MS m/e 
177 (M+). 

D,L-2-Aminotetralin-2-carboxylic Acid (Ate). Commercially 
available 2-spirohydantointetralin (Aldrich) was converted to 
D,L-2-aminotetralin-2-carboxylic acid in the same manner as that 
described for the preparation of Aic. The free amino acid pre
cipitated upon adjustment of the pH to 5.5 and after recrystal
lization from EtOH/H20 was obtained as a white powder in 60% 
yield: mp 315 0C; TLC R, 0.56 (III); 1H NMR (D2O) 6 2.15 (m, 
1 H, H-3), 2.42 (m, 1 H, H-3), 2.91 (m, 1 H, H-4), 3.02 (m, 1 H, 
H-4), 3.10 (d, 1 H, H-I), 3.52 (d, 1 H, H-I), 7.25 (m, 4 H, ar); MS 
m/e 191 (M+). 

L-l,2,3,4-Tetrahydroisoquuioline-3-carboxylic Acid (Tic). 
L-phenylalanine (2.5 g, 0.015 mol) was dissolved in 25 mL of 
concentrated HCl, and 2 g of paraformaldehyde and 0.5 mL of 
concentrated H2SO4 were added. The solution was then refluxed 
for 2 days. After cooling and filtration the resulting solid was 

dissolved in hot H20/EtOH (1/1, v/v) and aqueous NH4OH 
(30%) was added until a pH of 7.0 was reached. The crystals 
which precipitated upon cooling of the solution were collected 
by filtration, washed with EtOH, and dried to yield 1.6 g (60%) 
of product: mp 315 0C; TLC Rf 0.51 (III); 1H NMR (D2O) 5 3.27 
(q, 1 H, H-4), 3.49 (q, 1 H, H-4), 4.49 (m, 3 H, H-I, H-I, H-3), 
7.32 (m, 4 H, ar); MS m/e 177 (M+). 

The Fmoc derivatives of L-CMePhe, D,L-oMePhe, Aic, D1L-Ate, 
L-Hfe, D-Hfe, L-Nap, L-NaMePhe, and L-Tic were prepared by 
reaction with 9-fluorenylmethyl chloroformate in the usual 
manner.21 

JVa-Fmoc-Ca-methylphenylalanine(NaFmoc-CaMePhe): 
mp 124-128 0C; TLC JJ, 0.58 (I), 0.60 (II); 1H NMR ([2H6]DMSO) 
& 1.17 (s, 3 H, CH3), 2.90 (d, 1 H, CH), 3.25 (d, 1 H, CH), 4.23 
(t, 1 H, CH), 4.31 (q, 1 H, CH2), 4.50 (q, 1 H, CH2), 7.24 (s, 1 H, 
NH), 6.99-7.95 (m, 13 H, ar), 12.52 (br, 1 H, COOH); [«]% -€.8° 
(c 1.0, CH3OH). 

JV°'-Fmoc-(D,L)-o-methylphenylaIanine (NaFmoc-(D,L)-
oMePhe): mp 125-128 0C; TLC R, 0.56 (I), 0.58 (II); 1H NMR 
([2H6]DMSO) S 2.29 (s, 3 H, CH3), 2.85 (q, 1 H, O9H), 3.11 (q, 1 
H, CH), 4.03 (q, 1 H, CH), 4.15 (m, 3 H, CH + CH2), 7.77 (d, 
1 H, NH), 7.05-7.88 (m, 12 H, ar), 12.74 (br, 1 H, COOH). 

JVaFmoc-2-aminoindan-2-carboxylic acid (N°Fmoc-Aic): 
mp 195 0C; TLC Rj 0.80 (I), 0.75 (II); 1H NMR ([2H6]DMSO) 8 
3.23 (d, 2 H, H-I, H-3), 3.45 (d, 2 H, H-I, H-3), 4.20 (m, 1 H, CH), 
4.28 (m, 2 H, CH2), 7.14-7.88 (m, 12 H, ar), 7.90 (s, 1 H, NH), 
12.54 (br, 1 H, COOH). 

