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Abstract: Investigations of the physiological functions of opiold receptors (V.&K and others) 
requirepotent and selective receptor llgands. Conformational constraint provides a useful 
approach to increase receptor selectivity of flexible peptides. This approach reduces the 
set of low energy conformations accessible for the ligand and thus can provide insight into 
topological features that may be responsible for hiqh affinity to a particular receptor subtype. 
Using this approach, we describe a new class of potent and seiective' u opioid receptor antagbn- 
ists. and demonstrate a new approach for the design of receptor specific ligands by which a low 
affinity, "non-physiological" activity of a natural peptide hormone is converted to a hiqh 
potency, receptor-selective ligand for that receptor; and, at the same time, eliminates the 
activity at the natural receptors for the peptide. 

Recently we reported the design and synthesis of a new class of P opioid receptor selective 
antagonists, of which D-Phe-Cjs-Tyr-D-Trp-Lys-Thr-Pt!n-Thr-NH (CTP) was found to be among the 
most potent and selective, and D-Pgl=Cjs-Tyr-D-Trp-Lys-Thr-P n-Thr-NH2 (PCTP) exhibited a sharp 
decrease of affinity for P receFtors ( 100 foTd) and a modest increase ( 7 fold) in affinity 
for 6 receptors. We now present IH NM4 evidence which suggests a more folded conformation for 
the latter compound. 

This result led to the design of further constrained analogues in which a methylene hridge 
is inserted between the o-amino group and the E'position of the aromatic ring of n-PheI in CTP. 
This analogue D_Tic-Cjs-Tyr-k-Trp-Lys-Thr-P&n-Thr-NH? (TCTP) was found to be the most V vs. 6 
receptor selective ligand known ( > 9000 fold selective), with very little somatostatfn-like 
activity. NNR investigations have revealed that the side chain of D-Tic residue exists exclu- 
sively in a g- conformation. Disconnection of this methylene bridge via synthesis of n-Y- 
MePhe-Cjs-Tyr-&Trp-Orn-Thr-P&i-Thr-NH2 gave an analogue that exhibited low affinity 6r the P 
opioid receptor and greatly reduced selectivity. NMR investigations have uncovered a large 
participation of g+ and trans side chain conformations for the aromatic ring in the D-N-MePhe 
residue, and a more folded overall conformation. These results illustrate how constFaint of 
side chain moieties of critical amino acid residues to a specific or "biased" conformation can 
provide important insights into the topological requirements for peptide-receptor interactions 
and can contribute to design of ligands for receptor mapping. 

INTRODUCTION 

Efforts to understand the precise structural, confonational and dynamic properties of 

peptide ligands which underlie their multiple biological effects is at the forefront of modern 

molecular biology approaches to develop a rational approach to drug design. Due to the inherent 

flexibility of most small peptide hormones and neurotransmitters, structure-activity studies by 

themselves rarely provide insights into the "bioactive conformation" (or reciprocally the 

receptor topology) of peptide hormones and neurotransmitters (the host-guest problem). ln 

addition most peptide neurotransmitters fnteract with several different receptors. For 

example, the opioid receptors, the subject of this paper, exist as at least three different 

classes, P, 6 and K. Specific ligands for each class are needed to determine the biological 

functions of the different receptors. As a consequence of these and other problems, attempts 

to ratlonally design potent and receptor selective ligands for peptides have been difficult and 

have obstructed efforts to understand the physiological roles of the multiple receptor systems 

found for most peptide hormones and neurotransmltters. 

To help overcome these problems, the concept of conformatlonal restrictions via pseudo- 

isosterlc cyclization has been introducedI. and can be used in conjunction with local 

constraints imposed by sterically constrained amino acids and peptidomimeticsI.3 to aid in 

the rational design of peptide analogues for specific receptors. For the latter purpose, amino 
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acids such as a, gdehydro-4, N-methyl-5, cyclopropyl6, a.wdialkyl-7 and 6,6dialkyl-8 amino 

acids have been used with considerable success. However much more work is needed to understand 

how to utilize these constraints best for precise application to peptide conformation, 

topology, and dynamics in relation to peptide-receptor Interactions. In this regard, peptide 

hormone and neurotransmltter receptors are exquisitely sensitlve hosts for examining such 

questions about hormones and transmitters. Thus, in conjunction with modern molecular 

pharmacological methods (e.g. binding assays and bioassays) on the one hand, and state of the 

art confonatlonal analysis on the other (e.g. using NMR. various laser spectroscopies, etc.), 

a ratlonal basis for peptide ligand design can be developed. 

In this paper we provide an example of such an approach which has led to the design of a 

peptide which is the most P opioid receptor selective ligand known to date. Since these 

peptides were derived from somatostatin. a peptide hormone and neurotransmitter which has its 

principal physiological receptors for quite different functions (inhibition of growth hormone, 

insulin, and glucagon release), we will provide a brief discussion of the background for this 

investigation. The idea of converting the potency and specificity of a peptide ligand from its 

natural, physiological. high affinity receptor(s), to a "non-physlological", very weakly 

binding receptor(s) for the native hormone provides a new approach In the design of these 

important compounds. 

