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ABSTRACT 

A series of conformationally constrained analogues of Ul-Pen2, .12-

Pen5]enkephalin (DPDPE) was prepared by solid phase peptide 

synthesis and the opioid activity and selectivity of each analogue 

was assessed by guinea pig ileum and mouse vas deferens bioassays 

and rat brain radioreceptor binding assays. For example, the 

conformationally restricted, cyclic disulfide-containing enkephalin 

analogue [D-Pen2, D-Pen5]enkephalin (DPDPE) was modified by 

addition of a methyl group at either the pro R or pro S position of the 

beta carbon of the phenylalanine-4 residue and by addition of a nitro 

group in the para position of the phenylala.nine-4 position. Other 

modifications at the Phe4 position included methyl substitution on 

the aromatic ring and dehydration of the Ca -Cf3 bond. In addition the 

effect of beta, geminal dimethyl groups at position 2 was explored. 

These peptides demonstrate a wide range of selectivities, some of 

them being more selective than (DPDPE) for the delta opioid 

receptor. 

Two-dimensional NMR experiments have been performed on DPDPE 

and several of the more interesting analogues to determine their 

solution conformations. These included the absolute assignments of 

the Gly3 Cn protons, made possible by the preparation of f..Il-2H

Gly3]DPDPE. Possible cp backbone dihedral angles and Xl side chain 

rotamer populations were calculated in order to develop a model for 

the solution conformation in DMSO. 
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These data combined with computer molecular modeling studies 

(energy minimization and quenched molecular dynamics) using the 

CHARMM computer programs have helped to elucidate the importance 

of side chain topography for selectivity at the delta opioid receptor 

and the conformational properties of the peptide backbone required 

for binding and transduction. 
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Chapter I - Introduction 

Background History of the Opiolds and the Opioid Receptor 

Throughout history, human beings have sought relief from pain. 

For centuries it has been known that relief could be achieved by use 

of certain plant derived opiates such as morphine or heroin. 

However, it is also apparent that these compounds cause numerous 

undesirable and even harmful side effects. These effects include: 

respiratory depression, inhibition of gut transit, cardiotoxicity, and, 

of course, addiction. Medicinal chemists have synthesized many 

opiate analogues in the attempt to increase potency and also to 

decrease the unwanted effects, while retaining the beneficial 

effects of analgesia and a general sense of well being. Logically the 

question arose: why should a plant alkaloid, morphine, cause 

cessation of pain? Could there be a. chemical produced by the human 

body that can relieve pain, and what sort of chemical could that be? 

The stereospecific binding of morphine and its analogues to 

receptors in the brain suggested that there was indeed an 

endogenous opioid ligand (Pert and Snyder, 1973; Simon et aI., 1973, 

Terenius, 1973). The search for the endogenous pain killer 

culminated in the discovery of the pentapeptides [Leu5]enkephalin 

and [Met5]enkephalin in the porcine brain (Hughes et al.,1975A) (see 

Figure 1-1). This discovery marked an explosion in the field of 

opioid research (for a historical description see Goldberg,1988). 
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Figure 1-1. 

Structures of Morphine, [Leu5]enkephalin and [Met5]enkephalin 

Morphine 

O· 

[Leu5]enkephalin 
OH 

H>lYNH3
+ HJO H0° H,. ...... ", N N "" 

\\\", N~ ,.f N 
H ,,~ H 
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Numerous other endogenous opioid peptides were discovered, and 

assay systems, such as the GPI (guinea pig ileum) (Kosterlitz and 

Watt, 1960) and MVD (mouse vas deferens) (Hughes et aI., 19758) to 

measure their potencies, were developed (for reviews: Morley, 1980; 

Li, 1981; and in Udenfriend and Meienhofer, 1984). At about the 

same time, evidence began to accumulate that led to the suggestion 

that there were' multiple types of opioid receptors, each of which 

presumably had different structural requirements for ligand 

interaction and mediated different biological responses (Martin et 

aI., 1976). This was later confirmed when the existence of Jl 

receptors in the GPI tissue and a receptors in the MVD was 

demonstrated (Lord et aI., 1977). The ratio of the leso of a peptide 

in each of these tissue bioassay systems is one of the most 

commonly used methods to measure selectivity. Morphine has been 

found to preferentially bind to the ~ receptor while the enkephalins 

show a slight preference for the a receptor. These findings gave new 

hope to the idea that an opioid analgesic could be developed devoid 

of the undesirable effects of the opiates. At present it is generally 

accepted that there are at least three different opioid receptor 

subtypes: Jl (mu), a (delta), K (kappa) and possibly others (in Rapaka 

at aI., 1986). More recent evidence has suggested that additional 

subtypes of these receptors may also exist. Figure 1-2 describes 

some of the physiological roles attributed to mu, delta and kappa 

receptors. 



Figure 1-2 
Possible Physiological Roles of the Opioid Peptides and 

Receptors 

Mu Receptors (DAGO, morphiceptin) 

1. Analgesia - Brain 
2. Addiction - Brain (severe) 
3. Gut Transit - inihibited via brain receptor 
4. Respiration - depressed 
5. Schizophrenia 
6. Hormone Release - prolactin (+), ACTH (-), GNRH (-) 
7. Cardiac Function - decreased 

Delta Receptors - DPDPE 

1 . Analgesia - spinal cord, brain 
2. Addiction - mild or none 
3. Gut Motility - no effect in brain 
4. Antidiarrheal - inihibited fluid secretions in gut 
5. Cardiac function - little effect 

Kappa Receptors - Dynorphin1_9 

1. Analgesia - spinal cord, brain 
2. Dysphoria 
3. Hormone Release - AVP (+-), OT(-) 

23 
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Properties of the Enkephalins . 

The endogenous peptides, such as the enkephalins, are extremely 

flexible linear molecules that can assume hundreds of different low 

energy conformations and interact non-selectively with all the 

different sub-types of opioid receptors. This high degree of 

conformational flexibility makes understanding the physical

chemical basis for information transfer and biological activity an 

extremely difficult task. Our laboratory and others have attempted 

to develop highly receptor-selective opioid analogues. This has been 

achieved by utilization of conformational constraints (Hruby, 1982; 

Hruby et aL, 1990), especially cyclization and stabilization of 

specific conformational features (Sawyer et aL, 1982), for mu, delta 

and kappa subtypes of opioid receptors (Mosberg et aL, 19828; Hruby 

et aL (1985), Toth et al. (1990A), Pelton et aL (1985), Kazmierski 

and Hruby, 1988; Kazmierski et aI., 1988; Kawasaki et aI., 1990). In 

order to separate the biological effects of the various receptors, 

ligands that are highly receptor selective (at least 100-10,000 

fold) are required. In addition, when these highly selective ligands 

are also conformationally constrained peptides that have fewer 

possible low energy conformations, the development of a model for 

understanding receptor selectivity and potency is facilitated. 

The enkephalins, the endogenous ligands for the 0 opioid receptor, 

also have significant activity at the J.L opioid receptor as well as at K 

receptors. Despite being the endogenous ligands for opioid 

receptors, native enkephalins are not themselves useful analgesics 
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"(Chang et aL, 1976). Their susceptibility to enzymatic degradation 

results in low potency. Numerous research groups worked to develop 

enkephalin analogues with increased stability and specificity for the 

B opioid receptor. Over the past fifteen years extensive structure 

activity studies have examined several thousand analogues. 

However, most of these analogues have been linear peptides with no 

receptor specificity or at best a slight preference for the Il receptor 

(Hruby and Gehrig, 1989). Conformational studies of these 

compounds and the native peptides were undertaken, resulting in 

numerous conflicting models of solution conformation and proposed 

receptor bound conformations (Miller and Cuatrecasas, 1978; Olson 

et aL, 1982; Schiller, 1982). In order to separate the effects 

mediated by B receptors from the Il receptor mediated effects, it 

was necessary to design a peptide that would be unable to assume a 

low energy conformation capable of binding and transduction at Il 

receptors, but rather would readily "interact with the B receptor. 

Therefore, the Hruby laboratory began an investigation of cyclic, 

conformationally constrained enkephalin analogues. At about the 

same time in the laboratory of Peter Schiller, a series of 

conformationally constrained cyclic lactam enkephalin analogues 

were prepared that were Il receptor selective (Schiller and DiMaio, 

1983; Schiller and Nguyen, 1984; Schiller, 1987). In 1982 in our 

laboratory Mosberg prepared a cyclic disulfide containing enkephalin 

analogue, [D-Pen2, D-Pen5]enkephalin or DPDPE (see Figure 1-3) 

(Mosberg et aL, 1982; Mosberg et aL, 1983), that possesses 
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Figure 1-3: Structure of 

[O-Pen2, O-Pen5]enkephalin (OPOPE) 
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exceptional B receptor selectivity as measured by the MVD/GPI 

bioassays and by binding studies using radioligands and plasma 

membranes from brain tissue (Akiyama et aI., 1985; James and 

Goldstein, 1984; Vaughn et aI., 1989). See Table 1-1 for a 

description of some of the biological properties of DPDPE. This 

highly B receptor selective compound was found to be extremely 
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promising since it is a potent and long-acting analgesic, acting upon 

central B receptors, yet exhibits a greatly reduced addiction 

potential relative to Il opioid compounds. 