Ar"-Fmoc-(D,L)-2-aminotetralin-2-carboxylic acid 
(NaFmoc-(D^)-Atc): mp 173-175 0C; TLC R10.80 (I), 0.74 (II); 
1H NMR ([2H6]DMSO) & 1.95 (m, 1 H, H-3), 2.31 (m, 1 H, H-3), 
2.72 (m, 2 H, H-4), 3.07 (d, 1 H, H-I), 3.16 (d, 1 H, H-I), 4.20 (m, 
1 H, CH), 4.29 (m, 2 H, CH2), 7.62 (s, 1 H, NH), 7.04-7.87 (m, 
12 H, ar), 12.48 (br, 1 H, COOH). 

JVa-Fmoc-homophenylalanine (NaFmoc-Hfe): mp 131 0C; 
TLC R, 0.56 (I), 0.58 (II); 1H NMR ([2H6]DMSO) 5 1.92 (m, 2 H, 
CH), 2.63 (m, 2 H, CH), 3.90 (m, 1 H, CH), 4.25 (m, 1 H, CH), 
4.33 (m, 2 H, CH2), 7.75 (s, 1 H, NH), 7.16-7.91 (m, 13 H, ar), 
12.57 (br, 1 H, COOH); [a]\ -6.3° (c 1.0, CH3OH). 

JV-Fmoc-D-homophenylalanine (Na-Fmoc-D-Hfe): mp 125 
0C; TLC R, 0.56 (I), 0.58 (II); 1H NMR ([2H6]DMSO) S 1.94 (m, 
2 H, CH), 2.63 (m, 2 H, CH), 3.90 (m, 1 H, CH), 4.25 (m, 1 H, 
CH), 4.32 (m, 2 H, CH2), 7.74 (s, 1 H, NH), 7.16-7.90 (m, 13 H, 
ar), 12.58 (br, 1 H, COOH); [ a p D +5.8° (c 1.0, CH3OH). 

iV-Fmoc-3-(l'-naphthyl)alanine (iV°-Fmoc-Nap): mp 
130-133 0C; TLC Rf 0.56 (I), 0.56 (II); 1H NMR ([2H6]DMSO) 
& 3.26 (q, 1 H, CH), 3.65 (q, 1 H, CH), 4.14 (m, 3 H, CH + CH2), 
4.31 (m, 1 H1 CH), 7.84 (s, 1 H, NH), 7.23-8.14 (m, 15 H, ar), 
12.86 (br, 1 H1 COOH); [a]2S

D - 59.0° (c 1.0, CH3OH). 
JV°-Fmoc-JVa-methylphenylalanine(N°Fnioc-N',MePhe): 

mp 129-133 0C; TLC R, 0.59 (I), 0.61 (II); 1H NMR (CDCl3) (due 
to nitrogen inversion two isomers are observed) (isomer I) & 2.79 
(s, 3 H, CH3), 3.13 (q, 1 H, CH), 3.38 (q, 1 H, CH), 4.21 (t, 1 
H, CH), 4.38 (m, 2 H, CH2), 4.91 (q, 1 H, CH), 6.95-7.76 (m, 13 
H, ar); (isomer II) 6 2.74 (q, 1 H, CH), 2.78 (s, 3 H1 CH3), 3.13 
(q, 1 H, CH), 4.15 (t, 1 H, CH), 4.39 (q, 1 H, CH2), 4.56 (q, 1 H, 
CH2), 4.58 (q, 1 H, CH)16.95-7.76 (m, 13 H, ar); [oc]\ -60.7° 
(c 1.0, CH3OH). 