Table 1. Binding Potencies and Receptor Selectlvities of Somatostatin and Somatostatin- 
Dctapeptide Analogues in Opioid and Somatostatin Binding Assays With Rat Brain Homogenates 

Compound 
C3Hl- [I*511- C3H1- [12”Il_ 
OAOLE CGP23996 DADLE CGP -- - 

-- -- 

L. SORATOSTATIN 27,400 16.400 6 Il.60 (fl.DOD2) 

2. D-Phe-C'ys-Phe-D-Trp-Lys-Thr-Cy's-Thr-OH 4.500 5.000 300 0.90 (Q.n67) 

1. D-Phe-Pen-Phe_0-TrpLys-Thr-pen-Thr-OH 10,000 9,800 1,onn 0.98 (0.10) 

2. g-Phe-@s-Phe-g-Trp-Lys-Thr-Peh-Thr-OH 931 5,400 170 5.8 

5. D-Phe-Pen-Phe-_D-Trp-Lys-Thr-Cy's-ThbOH 61,000 38.000 AOn 0.65 

5. g-Phe-dys-Tyr-g-Trp-Lys-Thr-Peh-Thr-OH 290 3.800 1.600 13. 

I. D-Phe-es-Tyr-D_Trp-Lys-Thr-P&-Thr-NH2 3.5 950 1,462 271 
-@TP) 

n.18) 

O.fl13) 

5.5) 

395) 

-- --___ 

[3H]CTOP [3H]DPDPE ['*5I]CGP23996 [3HlDPDPE JI2511GCP 

Compound [3HlCTOP C3H]CTOP 

1. CTP 3.70 1,153 1,462 311.8 (395) 

&[Arg5]CTP (CTAP) 2.10 5.314 8,452 2.530 (4,n25) 

z.[Orn5]CTP (CTOP) 4.30 5,598 47,704 1.301 (11,094) 

10.[Nle5]CTP 9.64 N.D. 578 - (CTNP) 5,570 
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BACKGROUND 
I 

It has been observed that native sanatostatin. H-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr- 

Phe-Thr-Ser-Cys-OH, interacts very weakly with opioid receptors9.10, and that a cyclic 

truncated analogue g-Phe-Cys-Phe-&Trp-Lys-Thr-Cys-Thr(o1) (SMS 201-995). a superpotent growth 

hormone release inhibitor. also is capable of antagonizing the excitatory effect of enkephalins 

in electrophysiological experimentsll. These results suggested that somatostatin possesses 

topological features compatible with a weak interaction with opioid receptors. Confomational 

analysis suggested that the central tetrapeptide sequence -Phe-T_-Trp-Lys-Thr- possessed a 

p-turn conformation that was critical to its biological activity at somatostatfn receptors12.13. 

Therefore, we attempted to discriminate between opioid-like and scnnatostatin-like topologies 

by designing analogues which would enhance opioid receptor interaction, and suppress inter- 

actions with the scxnatostatin receptor. We began our studies with the carboxylate terminal 

analogue 2 (Table 1). Binding assays showed increased potency at opioid receptors relative to 

sanatostatfn but greatly reduced binding at somatostatin receptorsl4. 

Next, we examined the use of penicillamine (B,B-dimethylcysteine) as a replacement for 

cysteine 2 and/or 7 in 2. The conformational effects of this residue include an increased 

disulffde dihedral angle15 to > 90'. and transannular effects2, due to the geminal dimethyl 

groups of penicillamine in a cyclic medium-sized ring. Of 3 possible combinations (3, Q. 2, 

Table 1), only the PenJ analogue (I, Table 1) had increased binding at a u opioid receptor (5 

fold relative to 2, Table 1). while affinities for both the 6 opioid and somatostatfn receptors 

were practically unchanged, thus resulting in a V opioid receptor selective ligand. 

Since a Tyr residue is believed to be an essential pharmacophore for opioid ligands, we 

replaced Tyr for Phe in both the 1 and 3 positions, resulting in the former case in an analogue 

with greatly reduced binding15 but in the latter case there was a further 3-fold increase in 

affinity for the u receptor, little change at the 6 receptor (5, Table 1. compared with 2), but 

a lo-fold reduction of binding (Table 1) to the somatostatin receptorl5. Conversion of the 

C-terminal acid to a C-terminal amide (7, CTP. Table 1) enhanced the selectivity to V vs. 6 

opioid receptors approximately 20 times. Similar u opioid receptor selectivity upon substitu- 

tion of a carboxamide for a carboxylate C-terminal group has been noted by Schiller et al.lJ.18 

and t&berg et a1.19,20 for opioid peptide agonists. These results suggest that a decrease of 

overall negative charge of the molecule might be an important factor in V receptor selection.21 

To further reduce somatostatin-like activity, Lys in position 5 of 2 was substituted with 

Arg (8, Table 1) and Drn (2. Table 1) (these compounds are designated as CTAP and CTOP, 

(respectively)22. In both cases a drastic decrease of somatostatin receptor binding is 

accompanied by high affinity for u and low affinity for 6 opioid receptors, resulting in a very 

high u opiate to sanatostatin receptor selectivity, and u vs. 6 opioid receptor selectivity. 

Similar effects of Lys substitution on the sunatostatin-like activities in a cyclic hexapeptide 

series have been reported by Nutt et al. 23. All of our compounds such as CTP, CTDP. etc. have 

been characterized as potent and selective P opiofd receptor antagonists24.25. 