Rationale for the Design of DPDPE 

The design of DPDPE was based on the results of the many 

analogues previously synthesized since the discovery of the 

enkephalins. Substitution of a variety of .ll-amino acid for glycine in 

position two had earlier been shown to retain biological activity, 

whereas L-amino acid replacement of Gly2 resulted in a complete 

loss of potency. The MetS or Leus residue could be replaced with a 

variety of 1.- or D-amino acids with retention of potency. D-amino 

acids also have the advantage of being resistant to enzymatic 

cleavage, thereby increasing the stability of the peptide in yivo. On 

the other hand both Tyr1 and Gly3 had been shown to be highly 

sensitive to any structural alterations. Based on earlier success in 

our laboratory with superpotent cyclic melanotropin analogues 

(Sawyer et aI., 1982), Mosberg and co-workers decided to replace 

the Gly2 with D-Cys and MetS with both .ll- and L-Cys. [D

Cys2,CysS]enkephalin had already been made and shown to be 



Table 1-1 Biological Properties of DPDPE 

I. Delta vs. Mu Receptor - 100-5000 fold selective 
for the delta receptor depending on system. 

II. Delta vs. Kappa Receptor - >50,000 fold 
selective for the delta receptor. 

III. As an analgesic - potent and prolonged action. 

IV. Central effect on gut transit - does not inhibit 
gut transit. 

V. Addiction potential - greatly reduced relative to 
mu opioids. 

VI. Antidiarrheal - potent effects. 

VII. Interaction with Mu ligands - positive effects 
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analgesic in vivo, but its receptor selectivity had not been 

determined (Sarantakis, 1979). At about the same time Schiller et 

al. (1981) prepared the same compound finding it to be potent but 

not highly selective for the 8 receptor. The next step was to 
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introduce an additional conformational restriction by means of 

geminal methyl groups at the beta carbon of Cys2 or Cys5. [Q.-Pen2, 

L- or D-Cys5] carboxamide terminal analogues were potent but not 

selective for the 8 receptor. However, similar carboxylate terminal 

analogues containing the unusual amino acid .I2-Pen (~,~

dimethylcysteine) in the Gly2 position, and L.- or D-Cys in the Met5 

position were found to be highly 8 selective. Therefore, the next 

step was the replacement of both cysteines with penicillamines. 

The resulting analogue, DPDPE, was extraordinarily 0 receptor 

selective, more so than any enkephalin analogue previously reported. 

First of all, the bis-penicillamine replacements result in a 

psuedoisosteric cyclization to give a 14-membered macrocyclic 

ring. Second, the geminal dimethyl substitution on the beta carbon 

of cysteine causes both local conformational (on the disulfide 

helicity - whether right handed or left handed ) as well as more 

global effects on the distal amino acid side chain conformations to 

help control the overall topography of the peptide (Meraldi et aI., 

1977). For example, without the geminal methyl groups the analogue 

D-Cys2, D-Cys5]enkephalin is an order of magnitude more potent than 

DPDPE at the 8 receptor, but is only slightly selective. This 

suggests the importance of both conformational and topographical 

properties for the 8 receptor selectivity of DPDPE. 



Conformational and Topographical Design of DPDPE 

Analogues 

In an effort to design biologically active peptide ligands in a 

rational manner, we have used both conformational (Hruby (1982), 

Hruby et al. (1990)] and topographical (Hruby et aI., 1987; 
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Kazmierski and Hruby, 1988; Hruby et al., 1990) constraints. The 

basic hypothesis for this approach is that different receptor 

subtypes require different structural, conformational and 

topographical features of the peptide ligand. Incorporation of the 

correct conformational and topographical features should result in a 

more highly selective ligand. This requires a careful analysis of 

the conformational properties of a suitable lead compound that is 

conformationally constrained, in this case DPDPE. This analysis is 

then repeated using a series of analogues of DPDPE with varying 

biological activities. The idea is to bias or constrain a side chain 

group of a residue in the peptide to a particular side chain 

conformation (Le. guache (+), gauche (-) or trans) permitting 

determination of the structural changes that will still allow the 

backbone conformation to be maintained. 

We have been particularly interested in the conformational 

properties of the aromatic residues Tyr1 and Phe4 , since these 

groups are important for delta receptor activity. The Phe4 residue 

was chosen as the focal point of our investigation for several 

reasons. First, it was known that the aromatic ring of the Phe4 

residue was important for activity at the delta receptor (Hruby and 
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. Gehrig, 1989). Therefore, changes at this position should have a 

large effect on biological activity. Also, since this position is 

located within the 14-membered macrocyclic backbone of DPDPE, it 

was hoped that modifications of the Phe4 side chain would not . 
disturb the stabilized conformation of the peptide backbone 

(template). This residue also can be substituted with numerous 

unusual amino acids that with constrain the side chain dihedral 

angles X1 and/or X2 while still contain an aromatic ring extended by 

one carbon from the peptide backbone. 

In our laboratory over 50 analogues of DPDPE have been prepared, 

and, with the help of our collaborators in the Department of 

Pharmacology at the University of Arizona, their biological 

properties have been assessed (Hruby et aI., 1985; Hruby et aI., 1937; 

Kazmierski and Hruby, 1988). Some of these analogues, including the 

halogenated analogues [p-CIPhe4]DPDPE and [p-IPhe4]DPDPE exhibit 

greater potency and IS receptor selectivity than DPDPE (Toth et aI., 

1990A). This is additional evidence as to the importance of the Phe4 

residue for delta receptor potency and selectivity. 

The most important physical tool for these studies is 2-

dimensional nuclear magnetic resonance (2-D NMR) spectroscopy. 

The NMR results can be used along with molecular mechanics 

calculations, molecular modeling and molecular dynamics 

simulations to develop and refine a model suggesting the solution 

conformation of DPDPE and its analogues that can then be related to 

the "biologically active" conformation (Hruby et aI., 1988; Hruby and 
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Pettitt, 1989). In this way medicinally useful peptide analgesics 

devoid of unwanted side effects can be developed and a greater 

understanding of the structure-activity relationship of opioid 

receptors and their ligands can be achieved. 

Biological activity of the peptide analogues synthesized were 

evaluated by the mouse vas deferens, guinea pig ileum, and rat brain 

binding assays. The ratio of the ICso values of the GPlfMVD is a 

measure of a vs. Il receptor selectivity. An estimate of receptor 

binding selectivity is obtained by taking the ratio of the IC50 values 

for displacement of [3H]CTOP the prototypical Il-receptor ligand and 

[3H]DPDPE the prototypical a-receptor ligand. 

In this work the synthesis, biological activity, physical properties 

and molecular modelling studies of a series of DPDPE analogues 

containing constrained amino acids including (3-methylphenylalanine 

and (3-methyl-p-nitrophenylalanine are discussed. With the 

recognition from previous studies that the Phe4 residue in DPDPE 

was important for a-opioid receptor interactions, we have 

synthesized all four diastereoisomeric peptides of DPDPE with 

(28,38)-, (2R,3R)-, (28,3R)-, and (2R,38)-(3-methylphenylalanine, 

respectively, in position 4. All four diastereoisomeric analogues 

with the corresponding (3-methyl-p-nitro-phenylalanine residues in 

position 4 were also synthesized. These analogues exhibit a wide 

range of binding and selectivity which suggests that the 

topographical design approach can be used as a powerful tool in the 

design of biologically active peptides. 
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Chapter 2 • Synthetic Methodology 

Solid Phase Synthesis of Peptides 

All of the analogues prepared in this work were synthesized by 

the solid phase method. The successful stepwise synthesis of 

oxytocin (du Vigneaud et aI., 1953) gave rise to the hope that a 

mechanized process for building a peptide chain might be developed. 

Solid phase peptide synthesis was introduced in the early 1960's 

(Merrifield, 1963). For a comprehensive review of this method see 

Barany and Merrifield, 1980. The technique, where the peptide is 

synthesized while bound to an insoluble polymer, was developed in 

order to avoid some of the inherent problems of peptide synthesis in 

solution. Using solution phase synthesis preparing a peptide with 

more than a few amino acid residues can be extremely difficult. 

Blocking of functional groups, coupling, and deprotection require 

numerous washings of the reaction mixture, precipitaton or 

recrystallization of intermediates, and numerous filtrations and 

transfers of products. 

In solid phase synthesis the peptide's C-terminal amino acid is 

attached to the insoluble polymer, polystyrene beads 1 % crosslinked 

with divinylbenzene (Figure 2-1), and the peptide chain is extended 

toward the amino end of the peptide. After the amino acids have all 

been assembled into the desired peptide, the peptide chain is cleaved 

from the polymer support, liberating the peptide into solution. The 

advantage of this method is that intermediate purification steps are 
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Figure 2-1. Polystyrene Crosslinked with 1 % Divinyl Benzene 
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eliminated. The peptide resin is only washed and filtered. No 

transfer of the resin is required, preventing any mechanical loss of 

material. The method is much faster than the traditional solution 

phase technique and readily has lent itself to automation. Figures 

2-2 and 2-3 illustrate the basic sequence of events in the solid 

phase synthesis of an enkephalin analogue. The insoluble polymer 

has a reactive group (X). The first amino acid to be attached has a 

labile protecting group (L) at the N-terminus. This is most often a 

BOC (t-butyloxycarbonyl) group that is acid labile. This protected 

amino acid is coupled to the resin, in this case forming an ester 

linkage. Next the labile protecting group is removed from the N

terminus of the amino acid. Notice that all side chain reactive 

functional group must be protected by a stable blocking group which 

is removed only after the linear synthesis is completed. Then, the 

C-terminal of the next N-terminal protected amino acid is coupled 

to the unprotected amino terminal of the aminoacyl resin by a 

suitable coupling reaction. The reagents commonly used for this 

purpose are DCCI (dicyclohexylcarbodiimide) or DIC 

(diisopropylcarbodiimide) with HOST (1-hydroxybenzotriazole)(see 

Figure 2-4) (Moore et aI., 1977). The same cycle of deprotection and 

coupling is repeated for each of the amino acids in the peptide 

sequence. Finally after all the amino acids have been assembled on 

the resin, the peptide is cleaved from the resin with anhydrous HF. 