JV-Fmoc- l,2,3,4-tetrahydroisoquinoline-3-carboxylic acid 
(NTmoc-Tic): mp 129-132 "C; TLC R, 0.58 (I), 0.60 (II); 1H 
NMR ([2H6]DMSO) 6 3.15 (m, 2 H, H-4), 4.28 (m, 1H1 CH)14.38 
(m, 2 H1 CH2), 4.45 (d, 1 H, H-I), 4.61 (d, 1 H, H-I), 4.84 (q, 1 
H, H-3), 7.14 (m, 12 H, ar), 12.72 (br, 1 H, COOH); [a]M

D -3.6° 
(c 1.0, CH8OH). 

Other Fmoc- and Boc-amino acids were purchased from IAF 
BioChem International (Laval, Quebec, Canada) and from Bachem 
Bioscience, (Philadelphia, PA). 

Solid-Phase Synthesis and Purification of Cyclic Peptide 
Analogues. Peptide synthesis was performed by the manual 
solid-phase technique using a p-methylbenzhydrylamine resin (1% 
cross-linked, 100-200 mesh, 0.2 mM/g of titratable amine) ob
tained from United States Biochemical Corp. (Cleveland, OH). 

(21) Carpino, L. A.; Han, G. Y. The 9-Fluorenylmethoxycarbonyl 
Amino-Protecting Group. J. Org. Chem. 1972, 3404-3409. 
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Table III. Analytical Data of Cyclic Opioid Peptide Analogues 

no. compd amino acid anal. 

TLC, Rf 

III IV 
HPLC 
K' value 

FAB-MS 
(MH+), m/e 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

U 

12 

H-Tyr-D-Orn-Phe-Glu-NH2 

H-Tyr-D-Om-D-Phe-Giu-NHa 

H-Tyr-D-0m-CMePhe-Glu-NH2 

H-Tyr-D-Orn-oMePhe-Glu-NH2 

H-Tyr-D-Om-Aic-Glu-NHji 

H-TyT-D-Om-(D or L)-AtC-GIu-NH2 (I) 

H-Tyr-D-Om-(D or L)-AtC-GIu-NH2 (II) 

H-Tyr-D-Om-Hfe-Glu-NHjj 

H-Tyr-D-Orn-D-Hfe-Glu-NH2 

H-Tyr-D-Orn-Nap-Glu-NH2 

H-Tyr-D-Orn-N°MePhe-Glu-NH2 

H-TyT-D-Om-TiC-GIu-NH2 

Tyr 0.91, Om 1.05, Phe 0.91, GIu 1.00 

Tyr 1.00, Om 1.09, Phe 1.11, GIu 0.98 

Tyr 1.00, Om 1.08, GIu 0.92 

Tyr 1.08, Om 0.89, GIu 1.00 

Tyr 1.00, Om 1.08, GIu 0.91 

Tyr 0.94, Om 1.06, GIu 1.00 

Tyr 0.92, Om 1.00, GIu 1.09 

Tyr 1.00, Om 0.98, GIu 1.01 

Tyr 1.05, Om 1.00, GIu 1.00 

Tyr 0.99, Om 1.07, GIu 0.99 

Tyr 1.00, Om 0.96, GIu 0.90 

Tyr 0.88, Om 1.05, GIu 1.00 

0.56 

0.55 

0.57 

0.59 

0.46 

0.43 

0.43 

0.58 

0.58 

0.53 

0.56 

0.56 

0.76 

0.75 

0.76 

0.77 

0.78 

0.80 

0.80 

0.77 

0.76 

0.77 

0.77 

0.75 

0.85 

1.06 

1.21 

1.26 

1.18 

1.37 

2.21 

1.15 

1.55 

3.81 

1.21 

0.69 

553 

553 

567 

567 

565 

579 

579 

566 

566 

603 

567 

565 

"0.1% TFA/MeOH 80/10; flow rate 1.5 mL/min, monitored at \ = 280 nM. 