A basic premise of this research has been that the overall conformational properties of the 

"central" tetrapeptide sequence Phe-D_Trp-Lys-Thr would be retained and could serve as a 

topographical template for design of analogues for the opfoid receptors. Thus confonational 

analysis has been an important component of this research. Indeed, utilizing high field 1~ and 

13~ NMR studies in both aqueous25 and DHSD2J solution it has been determined that the "core" 

tetrapeptide of CTP (Tyr-&Trp-Lys-Thr) does indeed possess a 611' conformation. Furthermore, 

it was shown that the helicity of the disulfide bond is negative2J.28. Interestingly, CTDP. an 

isomer of CTP with a FPenJ rather than an C-PenJ residue was nearly inactive at opioid 

receptors (TourwC, Sugg, Kazmierski, Van Binst. Shook, Yamamura. Burks and Hruby, manuscript in 

preparation) but had the same 6II' conformation as CTP. However, the helicity of the disulfide 

bond now was positive. 
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D-Phe 

bP91 W-MC-D-me 

Fig. 1. Comparison of Structures of Amino Acids Used on First Position of Somatostatin Analogues 

Thus, we have converted sanatostatin from a peptide wlth high potency at somatostatin 

receptors to an analogue with high potency and receptor selectivity for the u opioid receptor - 
and little somatostatin potency using the tetrapeptide Tyr-II-Trp-Lys-Thr as a confonsational 

template. These results led us to further investigate the conformational and structural 

requirements of the u opioid receptor utilizing the conformationally stable CTP structure and 

constrained amino acid residues which possess specific or highly biased side chain conforma- 

tions. We report here the design, synthesis and conformatlonal analysis of three analogues 

which examine the conformatlonal requirements for position 1 of CTP for the P receptor. 

RESULTS AND DISCUSSION 

DESIGN AND SYNTHESIS OF ANALOGUES 

The above results suggest that important topological and structural features for u opioid 

receptor recognition of CTP molecules are in the vicinity of the dlsulflde bridge. and most 

probably involve both N- and C-teninal amino adds. The aforementioned inversion of helicity 

of the disulfide bond would generally change the spatial relationship of the terminal amfno 

acid residues, as well as the Cys* and Pen7 residues, and taken together these would appear to 

constitute the essential pharmacophore for the P opioid receptor. Thus we focused our initial 

attention on exploring the structural and conformational requirements of the exocyclic 

positions and have synthesized and pharmacologically evaluated a number of further constrained 

and/or structurally modified analogues of CTP at the 1 and 8 positions. For the 1 position, 

three analogues have provided exquisite insight into the topographical and structural require- 

ments of the P receptor, namely those containlng _whenylglycine @-Pgl, Figure 1). E-tetra- 

hydroisoquinoline carboxylate @-Tic, Figure 1) and I+N-methylphenylalanine (I-WHePhe. 

Figure 1) in the 1 position (Figure 2). Each has their own unique properties. 

xxx1 - cys* - Tyr3 -D-Trp47 Entry XXXI Yyy5 

11 l+Pgl LYS 

NH2 - Thr7 -Pen7 - Tl4 - Yyy5 12 0_Tic LYS 

13 N-Me-&Phe Orn 

Fig. 2. Structure of peptides investigated in this work. 
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Table 2. Binding Potencies to the u and 6 Rat Brain Opioid Receptors and Receptor Selectivity 
of the Analogues Described In This Work. 

I CD-Pgl WTP (il)a 
I 

IC58 (nM) binding 

vs. [3H]CTOP 
350 *97c 

IC50 (Ml) binding 

vs. [3H]DPDPE 
2800 * 570 

Selectivity to P vs. 6 
opiold receptors 

/ 

Q-TIcl'jCTP (12)b CD-MPhellCTOP (13)b 

/Ij/O/ 
9.320 f 546 10% at 1V5 M 

8.080 2 35 

lsee reference 16; bsee reference 40; c C3H1NAL was used 

Phenylglycine has two related conformational effects relative to Phe. 

rotational degrees of freedom, and second, the aranatlc ring is spatially 

backbone. 

First it has fewer 

closer to the peptide 

Analysis of the conformationally restricted amino acid Tic (Figure 1) indicates that it 

should be excellent for fixing the side chain conformation. This amino acid can be viewed as 

a Phe in which rotation around the C&s (~1) and CB-C, (X2) bonds is greatly limlted due to 

the methylene unit which bridges the 2' position in the aromatlc ring and the cmitrogen. 

Only 2 discrete side chain conformations are accessible, gt and g- (Figure 3). Thus, this 

residue provides an opportunity to determine the preferred conformation of the 1 position side 

chain moiety for the u receptor. 

g- 

H 
H 

T 
H 

‘N F’ 
0 

9+ 

Fig. 3. The Possible Conformations for the Side Chain of D-Tetrahydroisoquinoline Carhoxylic Acid 

N-MePhe can be viewed topologically as a product of the disconnection between the 2' 

positlon of the aromatic ring and the N-CH2 of Tic (Figure 1). Conformational analysis would 

suggest that the trans conformation would be most favored with lesser amounts of the g' and gt 

conformers. Thus the bias is toward a trans conformation in this residue (whereas in Tic, this 

conformation is not accessible), which provides a unique opportunity to assess further specific 

topological requirements of the u receptor. 
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ANALYSIS OF THE RELATIONSHIP OF THE BIOLOGICAL AND CONFORMATIONAL PROPERTIES OF [D_PglIXTP 

In previous studies it was shown that [_D-PglI]CTP (11, PCTP Table 1) was about lOO-fold 

less potent in binding to the u receptor than CTP, but about 3 times more potent in binding to 

the 4 receptor (Table 2116. Thus a dramatic loss of receptor selectivity was observed. 

This raises an immediate question. Is the observed pharmacological profile of 11 caused by 

the local conformational effects of D-Pgl or more global topological changes due to unfavored 

steric interactions of the o-Pgl aromatic ring and neighboring side chains? We have addressed 

this question by IH NMR investigations of the conformation of 11. 

Unambiguous assignment of all IH signals in PCTP has been facilitated by use of phase 

sensitive 20 COSY experiments 2g*30. Homonuclear decoupling, combined with difference spectro- 

scopy was used to selectively extract coupling constants out of crowded spectral regions. 

Additionally, COSY experiments with delays were used to obtain the long-range couplings31 

between the 6 protons and the ortho aromatic protons ofsthe Tyr3 and D_Trp4 residues. All 

spectral assignments and coupling constants as well as temperature factors for the amide 

protons are listed in Table 3. 