This reaction also removes the stable protecting groups form the 

side chain residues of the peptide. This permits, in the case of 

DPDPE and other bis-cysteine or penicillamine containing peptides, 
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Figure 2·3. Coupling Scheme for Solid Phase Synthesis of 
Peptide Chain 

Description Reagent/Solvent Rep. Time (min) 

1. Swell resin OCM 1 60 

2. Oeprotect 60% TFA. 2% anisole 2 2 
20 

3. Wash OCM 4 1 

4. Neutralize 10% OIEA/OCM 2 2 

6. Wash OCM 4 1 

6. Monitor NH2 ninhydrin test 1 3 

7. Coupling Boc-AA (3X) 1 or 2 30-60 
OIC/HOBT/OCM/OMF 

8. Wash OCM 4 1 

9. Monitor NH2 ninhydrin test 1 3 

10. Go to Step 2 and cycle 
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side chain - side chain disulfide bond formation to yield cyclic 

peptides which can then be purified and analyzed. 

Coupling of the Amino Acid to the Peptide Resin 

Since the introduction of solid phase synthesis the coupling 

method reagent of choice was dicyclohexylcarbodiimide (DCC). See 

Figure 2-3 for a description of the DCC coupling reaction. The 
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classical way of coupling using DCC is to add one mole of DCC to a 

solution containing equimolar amounts of the amino acids to be 

linked (Sheehan and Hess, 1955). For solid phase synthesis, 

however, the symmetrical coupling mode is used. One equivalent of 

DCC is added to the solution containing two or more equivalents of 

the blocked amino acid. First the carboxyl group of the blocked 

amino acid reacts with the diimide to form an O-acylisourea 

intermediate. This intermediate can then either react with the free 

amino group of the resin bound peptide giving N,N-dicyclohexylurea 

(DCU) as a byproduct, or it can react with the second equivalent of 

blocked amino acid to form a symmetrical anhydride and DCU. The 

symmetrical anhydride can then undergo attack by the amino group 

of the peptide resin. The symmetrical anhydride approach reduces 

the lifetime of the reactive O-acylisourea which would otherwise 

undergo side reactions such as the formation of N-acylureas. The 

DCU byproduct is generally removed by an ethanol wash cycle. When 

diisopropylcarbodiimide (DIC) is used instead of DCC the resulting 

diisopropylurea (DIU) is soluble in OCM, so the ethanol washing can 
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be omitted. Another advantage to using ole is that it is a liquid at 

room temperature that can be more easily measured than DCC which 

is a waxy solid. 

Another way to limit the lifetime of the reactive O-acylisourea 

is to add an auxiliary nucleophile, such as 1-hydroxybenzotriazole 

(HOST), to the coupling solution containing DCC or some similar 

mixed anhydride. HOST reacts with the reactive O-acylisourea to 

form an active ester and DCU. The active ester method will reduce 

racemization; however, it also can increase the coupling time which 

can be a drawback. 

Monitoring of the Coupling Reaction 

The progress of the coupling rea9tion is monitored by ninhydrin 

detection of the free amino group on the resin bound peptide (Kaiser 

et aI., 1970). The ninhydrin method requires three solutions: 

ninhydrin in ethanol, phenol in ethanol, and KCN in pyridine. 

Approximately 10mg of the wet resin is placed in a small test tube 

and 2-3 drops of each of the three ninhydrin test solutions are 

added. The mixture is heated for several minutes on a 110° oil bath. 

The deprotected peptide resin gives an dark blue color with the 

reagent. A positive result (blue or green color) after the resin is 

washed to remove any substances that might give a false positive 

response indicates incomplete coupling. A slight blue color indicates 

the reaction is 99.4% complete. The coupling step can then be 

repeated if desired. The ninhydrin test is also used to indicate 
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whether Boc-protected amino acids are completely protected before 

they are used in solid phase synthesis. 

General Procedure for the Synthesis of Na_Boc amino acids 

The Nfl-Boc amino acids were either purchased from Bachem 

(Torrance, CA) or were synthesized by literature procedures (Tarbell 

et aL, 1972). To a O°C stirred solution of 10 mmol amino acid in 50 

mL dioxane/water (2:1) was added 1 N NaOH dropwise until the pH 

was equal to 10.4. Next 11 mmol of Boc-dicarbonate (Fluka) was 

added and the mixture was stirred at O°C for 1 hour. During this 

time the pH was maintained at 10.4 with periodic dropwise 

additions of 1 N NaOH. The reaction was allowed to warm to room 

temperature and was stirred overnight. The next day the pH which 

had decreased to .... 9 was again increased to 10.4. The dioxane/water 

was removed in vacuo. After all the solvent had been remove, the 

residue was dissolved in 20 mL water and 20 mL ethyl acetate and 

chilled to O°C. The pH was decreased to approximately 3 with cold 

1 N Hel (or 10% citric acid in the case of Boc-D-Pen). Using solvent 

that were chilled to O°C, the aqueous layers were extracted with (3 

X 50 mL) of ethyl acetate. The organic layers were combined and 

were extracted with (3 X 25 mL) saturated NaCI and (3 X 25 mL) 

water. The ethyl acetate layer was dried over anhydrous MgS04 at 

room temperature. The solution was filtered and dried in vacuo. 

Ninhydrin test was performed to determine completion of the Boc 

protection. All amino acids, except for Na_Boc-{S-4-
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methylbenzyl)penicillamine (which was an oil), were recrystallized 

using ethyl acetate and hexane. 

Formation of the DCHA salt of Boc amino acids 

The combined organic phase was washed with 2 X 30 mL H20 and 

dired over Na2S04. The ethyl acetate was removed in vacuo. The 

resulting oil was dissolved in 100 mL ethyl ether and 3.25 mL DCHA 

(dicyclohexylamine) was added. After stirring for 5 min, 200 mL pet 

ether was added. The solution was stirred, and approximately 150 

mL of solvent was removed in vacuo. An additional 200 mL pet ether 

was added, and the solution was filtered. The resulting solid was 

washed with 3 x 100 mL pet. ether and dried in vacuo. 

General Procedure for Cleavage of the Peptide from the 

Resin 

The peptides were cleaved from the resin by acidolysis with 

anhydrous HF (Sakakibara and Shimohigashi, 1965). 2 g of resin was 

placed in the reaction vessel along with 2 mL anisole as a scavenger 

of reactive carbonium ions produced by cleavage of side chain 

protecting groups. Without a large excess of nucleophilic scavenger 

benzyl and t-butyl carbonium ions will readily alkylate methionine, 

cysteine, tyrosine and tryptophan functional groups. The vessel was 

evacuated and cooled with liquid nitrogen. Then 15 mL of anhydrous 

HF was added and the reaction vessel warmed to O°C. After 60 min 

the HF was removed by distillation. In the hood the mixture of resin 
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and free peptide was washed (3 x 10 mL) degassed ethyl ether and 

filtered to remove the anisole. The resin and peptide was next 

rinsed with 40 mL degassed glacial acetic acid and stirred under 

nitrogen for 20 minutes. The resin was filtered with 5 X 50 mL each 

of 30% HOAc and water and discarded. The filtrate was frozen using 

isopropanol! dry ice and lyophilized overnight to a crude powder. 

Cyclization of the Linear Peptide to the Cyclic Disulfide 

Following lyophilization the crude linear peptide was dissolved in 

5mL MeOH and then diluted with 1.5 L deaerated water to a 

concentration of 0.1 mM. The high dilution is necessary to prevent 

intermolecular disulfide cyclization and favor intramolecular 

disulfide formation. The pH of the solution was increased to 8.5 

with 4N NH40H. The peptide was oxidized with 0.01 N K3[Fe(CN)6] to 

the cyclic disulfide. The 0.1 N potassium ferricyanide solution was 

added in 5 mL increments over 2 hours. The yellow solution was 
, 

continually stirred. After the yellow color had persisted for 30 min. 

after the last addition of ferricyanide, the reaction was quenched by 

the addition of 30% acetic acid until the pH had decreased to 5.0. To 

remove the excess ferricyanide and ferrocyanide 30 mL settled 

volume of Amberlite anion exchange resin was added and the mixture 

was stirred for 30 min. The resin was removed by filtration and 

was washed with 3 X 25 mL 300/0 acetic acid. The combined aqueous 

solution (1.7 L) was reduced in vacuo in 500 mL portions. To each 

portion 30 mL distilled 1-butanol was added to prevent bumping and 
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foaming of the peptide solution. The water bath temperature of the 

rotary evaporator was keep at 30°C or lower at all times to prevent 

decomposition of the cyclized peptide. After the volume of the 

peptide solution had been reduced to approximately 400 mL the 

solution was frozen using isopropanol/dry ice and lyophilized 

overnight. 