The cyclic lactam analogues were synthesized according to a 
protection scheme described in detail elsewhere.13 After neu
tralization of the resin with 10% (v/v) DIEA in CH2Cl2 (2 X 10 
min) and washing with CH2Cl2 ( 3X1 min), the C-terminal tri-
peptide segment to be cyclized was assembled according to the 
following protocol: (1) addition of Fmoc-amino acid in CH2Cl2 
(2.5 equiv), (2) addition of DCC (2.5 equiv) and mixing for 4-24 
h (completeness of the reaction was monitored by the ninhydrin 
test22), (3) Fmoc deprotection with 50% piperidine in CH2Cl2 (30 
min), (4) washing with DMF (3X1 min) and EtOH (3X1 min). 
After coupling of Fmoc-D-Orn(Boc)-OH, Fmoc protection of the 
N-terminal amino group was retained and the side chains of the 
Orn and GIu residues to be linked were deprotected by treatment 
with 50% (v/v) TFA in CH2Cl2 (30 min). Following neutralization 
with 10% (v/v) DIEA in CH2Cl2 (2 X 10 min) and washing with 
CH2Cl2 (3X1 min) and DMF (3X1 min), cyclization was carried 
out in DMF containing 1.5% (v/v) DIEA at room temperature 
by addition of the BOP reagent (3.0 equiv). Monitoring of the 
ring-closure reaction with the ninhydrin test revealed that cy
clization was usually complete after 12-48 h. After performance 
of the cyclization step, the N-terminal Fmoc group was removed 
as usual and washing of the resin was carried out as described 
above. Subsequently, Boc-Tyr(Boc)-OH (2.5 equiv) in CH2Cl2 
and DCC (2.5 equiv) were added, and the resin suspension was 
mixed for 24 h. After final deprotection with 50% (v/v) TFA 
in CH2Cl2 (30 min), the resin was washed with CH2Cl2 (3X1 min) 
and EtOH (3X1 min) and was dried in a desiccator. Peptides 
were cleaved from the resin by treatment with HF for 90 min at 
0 0C and for 15 min at room temperature (20 mL of HF plus 1 
mL of anisole/g of resin). After evaporation of HF, the resin was 
extracted three times with Et2O and, subsequently, three times 
with 7% AcOH. The crude peptide was then obtained in solid 
form through lyophilization of the acetic acid extract. 

Peptides were purified by gel filtration on a Sephadex-G-25 
column in 0.5 N AcOH, followed by reversed-phase chromatog
raphy on an octadecasilyl silica column,23 with a linear gradient 
of 0-60% MeOH in 1% TFA. If necessary, further purification 
to homogeneity was performed by semipreparative reversed-phase 
HPLC [20-50% MeOH (linear gradient) in 0.1% TFA]. Semi-
preparative HPLC under the same conditions was also used to 
separate the two diastereoisomers of the Ate3 and oMePhe3 

analogues. Final products were obtained as lyophilisates. Ho
mogeneity of the peptides was established by TLC and by HPLC 
under conditions identical with those described above. All pep-

(22) Kaiser, E.; Colescott, R. L.; Bossinger, D. C; Cook, P. I. Color 
Test for the Detection of Free Terminal Amino Groups in the 
Solid-Phase Synthesis of Peptides. Anal. Biochem. 1970, 34, 
595-598. 

(23) Bohlen, P.; Castillo, F.; Ling, N.; Guillemin, R. Purification of 
Peptides: An Efficient Procedure for the Separation of Pep
tides from Amino Acids and Salt. Int. J. Pept. Protein Res. 
1980, 16, 306-310. 

tides were at least 98% pure, as judged from the HPLC elution 
profiles. Analytical data are presented in Table III. In the case 

i i 

of H-Tyr-D-Orn-D,L-oMePhe-Glu-NH2 the configurational as
signment of the separated diastereoisomers was made on the basis 
of amino acid analyses of peptide hydrolysates that had been 
incubated with L-amino acid oxidase. 