Table 3. Spectral Assignments, Coupling Constants, Temperature Factors for 11, 12. 13. 

Residue 

-_ 

o-PglI (11) &Tic1 (12) N-Me-I&PheI (13) 

xxx1 
NH 8.62 7.75 a.72 
a 5.19 4.25 (Ja8i2.i,3.6) 4.30 (JaM.9.4.7) 
6 -- 3.43/3.13 (Jg-16.3) 

N-CH2 4.37 
3.33/3.15 (Jg=14.3) 

cys2 NH 9.36 (J=9.7.46/br = 9.44 (J=9.9.A6/Ar = 9.35 (J=9.2,A&‘Ar =-5.9 
-5.1) -5.1) 

I; 2.64 5.66 (JaP7.7.7.7) 5.64 2.85 (Jab9.4,7.3) 
(Jg-N.D.) 

5.53 2.75 (JaP9.7.6.8) 

Tyr3 NH 8.69 (J=8.1,A&‘Ar = 8.63 (J=7.2.A&‘Ar = 8.44 (5x8.3, A61 AT=-3.6) 
-5.0) -3.5) 

a 4.61 (J aF8.1.6.9) 4.58 (Ja88.0.6.3) 4.57 (Ja6=8.1,6.4) 
6 2.74 2.7712.74 (Jg=14.7) 2.80/2.63 (Jg=13.6) 

&Trp4 NH 8.90 (J-5.3, AuAr = 8.83 (5=5,7,AblAr = 8.93 (J=5.7, A6/ Ar =-5.6 
-5.1) -3.8) 

a 4.20 (Ja6=9.4,6.0) 4.22 (J ab7.617.6) 
6 

;.;;,5”6~9.4,5.8) 
. . 3.04/2.71 (Jg=13.8) 3.03/2.80 (Jg=14.3) 

.ys5 11.12 NH 8.23 (J=9,1,A6/At=-2.0) 8.24 (5=9.3.A&‘Ar-1.8 8.39 (5=9.1,A6/6+4.5) 
a 3.98 (Jab11.2,2.7) 4.02 (Ja6=10.9.3.1) 4.10 (JaP10.3. 3.4) 
6 1.20/1.70 1.7V1.20 l.Wl.25 
Y .64 0.68 1.10 
6 1.28 1.32 2.60 

N&+ 2.54 7.68 2.54 7.75 --_- 7.60 

Thr6 NH 7.66 (J=9,OO,A6’Az = 7.69 (J=%5,A&‘Ar = 7.66 (J=9.o.A61AT - 
0.0) 0.3) -.2) 

a 4.52 (J ae7.2) 4.56 (Jae6.8) 4.53 (J ab6.8) 
6 3.95 (J 676.3) 4.00 (J 6~6.7) 4.02 (J 6~6.4) 

1.06 1.04 1.04 
Pen7 NrH 8.49 (J=g.a.A&‘AT = 8.49 (J-8.7.Aa/A7 = 

-8.5) -6.5) 

8.44 ‘$9;:. A6/ Ar - 

* a 4.96 4.94 4.96 
Y 1.18/.95 1.27/1.13 1.26/1.21 

Thra NH 8.69 (J=8.1.A4!AT = 8.39 (J-9.4.AA.fAT = 8.441 5~8.4, A&f AT z-4.1 
-5.0) -4.3) 

a 4.40 (J aP3.4) 4.30 (Jae3.5) 4.36 (J a&3.2) 
6 4.02 (J 6~6.3) 4.00 (J 6~6.7) 4.02 (J 6~6.3) 
Y 1.02 1.05 1.04 

Chemical shifts in 
4 = 2.49 ppm; COUP1 P 
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Phi(+) angles consistent with the observed coupling constants were calculated by use of the 

Karplus-Bystrov32 relationship and used to examine possible confomations consistent with the 

data. Vicinal a6 coupling constants, assigned to pro-R and pro-S Mydrogens33, enabled us to 

calculate side chain rotamer populations34.35 which are shown in Table 4. 20 NDESY studies 

were helpful to differentiate between the NH-Thr8 and NH-Thr6 resonances, due to an inter- 

residual NDE observed between Lys5 CHa and Thr6 NH as well as Pen7 CHa and Thrg NH. Addi- 

tionally, important information regarding the backbone conformation can be obtained (Table 5) 

from NOESY experiments. As the magnitude of magnetization transfer is inversely proportional 

to the sixth power of the distance between two protons, quantitative estimations of the NO2 

effects allows one to build up a 3 dimensional distribution of protons that can also be 

described by the 0. $, x and w angles28 of the amino acid residues. In this regard, NOE 

experiments can identify and distinguish between well known structures such as the o-helix. 

@turns. *urns, R-sheets, etc.36. Thus, type I sturns are characterized by NHi+I/NHi+7 and 

NHi+2/NHi+3 NOE signals37, type II Bturns by CHi+I/NHi+2 and NHi+2/NHi+33R, Tturns by CYi+I/ 

CHi+23g, etc. Analysis of the 20 NOE spectrum of 11 reveals very important interactions 

between the Lys5 NH and Thr6 NH protons as well as between D-Trp4aCH and Lys5 NH protons 

(spectra not shown) suggesting the presence of a ~II'turn~~. This is supported by the lack of 

a temperature dependence of the Tht-6 amide chemical shift (Table 3). suggesting an intra- 

molecular H-bond to the i+3(Thr6) NH. It is noteworthy that the + angles required for 611’ 

turns are found *among those available from coupling constants analysis of the data from Table 

3 using the Bystrov relationship 32, which further validates our conformational considerations. 