Ellman Test for Free Sulfhydryl Groups 

The Ellman test was used to verify that the peptide was 

completely cyclized to the disulfide. The Ellman reagent was 

prepared by dissolving 40.0 mg of 5',5'-dithiobis(2-nitrobenzoic 

acid) (OTNS) in 10 mL of freshly prepared 0.1 N sodium phosphate 

buffer pH 8. The pH 8 phosphate buffer was prepared by combining 

4.60 g NaH2P04·H20 and 4 mL of 0.1 N NaOH and diluting the solution 

to 1 L with water. The standard sulfhydryl compound was prepared 

by dissolving cysteine in H20 (0.024 mg/mL or 200 nmol/mL). 

To 0.1 mL of the standard or the sample of cyclized peptide, 0.1 

mL of the Ellman reagent and 0.5 mL of the 0.1 N NaH2P04 buffer was 

added. The pH was adjusted to 8 by addition of 1 N NaOH if 

necessary. After 15 min the absorbance of the solution at 412 nm 

was measured. The presence of free sulfhydryl groups results in a 

yellow colored solution with a strong absorbance (for a 0.01 

Ilmol/mL solution: A=0.136, E= 13,600, 1 cm path). 



Experimental Section 

Synthesis of the (3-Methylphenylalanlnes and Their Na_t

Butyloxy-carbonyl Derivatives 
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TLC analysis of (3-methyl amino acids was performed on 2.5 x 10 

cm plates coated with 0.25 mm silca gel GF (Analtech, Newark, DE) 

using the following systems: 

A: butanol/acetic acid/water (4:1:1) 

8: acetonitrile/methanol/water (4:1:1) 

C: chloroform/methanol/acetic acid (90:8 :2) 

TLC spots were detected under U.V. light (short wave) and with 

ninhydrin spray. Chiral TLC was performed using chiral plates 

(Macherey-Nagel System 8 ) according to previously published 

procedures (Toth et aI., 19908). 

All the amino acids are of the L.-configuration unless otherwise 

stated. Symbols and abbreviations are in accordance with the 

recommendations of the IUPAC-IUB Commission on Nomenclature 

(1972). Melting points of amino acids and their derivatives are 

uncorrected and were measured on a Thomas Hoover melting point 

apparatus (Arthur H. Hoover Co., Philadelphia). NMR spectra were 

obtained in either CDCI3, 020, or D20/TFA. Mass spectra were 



46 

obtained at the University of Arizona Microanalysis Center or at the 

University of Nebraska Mass Spectrometry Facility using chemical 

ionization (fast atom bombardment, low resolution, full scan, 

glycerol or dithioerythritolldithiothreitol matrix). Optical 

rotations were measured on a Perkin Elmer 141 Polarimeter. HPLC 

purification was. done using a Perkin Elmer Series 3L sovent delivery 

system with a Perkin Elmer LC-75 uv spectrophotometer detector 

and LCI-100 laboratory computer integrator with a Vydac C18 RP

HPLC column (25 cm x 4.6 mm). The solvent system used was binary: 

water containing 0.1 % TFA (pH 2) and acetonitrile as the organic 

modifier. 

Synthesis of Erythro-~-Methylphenylalanine and Threo-~

Met hy I-p henylalan ine 

~-Methylphenylalanine (see Figure 2-5) was prepared by a slightly 

modified version of the method of Kataoka (Kataoka et aL, 1976). 

The pure erythro-~-methyl phenylalanine HCI salt was obtained by 

fractional crystallization from water. The free amino acid was 

liberated with diluted NH40H adjusting the pH to 5.6. The threo-~-

methylphenylalanine was obtained from the mother liquor by 

repeated crystallization from water. 



Figure 2-5l Structures of the Unusual 
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NMR data for erythro-f3-methylphenylalanine (020): 7.27 (5H, 

aromatic), 3.64 (1H, Ha,d, J=7.7 Hz), 3.15 (1H,Hf3' q, J=7.33 Hz), 1.27 

(3H, CH3, d, J=7.15 Hz). 

NMR data for threo-f3-methyl phenylalanine (020): 7.16 (5H, 

aromatic), 3.71 (1 H, Ha,d, J=4.95 Hz), 3.15 (1 H,Hf3' q, J=7.25 Hz), 1.27 

(3H, CH3, d, J=7.31 Hz). Melting points and Rf values are listed in 

Table 2-1. 

Synthesis of Erythro and Threo-f3-methyl-p-N02-

phenylalanine 

A sample of 3.6 9 of erythro- or threo-f3-methylphenylalanine was 

dissolved in 5 mL of concentrated sulfuric acid. Then 1.73 mL (1.2 

eq.) of 70% nitric acid was added to the solution dropwise with 

stirring. The mixture was stirred for 30 min at room temperature 

and then poured into 75 mL of cold water. The pH of the solution was 

adjusted to 5.6. The resulting crystals were filtered to yield 3.1 9 

(70%) of erythro-p-methyl-p-N02-phenylalanine or 2.2 9 (50%) of 

threo-f3-methyl-p-N02-phenylalanine. NMR data for erythro-f3-

methyl-p-N02-phenylalanine (D20/TFA) 7.98 (2H, aromatic ortho to 

nitro, d, J=8.74 Hz), 7.31 ( 2H, aromatic meta to nitro, d, J=8.73 Hz), 

4.015 (1H, H(lI d, J=6.92 Hz), 3.35 (1H, Hp, q, J=7.08), 1.17 (3H, CH3, 

d, J=7.15); for threo-f3-methyl-p-N02-phenylalanine (D20/TFA) 7.94 

(2H, aromatic ortho to nitro, d, J=8.73 Hz), 7.28 ( 2H, aromatic meta 

to nitro, d, J=8.75 Hz), 4.05 (1 H, Ha, d, J=6.23 Hz), 3.38 (1 H, Hp, q, 
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Table 2-1. Melting Point and Rf Values for ~-Methyl Am ino 
Acids and Their Derivatives 

Amino Acid Rt 

tIl.g. A B C Cbiral II..Q 
erythro-~-Me-Phe 224°C 0.48 0.43 0.56, 0.36 
threo-~-Me-Phe 218°C 0.48 0.43 0.55, 0.47 

eryth ro-~-Me-p-n itro- P he 193°C 0.50 0.51 0.62, 0.43 
th reo-~-Me-p-n itro- Phe 188°C 0.50 0.51 0.60, 0.52 

Na_Boc-erythro-~-Me-Phe 108°C 0.82 0.69 
Na_Boc-threo-~-Me-P he 96-98°C 0.82 0.69 

N a-Boc-eryth ro-~-Me-p-nitro-Phe 148-149°C 0.78 0.58 
N a_Boc-th reo-~-M e-p-n itro-Phe 84-86°C 0.78 0.58 



J=6.84), 1.22 (3H, CH3, d, J=7.2). Melting points and Rf values are 

listed in Table 2-1. 
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E ryth ro- ~-methyl-p-N02-l..-phenylalanine or erythro-~-methyl-p

N02 -D-phenylalanine was also prepared with this method starting 

with enantiomerically pure isomers of erythro-~-methylphenyl

alanine. The optical rotation of erythro-~-methyl-p-N02-L-phenyl

alanine is [a]20 0 = -14.7 (c,0.8, H20) and the optical rotation of 

erythro-~-methyl-p-N02-D-phenylalanine is [a]20 0 = +14.7 (c,1.0, 

H20). 

Synthesis of Erythro- and Threo-~-Methyl-p-Nitro 

phenylalanines and Their Na-tert-butyloxycarbonyl 

Derivatives 

Synthesis of the Na-tert-butyloxycarbonyl-~-methyl amino acids 

were carried out by the usual procedures (Moroder et aI., 1976) in 

80-90% yield. For analytical data see Table 2-1. 

Preparation of p-Methylbenzylcysteine (Erickson and 

Merrifield, 1973) 

Triethylamine (7.75 mL, 55.5 mmol, Aldrich) and a-CI-p-xylene 

(2.60 g,18.5 mmol, Aldrich) were added to a solution of either 1l- or 

.b.-cysteine hydrochloride monohydrate (3.25 g, 18.5 mmol, m.p. 
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176°C} in 30 mL 2:1 (v/v) EtOH/H20. The solution was stirred for 

12 h, and the resulting precipitate was filtered. The solid was 

washed 3 X 50 mL with H20 and recrystallized from 3:2 (v/v) 

EtOH/H20. The mixture was warmed on a hot plate to completely 

dissolve the p-methyl-benzylcysteine (mp = 209-211°C dec.; M.W. 

225; yield = 80%; NMR: 2.37,s, 3H, CH3; 3.1-3.3, m, 2H, 3.8, s, 2H, 

4.1-4.3, m, 1 H). The purified p-methylbenzylcysteine was converted 

to its Ncx-80c derviative by the usual· procedures (Moroder et aI., 

1976). Lit. m.p. 85-88°C; M.W. 325; 90% yield. 