Binding Assays and Bioassays. Opioid receptor binding 
assays using rat brain membrane preparations were performed 
as reported in detail elsewhere.24 [3H]DAGO, [3H]DSLET, and 
[3H]U69,593 at respective concentrations of 0.72,0.78, and 0.80 
nM were used as radioligands and incubations were performed 
at 0 0C for 2 h. IC60 values were determined from log dose-
displacement curves and K1 values were calculated from the ob
tained IC50 values by means of the equation of Cheng and Pru-
soff,25 using values of 1.3, 2.6, and 2.9 nM for the dissociation 
constants of [3H]DAGO, [3H]DSLET, and [3H]U69,593, respec
tively.26"28 

The GPI29 and MVD30 bioassays were carried out as reported 
in detail elsewhere.24,31 A log dose-response curve was determined 
with [Leu6] enkephalin as standard for each ileum and vas 

(24) Schiller, P. W.; Lipton, A.; Horrobin, D. F.; Bodanszky, M. 
Unsulfated C-terminal 7-Peptide of Cholecystokinin: A New 
Ligand of the Opiate Receptor. Biochem. Biophys. Res. Com-
mun. 1978, 85, 1332-1338. 

(25) Cheng, Y. C; Prusoff, W. H. Relationship Between the Inhib
ition Constant (K1) and the Concentration of Inhibitor which 
Causes 50 Per Cent Inhibition (Ig0) of an Enzymatic Reaction. 
Biochem. Pharmacol. 1973, 22, 3099-3102. 

(26) Handa, B. K.; Lane, A. C; Lord, J. A. H.; Morgan, B. A.; 
Ranee, M. J.; Smith, C. F. C. Analogues of /3-LPH81"84 Pos
sessing Selective Agonist Activity at jt-Opiate Receptors. Eur. 
J. Pharmacol. 1981, 70, 531-540. 

(27) Gacel, G.; Foumig-Zaluski, M.-C; David, M.; Meunier, J. C; 
Morgat, J. L.; Roques, B. P. Critical Components of Opioid 
Peptides for Specific Recognition of M and i Receptors. In 
Advances in Endogenous and Exogenous Opioids; Takagi, H., 
Simon, E., Eds.; Kodansha Ltd.: Tokyo, 1981; pp 377-379. 

(28) Lahti, R. A.; Mickelson, M. M.; McCaIl, J. M.; Von Voigtlan-
der, P. [3H]U-69593, a Highly Selective Ligand for the Opioid 
K Receptor. Eur. J. Pharmacol. 1985,109, 281-284. 

(29) Paton, W. D. M. The Action of Morphine and Related Sub
stances on Contraction and on Acetylcholine Output of Coax-
ially Stimulated Guinea-Pig Ileum. Br. J. Pharmacol. Che
mother. 1957,12, 119-127. 

(30) Henderson, G.; Hughes, J.; Kosterlitz, H. W. A New Example 
of a Morphine Sensitive Neuroeffector Junction. Br. J. 
Pharmacol. 1972, 46, 764-766. 

(31) DiMaio, J.; Nguyen, T. M.-D.; Lemieux, C; Schiller, P. W. 
Synthesis and Pharmacological Characterization in Vitro of 
Cyclic Enkephalin Analogues: Effect of Conformational Con
straints on Opiate Receptor Selectivity. J. Med. Chem. 1982, 
25, 1432-1438. 
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preparation, and I C N values of the compounds being tested were 
normalized according to a published procedure.32 Ke values for 
naloxone as antagonist were determined from the ratio of IC60 
values obtained in the presence and absence of a fixed naloxone 
concentration.33 