Table 4. Possible Dihedral Angles 0 for 11.12.13. 

Residue D-Pgl 11 

xxx1 

Cys2 

Tyr3 

D_Trp4 

Lys5 11.12 

Orn5 13 

Tht-6 

Pen7 

Thr8 

- 

D-Tic 12 N-Me-D-Phe 13 

N.D. N.D. N.n. 

-140/-135 -157/-130 -154/-140 
-113/-94 -112/-92 -101/-86.48/72 

-162/-152 
-110/-94 
38182 

-156/-146 
-83/-76 
32142 
78192 

-159/-140 
-101/-86 
48172 

163/67,79/66 
-19/-23, 
-92/-102 

1721166. 
75/68 

-20/-28 
-g2/-102 

172/163,76/68 
-21/-28,-94/-105 

-154/-141 
-lOl/-88 

47174 
-152/-140 -154/-141 
-103/-86 -lOl/-88 

52171 47/74 

-156/-143, -159/-149 -156/-143 
-lOO/-87, -931-82 -100/-87 

47175 40180 47175 

-150/-135 
-112/-93 

-156/-146 
-94t-84 

42159 

-145/-135 
-105/-92 

-161/-150 
-861-83 

38182 

-152/-140 
-103/-89 

-161/-150 
-921-83 
40182 

%alculated according to (32). 
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Wiithrich et a1.37 analyzed distance vs. Y angles for cis and trans isomers of the Pro-Pro, 

dipeptide. and showed that for peptides with trans peptide bonds, the distance between CH,and 

CH24 reaches the minimum (and the NOE reaches the maximum) for 91 <+60 to +lAO>. In the case 

of the cis peptide bond, no JY rotation can place the protons CHJ and CH24i+l (N@+') 

spatially within 4.2Awhere the NOE is observable. Cis peptide bonds occur rather rarely in - 
linear or large cyclic peptides. except for N-substituted amino acids. Table 5 reveals that 

in fi strong NOES exist between CHi and NHi+l of the following peptide pairs l/2, 2/3, 3/4, 

415. 617. 718. It is thus reasonable to assume that all these peptide bonds are trans (fl80"). 

Table 5. Interresidual Relative 
-- 

Residue @-Pgll ]CTP 11 

NHi/NHi+l -- 

Lys5/Thr6 ttt 

Orn5/Thr6 

CHi/NHi+l --- 

XxxVCys2 ttt 

cys21W3 ttt 

Tyr3/0-Trp4 ttt 

D-Trp4lLys5 ttt 

D-Trp4/0rn5 

Lys5/Thr6 N.O. 

Orn5/Thr6 

Thr6/Pen7 ttt 

Pen7fThr8 ttt 

CHJCH, 
-- 

Cys2/Pen7 ttt 
-____- 

ntensities for the NOES of 11, 12, 13a 

k-Ticl]CTP 12 

ttt 

N.O. 

ttt 

ttt 

ttt 

+ 

ttt 

ttt 

ttt 

[N-Me-EPhe FTOP 13 

ttt 

ttt 

ttt 

ttt 

ttt 

ttt 

ttt 

ttt 

a + = weak; +++ - strong; N.O. = not observed 

No P angles can be directly determined from 1~ NMR coupling constant experiments. However, 

NOESY experiments suggest that for L-amino acids v = 60" to 180" and for I-amino acids - 
(0-Pgll, D-Trp4) P = -60" to -180". - The latter value is in the range expected for yi+l of a 

611’ turn. which has an idealized value of -120'. It should be noted, that the existence of a 

strong NH5/NH6 NOE precludes a strong CH5/NH6 NOE. Thus, assuming a trans bond, ~5 = -120" to 

0'; this range is that expected for the ~i+2 of sli'which has an idealized value of 0". 

Also, an interresidual NOE for the Cys2 C,Ji to Pen 7 C&l is detected (Figure 4) which 

suggests a disulfide bond helicity similar to that of CTP (7). Comparison of spectral para- 

meters for CTP27 and 11, as well as their side chain populations (Tables 3-5). leads to the 

conclusion that both compounds have very similar backbone conformations as well as topologies 

of the aromatic side chain residues. However, there is a very substantial downfield shift of 

the C&Trp4cCH (t.39 ppm) and a less dramatic shift of the Thrg NH (t.14 ppn) in 11 compared 

with 727. These results indicate that in 11 these protons are in the deshielding zone of the 

benzene ring of 0-Pgll. - This is completely consistent with the idea that the conformation and 
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Fig. 4. Interresidue NOE for the Cys2 O-CH and Pen7 O-CH protons of 11. 

topology for the cyclic 20-membered of 11 is practically identical with that of 7. Therefore, 

the only major difference between them is that the aromatic ring of n-Pgll in 11 is positioned 

much closer to the pII’ turn, especially the Tyr3 aromatic group (Figure 5, empty square 

structure). These closer spatial relationships results in a somewhat more folded conformation 

for 11 as compared with 7, which seems to be responsible for the observed loss of potency and 

selectivity at the u opioid receptors. Thus, by proper topological adjustment of critical 

distances between these two pharmacophoric groups one can alter affinity for the u receptor. A 

compact topology in this region by 11 leads to a large decrease of affinity for u receptors and 

to a relative increas in selectivity for 6 opioid receptors. In 7. the large participation of 

the g' side chain rotamer for D-Phe l27 gives a more extended conformation which apparently is 

related to the high antagonist potency and selectivity for the P opioid receptor. Oualitati- 

Fig.5. Superimposed Structures of 11 and 12 Reveal Essential Oifferences in The Orientation of 
The Aromatic Ring of The N-Terminal Amino Acid. Note The "Folded" Conformation of 11 
vs. The Unfolded Conformation of 12 
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vely. therefore, one would expect that a further increase in the g- population of the aromatic 

amino acid In the 1 position should result In an increase in u-opioid receptor affinity and 

selectivity. The Tic residue was chosen to examine this hypothesis. 