Preparation of S-p-Methylbenzylpenicillamine 

Approximately 700 mL of NH3 was collected at -78°C over 30 min 

with stirring into a NH3 flushed, 1 L 3-necked round bottom flask 

with KOH trap and condenser cooled with dry ice and acetone 

attached. After collection was complete condenser was removed 

and10 g (67 mmol) .1...- or .ll-Pen (m.p. 149°C) was added at -78°C with 

stirring. Next small pieces of sodium metal (3 g) that had been 

washed with anhydrous ethyl ether were added gradually until a blue 

color persisted for 10 min. The reaction was quenched with a few 

grains of NH4Cl turning the solution white. Next 10 mL of a-Cl-p-

xylene (Aldrich) was added dropwise. The mixture was stirred for 1 

h. The flask was unstoppered and allowed to stir for 3 h in the hood 

to evaporate off the NH3. The open flask was left in the hood 

overnight. The residue was dissolved in 400 mL distilled water and 

was extracted with ethyl ether (3 X 50 mL) to remove unreacted 
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starting materials. The pH of the aqueous layer was decreased to 5 

with glacial acetic acid, cooling the mixture with an ice bath. The 

resulting white precipitate was filtered and recrystallized with hot 

40:60 methanol/water. The crystals were filtered and dried in 

vacuo overnight. Complete protection of the sulfur was measured 

by the Ellman test (Stewart and Young, 1984). M.W. 253; yield = 70-

80%. The Ncx-80c derivative was prepared immediately before use 

according to literature procedures (Moroder et aI., 1976) to give an 

oil at room temperature (yield = 900/0). 

General Methods for the Synthesis of DPDPE Analogues 

All of the analogues were synthesized by the solid phase method 

using procedures similar to those previously reported for DPDPE 

(Mosberg et aI., 1983). Chloromethylated (1.3mmollg resin) 

polystyrene resin 1 % cross-linked with divinylbenzene (Lab 

Systems, San Mateo, CA) was used as the solid support. Ncx-tert-

8utyloxycarbonyl (80c) protected amino acids were used throughout. 

The unprotected amino acids (Tyr and Gly) were obtained from 

Aldrich (Milwaukee, WI) or Sigma (St. Louis, MO) and were converted 

to the N CX-tert-butyloxy-carbonyl derivatives with di-tert-butyl-

dicarbonate (Fluka, Switerland) following literature procedures 

(Moroder et aI., 1976). The 80c-.Il-Pen (S-p-Me8zl) was synthesized 

in the laboratory or was obtained as the DCHA salt (Peptides 

International, St Louis, MO) and liberated just prior to use. The Ncx-

(tert-butyloxycarbonyl}-S-(p-methylbenzyl}-12-penicillamine was 
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attached to the resin by Gysin's method (Gysin, 1973). 

Diisopropylcarbodiimide or dicyclohexylcarbodiimide and 1-

hydroxybenzotriazole (Aldrich, Milwaukee, WI) were used in the 

coupling reactions which were monitored by the ninhydrin test 

(Kaiser et aI., 1970). The peptides were cleaved from the resin with 

anhydrous HF (10 mUg resin) with anisole added as a scavenger (2 

mUg resin) for 60 min at O°C. The peptide was extracted from the 

resin by first washing (3 X 10 mL) with anhydrous ethyl ether, then 

stirring the resin under N2 suspended in 40 mL glacial acetic acid. 

The resin was then washed with 5 X 50 mL of 30% acetic acid, and 

lastly with 5 X 50 mL distilled water. The acetic acid and water 

filtrates were combined, frozen with dry ice / isopropanol, and 

lyophilized. The linear peptide was then cyclized using a 0.01 N 

solution of K3[Fe(CN}6] according to already published procedures 

(Mosberg, 1983). The analogues were purified by gel filtration on 

Sephadex G-15 using 15% acetic acid and by HPLC (Perkin Elmer or 

Spectra Physics) Vydac 218TP1 01 0 C18 reversed phase column 

(25cm X 1 cm) using a linear gradient of 20%-35% CH3CN in 0.1 % 

aqueous trifluoroacetic acid 1%/min. at a flow rate of 4 mUmin 

with UV detection at 214 or 280 nm. 

Purity was determined by thin layer chromatography (TLC) in four 

solvent systems on silica gel and by analytical HPLC. The TLC plates 

used were 0.25 mm glass-backed Merck DC-Fertigplatten Kieselgel 

60F254. The following four solvent systems were used: 



1. 1-butanollacetic acid/ water (SAW) 

(4:1 :1) 

2. 1-butanollacetic acid/ pyridine/water (BAWP) 

(13:3:12:10) 

3. 2-propanollammonialwater (PNW) 

(3:1 :1) 

4. 1-butanollacetic acid/ethylacetate/water (BAEW) 

(1:1:1:1) 
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HPLC analyses were performed using a Vydac 218TP104 C1 8 

reversed phase column (25 X 0.46 cm) with 0.1 % trifluoroacetic 

acid/CH3CN (75/25 v/v) at a flow rate of 1.5 mUmin. Elution was 

monitored at 280 nm. See Figure 2-6 for an example of the HPLC 

seapration of the four diastereomeric ~-MePhe4-DPDPE analogues. 

Partition Chromatography of DPDPE and its Analogues 

The following solvents in the appropriate amounts were shaken in 

a 5 L separatory funnel and equilibrated overnight into a lower 

(aqueous) phase and an upper (organic) phase. 

n-Butanol : Toluene : Pyridine : Acetic Acid : Water 

6 3 : 0.135 0.315: 8.55 

900 mL :450 mL :20.25 mL : 67.25 mL :1283 mL 
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The Sephadex block polymerizate column was equilibrated with the 

lower phase (500 mL). Next 200 mL of the upper phase was run 

through the column to displace the lower phase. 

The crude cyclized peptide was dissolved in 15 mL 2:1 upper 

phase/lower phase and centrifuged at 4000 rpm for 10 min. The 

supernatant was filtered by gravity to remove any traces of ferro

and ferricyanide. The peptide solution was transferred to the top of 

the column. After the solution had entered the solid phase of the 

column, 2 X15 mL of upper phase was applied to ther top of the 

column. Next the column was filled to the top with upper phase. 

Column was run for 30 h with a flow rate of 0.5 mUmin (12 

min/tube) collecting 150 tubes. 

The tubes containing peptide were determined by the Folin-Lowry 

test. A 115 JlL sample from every third test tube was transferred to 

a series of small tubes. The solvent was removed in vacuo for 90 

min. The residue in each tube was dissolved with a 50 JlL aliqout of 

1 % acetic acid and vortexed. A solution consisting of 2 mL 2% Na K 

tartrate and 2 mL 1% CuS04·5H20 in water that had been diluted to 

200 mL with 2% Na2C03 in 0.1 N NaOH was prepared. A 3 mL aliquot 

of this solution was added to each sample test tube. Next 300 JlL of 

1:1 phenol reagent/H20 was added to each tube. After 30 min some 

of the tubes turned dark blue. The tubes were read at 700 nm. The 

tubes containing the peptide were pooled and washed twice with 0.2 

N acetic acid to remove all the peptide. The peptide solution was 
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cooled to O°C and rotary evaporated (water bath temperature <30°C) 

to a volume of .... 50 mL. The solution was lyophilized to give a white 

powder. 

Amino Acid Analysis of Peptides 

Amino acid analyses were performed on a Beckman 120C Amino 

Acid Analyzer in our laboratory or Model 420A Amino Acid Analyzer 

(AB!) at the University of Arizona Amino Acid Analysis Facility. The 

unusual amino acids, such as .D.-Pen, could not be determined. 

The peptide samples were prepared according to literature 

procedures (Jorgensen et aI., 1970). A 1 mg sample of the purified 

peptide was hydrolyzed in 6 M HCI at 110°C for 48 h. Next the HCI 

was evaporated in a dessicator in vacuo. The hydrolyzed peptide 

residue was dissolved in 0.2 mL H20. A 100 III aliquot of this 

solution was diluted to 1 mL with sodium citrate buffer pH 2.2 

(Beckman). The 0.5 mL of the sample was injected into the amino 

acid analyzer. 

Mass Spectral and NMR Analyses of the Peptides 

The (M+1)+ molecular ions and fragmentation patterns were 

obtained by FAB-MS and were in agreement with the calculated 

molecular weights for each peptide. 1 H NMR spectra were obtained 
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for each analogue and were consistent with the amino acid sequence 

and structure of the peptides. 

I I 
Synthesis of [Q-Pen2, ll-Pen5]enkephalin (OPDPE, 1) 

The title compound was prepared by the methods described above 

and was found to be identical to the compound previously 

synthesized (Mosberg et aI., 1983). 

I I 
Synthesis of [Q-Pen2, (2S,3S)-f3-MePhe4, Q-Pen5]enkephalin (2) and 

r t 
[Q-Pen2, (2R,3R)-f3-MePhe4, D-Pen5]enkephalin (3). 