Molecular Dynamics Studies. Dyamics simulations were 
carried out by using the software package SYBYL (Tripos Asso
ciates, St. Louis, MO) on a VAXstation 3500. Molecules were 
viewed on an Evans & Sutherland PS330 computer graphics 
display terminal and a Hewlett-Packard HP7475 plotter was used 
for the preparation of the figures. The simulations were carried 
out with a step size of 1 fs and data were recorded for analysis 
every 50 fs. Starting conformations were low-energy conformers 
obtained in a molecular mechanics study (Wilkes, B. C; Schiller, 
P. W., manuscript in preparation). After an equilibration period 
of 2 ps the simulations were carried out for 100 ps at 600 K. The 
elevated temperature of 600 K was chosen in order to obtain better 
insight into the accessible conformational space, since confor
mational transitions are expected to be more frequent at 600 K 
than at 300 K. Each dynamics trajectory was analyzed for torsion 

(32) Waterfield, A. A.; Leslie, F. M.; Lord, J. A. H.; Ling, N.; Kos-
terlitz, H. W. Opioid Activities of Fragments of /3-Endorphin 
and of its LeucineM-Analogue. Comparison of the Binding 
Properties of Methionine- and Leucine-Enkephalin. Eur. J. 
Pharmacol. 1979, 58,11-18. 

(33) Kosterlitz, H. W.; Watt, A. J. Kinetic Parameters of Narcotic 
Agonists and Antagonists, with Particular Reference to N-
AUylnoroxymorphone (naloxone). Br. J. Pharmacol. 1968,33, 
266-276. 

Introduction 
Convincing evidence is now available that solid tumors 

possess significant numbers of hypoxic cells1 which ad
versely affect the efficacy of radiotherapy2 and chemo
therapy3 regimens. However, from a medicinal chemistry 
perspective, this apparent obstacle to successful therapy 

(1) Moulder, J. E.; Rockwell, S. Tumor Hypoxia: Its Impact on 
Cancer Therapy. Cancer Metastasis Rev. 1987, 5, 313-341. 

(2) Coleman, C. N. Hypoxia in Tumors: A Paradigm for the Ap
proach to Biochemical and Physiologic Heterogeneity. J. Natl. 
Cancer Inst. (U.S.) 1988, 80, 310-317. 

(3) Satorelli, A. C. Therapeutic Attack of Hypoxic Cells of Solid 
Tumors: Presidential Address. Cancer Res. 1988,48, 775-778. 

angles (Figures 2 and 3), and conformations were sampled every 
5 ps to generate Figure 4. 
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for the design of hypoxia selective agents. For example, 
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hypoxic cells is one strategy which has been utilized for 
the activation of latent cytotoxic compounds.4"6 
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Synthesis and Evaluation of Some Nitrobenzenesulfonamides Containing 
Nitroisopropyl and (Ureidooxy)methyl Groups as Novel Hypoxic Cell Selective 
Cytotoxic Agents 
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Basic nitrobenzenesulfonamides containing nitroisopropyl and (ureidooxy)methyl groups were prepared and evaluated 
as novel hypoxic cell selective cytotoxic agents. In vitro, iV-(2-aminoethyl)-iV-methyl-3-nitro-4-(l-methyl-l-nitro-
ethyl)benzenesulfonamide hydrochloride (U) proved to be preferentially toxic to hypoxic EMT6 mammary carcinoma 
cells. At 1 mM concentration in vitro, 11 reduced the surviving fraction of these hypoxic cells to 3 X 10"3 with no 
effect on aerobic cells. In radiation experiments, 11 appeared to function as a hypoxic cell radiosensitizer as well 
as a selective cytotoxic agent. However, administration of 11 at 200 mg/kg ip or 100 mg/kg iv to BALB/c mice 
implanted with solid EMT6 tumors produced no evidence of significant in vivo cytotoxic or radiosensitizing activity. 
N-Methyl-iV-[2-(methylamino)ethyl]-3-nitro-4-[(ureidooxy)methyl]benzenesulfonamide hydrochloride (20) showed 
slight differential toxicity toward EMT6 cells at 3 mM concentration and radiosensitizing activity comparable to 
misonidazole at 1 mM concentration. 
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