ANALYSIS OF THE RELATIONSHIP OF THE BIOLOGICAL AND CONFORMATIONAL PRCIPERTIES OF [~-TIcI~CTP. 

CD_TICIICTP (12) was synthesized and indeed was found to be more potent and selective 

towards u opioid receptors than CTP (Table 2)40. The immediate question arises as to which of 

the two allowed side chain conformations Is present in this analogue. and whether the overall 

topology of the neuropeptide is perturbed due to rigidity and structual properties of Tic. 

Thus careful NMR studies have been made on thls analague. As with 11. all of the IH NMR 

spectral signals have been assigned (Table 3). the 4 angles calculated (Table 4). and the 

side chain rotamer populations determined. NOESY cross peaks (Table 5) indicate a ~11’ 

conformation for the backbone Tyr-l-Trp-Lys-Thr residues of this peptide as well, and this was 

strongly supported by the presence of a H-bonded amide of Thr6 (Table 3). Analysis of other 

spectral parameters, including side chain rotamer populations. decisively elimlnates any major 

perturbation of the cyclic ring structure of the peptide due to the D-Tic amino acid. Moreover, 

the conformation of this peptide at the disulfide bridge is not altered by the changes at the 

exocyclic N-terminal positlon as deduced from a strong transannular Cys2 C,# to Pen C# NGE 

cross peak (Table 5). Most of the Ctli/NHi interresidual NOES found for 11 also are seen in 

12 (Table 5). with the exception of the l/2 NOE. As cis peptide bonds generally are not formed 

by *amino acids, it is reasonable to assume a trans l/2 peptide bond with a possihle +I - 

(0";1200). Other rvalues are in the same range as for 11; all w angles are f 180°. 

To determine the two conformations possible for Tic, g- and gt (Figure 3). we examined the 

IH Nm splitting patterns for Ja6 which easily distinguish the two conformations. Analysis of 

06 coupling constants of this amino acid residue (Table 3) demonstrates that in Tn-TicllCTP the - 
Tic residue has a gauche(-) confonnatlon about the a6 ($1 bond. Thus the aromatic ring of 

D_T~CI becomes fixed in a conformation which places the aromatic ring in a g- conformatlon. 

away from the rest of the molecule Including the other important pharmacophore groups. 

especially the Tyr3 residue (Figure 5. structure with solid squares). In light of the other 

NM data, this topological feature seems to be exclusively responsible for the observed 

biological properties of 12. This relationship can be seen in Figures 5 and 6. 

Fig. 6. Partial structure of @TicI]CTP 12 which emphasizes mutual spatial 

relationship of aromatic side chains (backbone conformation Is not considered at 

this point). Notice extended conformation of the peptide. 
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The highly restricted nature of the &~icI moiety in 12 makes it highly likely that the g- side 

conformation is an important element in the bioactive conformation of u selective ligands. 

Since the aromatic ring of D-Tic1 in 12 is parallel to the cyclic moiety (Figures 5. 6). it 

should shield the terminal amino acid Thr8. This effect is easily observable (Table 3). as 

there is a substantial upfield shift of the Thr8 Cd (+ .G8 ppm) and the Thr* a NH (+ .I6 ppn) 

in I2 compared to 727. Also, chemical shift differences of both &8_geminal methyl groups of 

Pen7 are larger for 12 (.14 ppm) than for 7 (.08 ~p-n)~~ suggesting a more rigid conformation 

for the &Tic residue in 12 than for the &Phe residue in 7. This parameter is remarkably 

large for 11 (.23 ppm). consistent with the constrained nature of the peptide, and suggesting a 

close spatial proximity of l-Pgl aromatic ring to the cyclic moiety. A visual picture of the 

topological differences between 11 and 12 is given in Figure 5 where 11 and 12 are superimposed. 

It should be noted that as a pselective ligand. @TicIpTP (12) is superior to CTP in 

both peripheral as well as central opiold receptor bioassays40. The fact that only a fraction 

of &Phe side chain population in CTP 27 is in the g- conformation may be attributed to the dif- 

ferences in potency and selectivity of 7 vs. 11 at the u receptor. To further examine this, we 

have prepared [D-N-HePheI]CTP. 

ANALYSIS OF THE RELATIONSHIP OF THE BIOLOGICAL AND CONFORMTIONAL PROPERTIES OF @-N-MePheIlCTP 

The synthesis and purification of [I-N-MePheIlCTP (13) followed standard procedures. A 

dramatic change in the pharmacological properties of 13 was observed. This compound exhibited 

a very weak (-300 times less potent than 12) binding at u receptors (Table 2). This result 

encouraged us to make a detailed conformational analysis of 13. Comparison of chemical shifts 

and coupling constants (Table 3). .$ angles from calculations, the magnitude of the NIX effects 

(Table 5). and the population of the side chain rotamers (Table 4). suggests that 13 possesses 

a 611’ conformation with a negative disulfide bond chirality. that is the same backbone 

conformation and side chain topology as in the 20-membered ring of 727, 11 and 12 (vide 

supra). As in 11 but not 12. the CHdNH -- i+I interresidual YOE is strong for all but the 5/6 

case (as a result of NH5/NH6 NOE). indicating a TI= -60' to -1W'. Again, important dif- 

ferences can be noticed only at the 1 position. As calculated fram Jail coupling constants, 

there is a large participation of the trans side chain rotamer. with lesser amounts of the g+ 

and g- forms in the side chain rotamer population of E-N-HePheI. This effect can be explained 
in terms of nonbonded interactions between the N-methyl and phenyl groups which leads to 

destabilization of the usually energetically more favorable g- conformation via distortion of 

xI and/or x2 angles. In terms of conformation, the phenyl ring of residue 1 in 13 is more 

folded with respect to the cyclic 20-membered ring than in 12. Thus 13 is more similar to 

[&Pgll]CTP (11). making 13 a pharmacologically similar ligand to 11 (Table 2). Persistent, 

though not substantial, upfield shifts of NH and CH, protons are consistent with this. 