The title compounds were prepared by the solid phase method 

outlined above, starting with 2.94 9 of Na.-Boc-D-Pen(S-p-MeBzl)-O-

resin (substitution = 0.72 mmol/g resin). The following protected 

amino acids were added in a stepwise fashion to the growing peptide 

chain: Ncx-Boc-erythro-(D ,1J-f3-MePhe, NCX-Boc-Gly, Ncx-Boc-D-Pen (S-

p-MeBzl), and Ncx-Boc-Tyr. Then 2.2 9 of the resulting 4.41 9 of 

peptide resin was treated with 15 mL of HF along with 1.5 mL 

anisole for 60 minutes at O°C. The HF was then rapidly removed by 

vacuum aspiration at O°C. The mixture was washed with 3 X 10 mL 

ethyl ether, and the peptide was extracted with 40 mL glacial acetic 

acid and washed with 5 X 50 mL 30% acetic acid and then 5 X 50 mL 

distilled water. The peptide solution was frozen with dry 
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ice/isopropanol and lyophilized. The residue was dissolved in 1500 

mL of dearated, distilled water (using 3 mL methanol to dissolve 

completely). The pH was adjusted to 8.5 with 3 N ammonium 

hydroxide and 70 mL of 0.01 N K3Fe(CN)S was added in 10 mL 

portions over 90 min. The solution was stirred for an additional 30 

min. The pH was decreased to 5.0 with a few drops of glacial acetic 

acid, and the ferro- and excess ferricyanide was removed by stirring 

the solution with 30 mL settled volume of anion exchange resin 

Amberlite IRA-45 (CI- form). After the mixture was stirred for 30 

min., the resin was filtered off and washed with 3 X 30 mL of 30% 

aqueous acetic acid. The solution was evaporated down to 200 mL on 

a rotary evaporator in vacuo at 25°C and lyophilized. The residue 

was dissolved in 10 mL 15% acetic acid and centrifuged 10 min. at 

4000 rpm to precipitate a small amount of ferricyanide that had not 

be removed previously. The supernatant was applied to Sephadex G-

10 gel filtration column (50 X 3.2 cm). The major peak was isolated 

and lyophilized. The resulting powder was dissolved in 2 mL of 20% 

acetonitrile in 0.1 % aqueous TFA and purified on a Vydac 218TP1 01 0 

C18 RP-HPLC column (25 cm X 1 cm). HPLC conditions used to 

separate the 0- and 1.-erythro-~-MePhe-containing peptide 

diastereoisomers were as follows: linear gradient elution starting 

with 20% CH3CN in 0.1% TFA, 1%/min. for 15 min at a flow rate of 4 

mUmin., followed by 5 min. isocratic elution with 35% CH3CN in 

0.1 % TFA. The more Iypophilic impurities were eluted with 80% 

CH3CN in 0.1% TFA for 5 min. The column was equilibrated for 10 

min with 20% CH3CN in 0.1% TFA before the next injection of 



peptide. Approximately 5 mg of crude peptide were purified per 

injection. Two major peaks corresponding to the two 

diastereoisomeric peptides were each isolated as a white powder. 

The yield of the first peak eluted was 30 mg, and the yield of the 

second peak was 35 mg. 
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The determination of the stereochemistry of the optically pure 

enantiomers was carried out by enzymatic methods. One mg of each 

peptide was hydrolyzed with 6 N HCI for 24 hrs at 110°C. The HCI 

was removed in. vacuo, and the residue was dissolved in 200 J.l1 of 

water. Then 100 J.l1 of the solution was diluted with 100 J.l1 of TRIS 

buffer, pH=7.2. 5 mg (2.25 U) of .L.-amino acid oxidase (Sigma, St. 

Louis, MO) was added, and the mixture was incubated for 24 hrs at 

37°e. An additional 2.5 mg of enzyme was added, and the incubation 

was continued for another 24 hrs. The sample was diluted with 1 mL 

citrate buffer, pH=2.2 (Beckman, Palo Alto, CA). Amino acid 

analyses were performed on both the treated and non-enzyme 

treated peptide samples. In the enzyme-treated sample of the first 

peptide diastereoisomer, the amino acid peak corresponding to 1.-13-

Me Phe could not be detected by amino acid analysis. However, the 

corresponding peak was present in the non-treated sample. Since the 

L-amino acid oxidase enzyme decomposes the L-f3-MePhe, the first 

peptide eluted corresponds to the l.-isomer [(2S,3S)-f3-

MePhe4]DPDPE and the second peptide eluted is the ll-isomer 

[(2R,3R)-f3-MePhe4]DPDPE. Similar results were obtained by chiral 

TLC (Toth et aI., 1990B). Amino acid analysis: 2 Gly 1.00 (1.00), Tyr 
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0.91 (1.00), (2S,3S)-~-MePhe 1.00 (1.00); 3 Gly 1.00 (1.00), Tyr 0.94 

(1.00), (2S,3S)-~-MePhe 1.00 (1.00). See Table 2-2 for analytical 

data for the purified products. 

I I 
Synthesis of [.Q.-Pen2, (2S,3R)-~-MePhe4, D-Pen5]enkephalin (4) and 
~ -_.-_ .... - ... ---{ 

[.Q.-Pen2, (R,S)-~-MePhe4, Q-Pen5]enkephalin (5) 

The title compounds were prepared from 1 mmol of Nll_Boc-.Il

Pen-(S-p-MeBzl)-O-resin as for 2 and 3 above except that Nll_Boc

threo-(D,L)-~-MePhe was added to the growing peptide chain instead 

of Nll-Boc-erythro-~-MePhe. This resulted in 3.19 9 of Nll_Boc-Tyr

D-Pen(S-p-MeBzl)-Gly-threo-(Q,L)-~-MePhe-D-Pen(S-p-MeBzl)-O

resin. The peptide resin was treated with HF as before, and the 

peptide was isolated, cyclized to the disulfide, and purified as for 2 

and 3 above. Enzymatic methods again revealed that the first 

peptide eluted by HPLC corresponded to the L-~-MePhe-containing 

diastereoisomer 4, and the second peptide eluted corresponded to 

the D-~-MePhe-containing diastereoisomer 5. The synthesis yielded 

15 mg of 4 and 20 mg of 5 as white powders. Amino acid analysis: 

4 Gly 1.00 (1.00), Tyr 0.92 (1.00), (2S,3R)-~-MePhe 1.00 (1.00); 5 Gly 

1.00 (1.00), Tyr 0.93 (1.00), (2R,3S)-~-MePhe 1.00 (1.00). See Table 

2-2 for analytical data for the purified products. 
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I I 
Synthesis of [Q-Pen2, (2S,3S)-P-N02-p-MePhe4, D-Pen5]enkephalin 

1 .. '- ., , 4.. , 
(6) and [Q~Pen2, (2R,3R)-P-N02-p-MePhe4, !l-PenS]enkephalin (7) 

The title compounds were prepared from 1.S mmol of Na_Boc-D.

Pen(S-p-MeBzl)-O-resin as for 2 and 3 above except that racemic 

Na-Boc-erythro-p-N02-p-MePhe-OH (mp: 143°C) was used· in place 

of racemic p-MePhe in the synthesis of the peptide chain. This 

yielded 2.43 g of Na_Boc-Tyr-.Il-Pen(S-p-MeBzl)-Gly-threo-(D ,!,J-P

MePhe-Q-Pen(S-p-MeBzl)-O-resin. The peptide resin was treated 

with HF as before, and the peptide was isolated and cyclized to the 

disulfide. The crude peptide mixture was purified by gel filtration 

on a Sephadex G-10 column with 1S % acetic acid and by HPLC as 

described previously to give 18 mg (6) and 23 mg (7) of the two 

peptide diastereoisomers respectively. Enzymatic methods and 

chiral TLC again revealed that the first peptide eluted by HPLC 

corresponded to the 1:.-P-N02-p-MePhe containing diastereoisomer 6, 

and the second peptide eluted corresponded to the D-P-N02-p-MePhe 

containing diastereoisomer 7. Amino acid analysis: 6 Gly 1.00 

(1.00), Tyr 0.92 (1.00), (2S,3S)-p-N02-p-MePhe 1.00 (1.00); 7 Gly 

1.00 (1.00), Tyr 0.93 (1.00), (2R,3R)-p-N02-p-MePhe 1.02 (1.00). 

Analytical data for the products are given in Table 2-2. 

r I 
Synthesis of [Q-Pen2, (2S,3S)-P-N02-p-MePhe4, D-PenS]enkephalin 

~---.-. -_ .. _--- . ~----. 
(8) and [Q~Pen2, (R,R)-P-N02-p-MePhe4, !l-PenS]enkephalin (9) 
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The title compounds were prepared from 1.25 mmol of Na-80c-Q

Pen(S-p-Me8zl)-O-resin as for 2 and 3 above except that racemic 

Na-80c-threo-p-N02-~-MePhe-OH (mp: 143°C) was used in place of 

racemic ~-MePhe in the synthesis of the peptide chain. This yielded 

N a-80c-Tyr- D-Pen (S-p-Me8zl)-Gly-threo-(D ,.b)-~-Me Phe-Q- Pen (S-p

Me8zl)-O-resin. The peptide resin was treated with HF as before, 

and the peptide was isolated and cyclized to the disulfide. The crude 

peptide mixture was purified by gel filtration on a Sephadex G-10 

column with 15 % acetic acid and by HPLC as described previously to 

give 18 mg (8) and 23 mg (9) of the two peptide diastereomers 

respectively. Enzymatic methods and chiral TLC again revealed that 

the first peptide eluted by HPLC corresponded to the L-pN02-~-

MePhe containing diastereoisomer 8, and the second peptide eluted 

corresponded to the D-p-N02-~-MePhe containing diastereoisomer 9. 