Furthermore, the consistency of other parameters throughout the molecule relative to 7. 11 and 

12 gives support to the suggestion that conformational changes occur only at the N-terminal 

position, suggesting that the observed pharmacological effects can he directly attrihuted to 

the relative spatial relatlonships of the position 1 amino acid with other pharmacophore 

elements of the ligand. One other observation is worth noting. It has been found for all 

compounds In this series (11, 12, 13) that the IH NMR signals of the two methyl groups of Pen7 

have very different intensities, the upfield signal being less intense. Since the integrated 

intensities of both peaks are exactly equal, their different heights clearly show that the 

upfield peak has a larger linewidth. Irradiation of the alpha hydrogen of Pen7 renders the 

height of these two signals almost equal. Therefore, this broadening is due to long range 

Cl,&-C& coupling41. This coupling is most effective when the *hydrogen and an "upfield" - 

but not "downfield" -methyl group are in an axial-axial relationship. Only t and/or g+. but 

not g' (considering N-C,&@ dihedral angle) side chain conformations can exhibit an 

axial-axial relationship between a methyl group and the alpha hydrogen, making long range 
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coupling(4J) more effective. These 

range of XI angles for the Pen side 

SUMMARY 

W. KAZMIERSKI and V. J. HRUBY 

considerations can be utilized to determine the possible 

chain groups of 11. 12,and 13. 

AND CONCLUSIONS 

The solution conformations of the cyclic 2O-membered ring of CTP analogues 11 and 12 and 13 

are essentially identical to that previously reported for CTP (7)27. The 611' conformation of 

the core sequence and the negative disulfide helicity characterize the cyclic 2ll-membered ring 

of the three compounds. 

Critical conformational differences at position 1 can explain the observed conformatlon- 

biological activity relationships. In particular, moving from D_Pgll (folded conformation), 

through N-kk+-F'heI (all rotational states g-, t, g+ available but t preferred), to D_TICI 

(extended g' conformation Is exclusively obtained) results in a continuous relative unfolding 

of the peptide topology that can be more quantltatively described as an increase in the 

distance between the aromatic pharmacophore groups which make contact with the receptor. This 

conformational unfolding corresponds to a large increase in afflnity and selectivity for P 

opioid receptors, the largest effect occurring for 12 and the smallest for 11, with a decrease 

of affinity towards the 6 receptor being smallest for 12 and largest for 11. The strong 

correlations in these highly constrained analagues supports our thesis that interresidue 

distances of aromatic rings are an important factor that allows the ligands to discriminate 

between u and 6 receptors. 

Further work is in progress by using a combination of design and synthesis of conforma- 

tionally restricted peptides, NMR analysis, and molecular mechanics and dynamics calculations 

on these and other analogues to further analyze those topological features that the ligand 

utilizes when selecting between P and 6 receptors. 

Ne believe that this approach to receptor ligand design which correlates conformational 

(rather than just structural) and pharmacological data is fairly general and may be applied In 

other bloactive compounds. Of critical importance for such an approach to be successful Is the 

presence of a rather conformationally stable backbone structure for some portion of the mole- 

cule (e.g. the 6II' conformation of the examples reported here) that can serve as a template 

for further assessment of the topological relationships that are important to receptor 

selectivity and potency. 

Finally, these investigations have shown that N-terminally located tetrahydrolsoquinoline 

carboxylic acid exists exclusively in the g' conformation (no g+). This dependence can be 

used as a structural tool to deslgn other bioactive molecules. 

EXPERIMENTAL 

The syntheses of [D-PglI]CTP and CTP havg2been previously described22. Roth 12 and 13 were 
prepared by solid phase synthetic techniques using a Vega Model 250 or 1008 pep-de syae- 
sizer. Amino acid derivatives were either purchased from Bachem (Torrance, CA) or were prepared 
by described methods43. Carboxamide peptldes were prepared by using a p-methylbenzhydrylamine 
(pMBHA) resin synthesized by published methods 44 (substitution of 1.0 mM/g of resin). A 1.5 M 
excess of prefoned synetrical anhydrides or a 3 H excess of N-hydroxybenzotriazole active 
esters was used for coupling reactions which were monitored by ninhydrin45 or chlorani146 tests. 

NeBoc-Thr(O-Bzl) was coupled to pNBHA resin via Its N-hydroxybenzotriazole active ester. 
Deprotection by two treatments of 50% TFA trifuroacetic acid (TFA) in dichlorunethane (UCN) for 
2 and 20 mln each and neturallzation with 10% dlisopropylethylamine (DIEA) in DCN was followed 
by a sequence of couplings and deprotections of NoRoc-Pen(S-&HeBzl), NWoc-Thr(O-Bzl). 
NWoc-Lys(NcE-ClZ) for 12 (for 13 NQBoc-Orn(NbCbz) was used Instead), NQBoc+-Trp. Since 
the NQ-Boc-D-Trp was usehwithourprotection of the indole nitrogen, the TFA solution was 
modified to contain 20% methylsulfide and 10% dithioethane following incorporation of the PTrp 
resldue. Next, NeBoc-Tyr(O-2.6-Cl2Bzl). was incorporated. Then NcLBoc-T&Tic or NeBoc-D-N-Me 
Phe was coupled (for 11 and 12, respectively), the NaBoc protecting group was removed, tFie 
amino group neutralizx withaIEA, and the peptide resin dried In vacua. The peptide resins 
were then separately cleaved by liquid HF with addition of 10% anisole in WC for 45 min. Then 
the solvents were evaporated off, the dried product washed with ethyl ether (3 x 20 mL), and 
the peptide extracted with 10% acetic acid (3 x 30 mL). filtered and lyophilized. Next the 
disulfide bond was formed by dissolving 1 g of the linear peptide into 1.5 L of previously 
de assed water at pH 8.4 (adjusted with aqueous ammonia). 