Amino acid analysis: 8 Gly 1.00 (1.00), Tyr 0.92 (1.00), (2S,3R)-p

N02-~-MePhe 0.98 (1.00); 9 Gly 1.00 (1.00), Tyr 0.90 (1.00), (2R,3S)

p-N02-~-MePhe 1.01 (1.00). Analytical data for the products are 

given in Table 2-2. 

I I 
Synthesis of Tyr-Q-Cys-Gly-(2S,3S)-~-MePhe4-Q-Pen-OH (10) and 

f .. t 
Tyr-D-Cys-Gly-(2R,3R)-~-MePhe4-Q-Pen-OH (11) 

The title compounds were prepared from 2.78 g Na-80c-ll-Pen(S

p-Me8zl)-O-resin (2.22 mmol) as for 2 and 3 above. This yielded 
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Ncx-Boc-Tyr-.Q.-Pen(S-p-MeBzl)-Gly-~-MePhe-.Q.-Pen(S-p-MeBzl)-O-

resin. The peptide resin (3.89 g) was treated with HF as before, and 

the peptide was isolated and cyclized to the disulfide. The crude 

peptide mixture was purified by gel filtration on a Sephadex G-10 

column with 30 % acetic acid and by HPLC. HPLC conditions using 

Vydac column with an CH3CN /0.1 % TFA buffer were: 

18-22% CH3CN 10 min 

22% CH3CN 1 min 

22-32% CH3CN 15 min 

Four fractions were collected: the solvent peak and two major peaks 

(10 167 mg and 11 157 mg, respectively) separated by a minor 

peak (116 mg). Amino acid analysis of the major peaks after 

treatment with L-amino acid oxidase was used to determine that the 

first major peak (10) corresponded to the [2S, 3S] isomer and the 

second major peak (11) was the [2R,3R] isomer. Amino acid 

analysis: 10 Gly 1.00 (1.00), Tyr 0.94 (1.00), (2S,3S)-~-MePhe 0.87 

(1.00); 11 Gly 1.00 (1.00), Tyr 0.91 (1.00), (2R,3R)-p-MePhe 0.90 

(1.00). See Table 2-2 for analytical data. 

Synthesis of ethyl Ncx-formyl-a,~-dehydro-~,~-cyclopentylidene 

glycinate (12) 

Following procedures similar to those developed by C. Freeman 

Stanfield (Stanfield, 1989), to a dry, 3-N 100 mL round bottom flask 

equipped with a stir bar and addition funnel and under Argon 

pressure at -78°C, was added 29 mL (46 mmol, 1.1 eq.) of n-butyl 



65 

lithium in hexane (1.6 M, Aldrich, Milwaukee, WI), and 7.9 mL (46 

mmol) of diisopropyl amine was added dropwise. Next a solution of 

5 g of ethyl isocyanoacetate (5.2 mL, 45 mmol, Aldrich, Milwaukee, 

WI) diluted with 10 mL of dry, freshly distilled THF and a second 

solution of 4.7 mL freshly distilled cyclopentanone (45 mmol, b.p. 

102°C, Aldrich, Milwaukee, WI) diluted with 10 mL of THF were 

added dropwise to the stirred O°C lithium diisopropyl amine 

solution. Reaction was stirred for 1 h under argon. Next the 

reaction was quenched with 5 mL of saturated sodium chloride 

solution. The resulting residue was dissolved in 50 mL of brine, the 

THF was evaporated in vacuo, and the aqueous layer was extracted at 

room temperature with 3 x 50 mL ethyl acetate. The ethyl acetate 

solution was washed with 3 x 30 mL saturated sodium chloride 

solution and dried over MgS04. After filtration, the solvent was 

removed to give a dark syrup. The syrup was recrystallized with 

ethyl acetate and pet ether to give 1.57 g (7.8 mmol) of the ethyl Na. 

formyl·a,~·dehydro·~,~-cyclopentylidene glycinate (m.p. 85~86°C) 

12 in 20% yield. 

Synthesis of 12,b- Na·formyl-~-S-p·methylbenzyl-~,~

cyclotetramethylenecysteine ethyl ester (13) 

To a dry 100 mL, Argon flushed, round bottom flask fitted with 

septum and a small stir bar was added 5 mL of dry THF followed by 

575 ~L (0.64 g, 4.6 mmol, 1.2 eq.) of 4-methylbenzyl mercaptan 
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(Aldrich, Milwaukee, WI) was added. The solution was cooled to -

78°C, and a solution of 2.88 mL n-butyl lithium in hexanes (1.6 M, 

Aldrich, Milwaukee, WI) was added dropwise to form the lithium 4-

methylbenzyl thiolate anion. After stirring 5 min at -78°C the 

solution was transferred to an addition funnel attached to a 100 mL 

3-N round bottom flask containing 0.73 g of 12 (3.8 mmol, 1.0 eq) 

dissolved in 10 mL of THF, -78C, under argon. The anion solution 

was added dropwise to the flask. Then the flask was allowed to 

warm to room temperature and the reaction was stirred under argon 

for 2 h, adding 15 mL of THF because of evaporation of solvent. Next 

the reaction was quenched with 10 mL of saturated aqueous 

ammonium chloride. The organic layer was diluted with 25 mL of 

ethyl ether, and the aqueous layer was extracted with 3 x 25 mL of 

ethyl ether. The combined ether solutions were dried over MgS04, 

filtered, and the solvent removed to give a yellow oil. The oil was 

purified by flash column chromatography using silica gel (2 cm X 15 

cm, 230-400 mesh, 60 A, Aldrich, Milwaukee, WI) as the solid phase 

and ethyl acetate : hexane (1:1) as eluent. The fraction containing the 

product as detected by u.v. absorbance (Rt = 0.35) was pooled and the 

solvent removed. The purified prod~ct 13 (0.47 g, 1.42 mmol) was 

obtained in 40 % yield. 1 H NMR (60 MHz, CDCI3) 0 8.2 (s, 1 H, .I:1-CO

NH-); 0 7.2 (m, 5H -CsHs); 0 4.8 (d, J 9 Hz, CHa); 0 4.4-4.0 (q, 2H, -

OCH2-); 0 3.7 (s, 2H, -S-CH2); 0 2.2-2.9 (m, 4H, -CH2-CH2-); 0 1.1-1.4 

(t, 3H, -CH3). TLC Rt 0.36 (A); Rf 0.40 (8). 
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Hydrolysis of Na-formyl-(3-S-p-methylbenzyl-(3,p-dialkyl cysteine 

ethyl ester to its amino acid . HCI salt (14) 

The amino acid ester 13 was dissolved in 30 mL of dearated 4 N 

HCI and was refluxed for 12 h in a 100°C oil bath. Next the water 

was removed by rotary evaporation, and 20 mL of ethanol was added 

to remove the resulting ethanol/water azeotrope with continued 

evaporation. The resulting residue was dried in vacuo to give .Il,!..

S-p-methylbenzyl-p,p-cyclotetramethylene-cysteine hydrochloride 

14 (0.78 g, 2.5 mmol, yield = 900/0, m.p. 91.5-92.0°C). 1 H NMR (250 

MHz, DMSO-ds): IS 7.6 (s, 1 H, -NH-); IS 7.2-7.45 (m, 5H, -CsHs); IS 3.8 (q, 

1 H, CHa); IS 3.35 (s, 2H, -S-CH2-); IS 1.95-2.5 (m, 2H, -CH2-); IS 1.55-

1.8 (m, 6H, -CH2-). Mass spec. 280 calc. (280 found). 

Synthesis of D ,L-Na-Boc-S-p-Methylbenzyl-p,P-Cyclotetramethylene 

Cysteine (P,P-CTM-Cys) (15) 

The amino acid 14 (0.23 g, 0.74 mmol) was protected as 

previously described to yield 0.26 g (0.69 mmol, m.p. 79.5 - 80.5°C) 

of the Na_Boc protected derivative 15. After recrystallization with 

dichloromethane/hexane, the amino acid was ready for incorporation 

into a peptide synthesis (yield = 92%). 1 H NMR (60 MHz, CDCI3) IS 9.6 

(s, 1 H, -C02H); IS 7.1-7.2 (m, 5H, -CsHs); IS 5.4-5.6 (d, 1 H, -NH-); IS 2.3 

(s, 3H, -CSH4-); IS 1.5-2.0 (m, 8H, -C,H2-); IS 1.4 (s, 9H, (CH3)C-). 
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, \ 
Synthesis of [Q-J3,J3-CTM-Cys2, .Il-Pen5]enkephalin 16 and [1..-13,13-

CTM:Cys2, .o.:Pen5]enkephalin 17 

The title compounds were prepared from 0.53 g (0.34 mmol) Na-

80c-D-Pen-(S-p-Me8zl)-O-resin as for 1 above except that Na-80c

S-p-Me8zl-D,L-J3,J3-CTM-Cys 15 was used instead of Na-8oc-S-p

Me8zl-D-Pen at position 2 of the peptide. This yielded 0.80 g 80c

Tyr-D..J...-CTM-Cys(S-p-Me8zl)-Gly-Phe-.Il-Pen(S-p-Me8zl)-O-resin. 