8 
Then the solution was titrated with 

0. I N of K3Fe(CN)6, stirred for 45 min. and then acidified to pH = 4.5 with HOAC. the excess 
of ferro- and ferricyanlde was removed by the addition of 15 mL of Anberllte IRA-45 (mesh 
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HOAc as the elutlng solvent. Final purification was made by RP-HPLC using gradient of ln-4llX 
acetonitrile and 0.1% aqueous TFA. 

II-Tic-es-Tyr-D-Trp-Lys-Thr-Peh-Thr-NH (12). 
15x.- The synthesi? of O-Tic was c 

The overall yield after purification was 
accaplis ed according to the method of Pitted and Spen 

(78% yield, mp 308-310'~). and the NCleoc protecting group added by standard procedures 49 
ler47 
to 

give NQoc-O-Tic (54%; mp 122"123OC; [ a]0 = -1A.6 (c = l.n, CH30H). IH NM (251) MHz, T7H61- 
OMSO) of NkBoc-O-Tic: 13.8 ppn (br, 
4.5 (m. 2.5H. 0.5 CQH + N-CH ); 

lH. acid); 7.13 (m. 4H. aromatic); 4.84 (m, 0.5H, Cp Hl; 

TLC of NkBoc-O-Tic: Rf = 0. i 
3.1 (m, 2H. CB Hp); 1.39 and 1.46 (both singlets, 9H. t-Bu). 

3 (AcOH/n-BuOH/Pyr/H20 - 20/10/3/5, Baker Silica rel Plates); 
Rf = 0.64 (CHCT3/HeOH/AcOH g4/6/2. Baker Silica Gel Plates). TLC, HPLC, and FAB-MS data for 
&? are presented in Table 6. 

Table 6. Analytical Characteristics of 12 and 13 -- 
b 

Thin-layer chromatographya HPLCb FAB-MS 
Peptide Rf Values k' 

I III 
[w+Hlobs CMHIcalc 

II IV 

12 .45 .68 .77 .74 5.06 1ORR 1048 - 

13 .43 .69 .77 .73 5.04 in76 1076 - 

aSilica gel GF 250 microns (Analtech) glass plates were used. Following solvent system has 
been applied: (I) n-BuOH/AcOH/H20. 4:1:5 (v/v); (II) iPr-OH/NH3/H20, 3 : 1 : 1 (v/v); (III) 
n-BuOH/AcOH/H20/Pyr, 6 : 1 : 5 : 6 (v/v); (IV) n-BuOHIAcOH/H2O/Pyr 15 : 3 : lfl : 12 (v/v). 
bVydac 218 TP 104 CIB column (25 cm x 4.6 nrn), 0.1% TFA/CH3CN 80:2n. flowrate 2.5 ml/min, 
nronitored at g214 nm. 

D-N-HePh&'s-Tyr-D_Trp-Orn-Thr-Peh-Thr-NH2 (13). 
tion: 

The total yi Id was 18%. after purifica- 
Synthesis of D-N-MePhe was accomplished by published methods $A 

MePhe formation as previously described. 
followed by NeRoc-n-N- 

The HPLC, TLC, and FAR-MS dita for 13 are given Tn 
Table 6. 

The in vitro pharmacological characterizat on of CO-Ticl]CTP. [>N-MePheIlCTOP and related 
compounds will be reported in detail elsewhere 1" - . 

The IH NMR spectra were acquired using a Bruker AM-258 spectrometer equipped with an Aspect 
3000 computer. All spectra were recorded at 303'K. 
acetate salt) was dried overnight in vacua. 

A 5 mg sample of the peptide (trifluoro- 

Aldrich), degassed and sealed. 
dissolved in 0.3 mL of [2H610MS0 (100% 0 atom, 

The 35 scalar c nnectivlties were determlned by double quantum filtered phase sensitive 
COSV experiments29.30 using the Time-Proportional Phase Increments (TPPI) method. The pulse 
sequence was: Ol-gO-UO-go-03..go-F10 with 01 = 1.0s 00 = O.OnOOO3s. For data manipulation: 
zero filling in Fl, and sine-bell multiplication in bo h directions was applied prior to the 
FT. Homonuclear shift - correlated 2-O Nkff with delay 51 ; pulse sequence: Ill-9%DO-90-D7-FIn; 
01 = 1.5s. 02 = 0.08s; data manipulation: 
in both directions applied prior to FT. 

zero filling in Fl, squared sine-bell multiplication 
Homonuclear dipolar-correlated 2-D NMR; pulse sequen- 

01-90-00-gO-Og-go-FIO; 09 = 0.3s; 01 = 1.5s; data manipulation: zero filling in Fl 
&ared sine-bell multiplication in both directions prior to FT. The temperature studied were 
carried out in the temperature range of 303-32A°K, every 5 deg. OMSn was used as an internal 
standard, as no temperature influence on the chemical shift of (CH3)2Sfl (6 = 2.49 ppm) occurs. 
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