The peptide resin was treated with HF as before, and peptide was 

isolated and cyclized to the disulfide. The crude peptide mixture 

was purified by gel filtration on a G-10 column with 15 % acetic 

acid and the peptide diasteroisomers were separated by HPLC to give 

15 mg of 16 and 18 mg. of 17. Amino acid analysis: 16 Gly 0.93 

(1.00), Tyr 0.79 (1.00), Phe 1.00 (1.00), J3,J3-CTM-Cys (not 

determined): 17 Gly 0.95 (1.00), Tyr 0.94 (1.00), Phe 1.00 (1.00), 

J3,J3-CTM-Cys (not determined). See Table 2-2 for analytical data. 

( f 
Synthesis of [12-Pen2, .L.-ATC4, .Il-Pen5]enkephalin 18 and ll-Pen2, ll-

I 
ATC4, ll-Pen5]enkephalin 19 

The title compounds were prepared from 0.64 g (0.41 mmol) Na-

80c-Jl-Pen-(S-p-Me8zl)-O-resin as for 10 above except that 0.87 g 

Na-80c-.ll...L-ATC was used instead of Na-80c-Phe in position 4. The 

racemic unusual amino acid JlJ..-ATC (2-aminotetralin-2-carboxylic 
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acid) was prepared by Geoffrey Landis according to procedures 

described in his Ph.D. dissertation (Landis, 1989), and the Na-Boc 

derivative was prepared according to the usual procedures. Solid 

phase peptide synthesis yielded 0.93 g Boc-Tyr-Q-Pen(S-p-MeBzl)

Gly-.D.J...-ATC -Q-Pen(S-p-MeBzl)-O-resin. The peptide resin was 

treated with HF as before, and peptide was isolated and cyclized to 

the disulfide. The crude peptide mixture was purified by gel 

filtration on a G-10 (Biorad) column with 15 % acetic acid, and the 

peptide diasteroisomers were separated by HPLC. The first peak 

(probably corresponding to the J.. amino acid 18) had a k' value of 

2.56 (10 mg.), and the second peak (probably corresponding to the Q 

amino acid 19) had a k' value of 2.83 (12 mg.) when purified using 

25% isocratic (flow = 3 mUmin) acetonitrile/0.1 % TFA (aqueous) 

C18 Vydac column. The absolute chirality of the unusual amino acid 

(ATC) could not be determined enzymatically since the l...-amino acid 

oxidase did not recognize either enantiomer. It is only based on the 

HPLC profile and the biological acitivity that the first isomer eluted 

is considered to be the J..-isomer, and the second isomer eluted to be 

the D-isomer. The way to resolve this question absolutely would be 

to perform an asymmetric synthesis of this amino acid. Attempts to 

prepare these and other unusual amino acids asymmetrically are 

currently in progress in our laboratory. Amino acid analysis: 18 Gly 

1.00 (1.00), Tyr 0.91 (1.00), ATC (not determined); 19 Gly 1.00 

(1.00), Tyr 0.94 (1.00), ATC (not determined). See Table 2-2 for 

analytical data. 
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( , 
Synthesis of Ul-Pen2, ll-[2H]Gly3, ll-Pen5]enkephalin 20 

The title compound was prepared from 0.78 g (0.50 mmol) Na

Boc-.Il-Pen-(S-p-MeBzl)-O-resin as for 1 above except that Na_Boc

.Il-[2H]Gly (81 % ee, 85% Jl) was used instead of Na_Boc-Gly in 

position 3. .Il-[2H]Glycine was provided by Prof. Robert Williams of 

the Department of Chemistry, Colorado State University (one spot 

TLC same Rt = 0.31 in methanol:water:acetonitrile 1:1:4 as non

deuterated glycine) and was prepared according to literature 

procedures (Williams et aI., 1988). The amino acid was protected 

with a Boc group at the amino group according to normal procedures 

with careful attention to pH to prevent any racemization at the 

alpha carbon. The chiral glycine was then ready to be incorporated 

into DPDPE allowing the total assignment of all the hydrogen atoms 

in the peptide. 

Solid phase peptide synthesis yielded 1.07 g Boc-Tyr-.Il-Pen(S-p

MeBzl)-.Il_[2H]Gly-Phe-ll-Pen(S-p-Me8zl)-O-resin. The peptide resin 

was treated with HF as before, and peptide was isolated and 

cyclized to the disulfide. The crude peptide mixture was purified by 

gel filtration on a G-10 column with 15 % acetic acid and by HPLC to 

give 12 mg of 20. No AAA performed; sequence verified by 2D NMR 

comparison with non-deuterated DPDPE. TLC and HPLC Rt values 

identical to non-deuterated DPDPE (see Table 2-2). 
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I , 
Synthesis of [Q-Pen2, aZ-Phe4 , Jl-Pen5]enkephalin 21 

The title compound was prepared from 1.34 g (1.0 mmol) NIX

Boc-.Il-Pen-(S-p-MeBzl)-O-resin as for 1 above except that NIX-Boc

Gly-aZ-Phe4 (obtained from Dr. Chauhan, International Centre for 

Genetic Engineering and Biotechnology, India) was used instead of 

NIX-Boc-Gly and NIX-Boc-Phe in positions 3 and 4. This yielded 1.68 g 

Boc-Tyr-D-Pen(S-p-MeBzl)-Gly-aZ-Phe-.Il-Pen(S-p-MeBzl)-O-resin. 

The peptide resin was treated with HF as before, and peptide was 

isolated and cyclized to the disulfide. The crude peptide mixture 

was purified by gel filtration on a G-10 column with 15 % acetic 

acid and the peptide diasteroisomers (a small amount of the E

isomer was present in the crude peptide) were separated by HPLC to 

give 24 mg of 21. Amino acid analysis: 21 Gly 1.00 (1.00), Tyr 0.92 

(1.00), aZ-Phe (not determined). See Table 2-2 for analytical data. 

, I 
Synthesis of [ll-Pen2 , .L..-2'-MePhe4 , Jl-Pen5]enkephalin 22 and [[l-

i -- , 
Pen2 , Q-2'-MePhe4 , .Il-Pen5]enkephalin 23 

The title compounds were prepared from 2.13 g (1.0 mmol) NIX

Boc-.Il-Pen-(S-p-MeBzl)-O-resin as for 1 above except that NIX-Boc

(D,L)-2'MePhe was used instead of NIX-Boc-Phe in position 4. The 

unusual amino acid, 2'-MePhe (m.p. 116-117°C, M.W. 169), was 

prepared by Casey Russell, and the NIX-Boc derivative was prepared 
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according to literature procedures. Solid phase synthesis yielded 

3.14 g 80c-Tyr-.Il-Pen-(S-p-Me8zl)-Gly-2'-MePhe-D-Pen-(S-p

Me8zl)-O-resin. The peptide resin was treated with HF as before, 

and the peptide was isolated and cyclized to the disulfide. The crude 

peptide mixture was purified by gel filtration on a G-15 column with 

15% acetic acid. The peptide diastereoisomers were separated by 

HPLC to give 20 mg of 22 and 25 mg of 23. The first peak, 

corresponding to the J...-amino acid (22), had a k' value of 3.81, and 

the second peak, corresponding to the D-amino acid (23), had a k' 

value of 4.28. HPLC conditions were 200/0 - 350/0 gradient CHaCN/O.1 % 

aq. TFA (flow = 2 mUmin) for 15 min using a Vydac C18 column. 

Amino acid analysis: 22 Gly 1.00 (1.00), Tyr 0.97 (1.00), 2'-MePhe 

1.00 (1.00); 23 Gly 1.00 (1.00), Tyr 0.95 (1.00), 2'-MePhe 1.00 (1.00). 

See Table 2-2 for analytical data. 

I I 
Synthesis of Tyr-.Il-Pen-Gly-p-N02-Phe-D..-Pen-OH (24) 

The title compound was prepared from 2.00 g NU-Boc-..Il-Pen(S-p

Me8zl)-O-resin (1.55 mmol) as for 2 and 3 above except that the NU-

80c-p-N02-Phe was used in place of Na-80c-~-MePhe. This yielded 

Na-80c-Tyr-.Il- Pen (S-p-Me8zl)-Gly-p-N02-Phe-.Il- Pen (S-p-Me8zl)-O

resin. The peptide resin (2.33 g) was treated with HF as before, and 

the peptide was isolated and cyclized to the disulfide. The crude 

peptide mixture was purified by gel filtration on a Sephadex G-10 

column with 30 % acetic acid and by HPLC to give 44 mg of 24. 
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Amino acid analysis: 24 Gly 1.00 (1.00), Tyr 0.94 (1.00), P-N02-Phe 

1.00 (1.00). See Table 2-2 for analytical data. 



Table 2-2. Analytical Properties of Synthetic Peptide Analogues 

Peptide TLCa HPLCb FAB-MS[M+ 1]+ 

A B Q D Ql3lcd. FQ!.!nd 
1 Tyr-D-Pen-Gly-Phe-D-Pen-OH (DPDPE) 0.43 0.66 0.86 0.81 1.85 646 646 
2 Tyr-D-Pen-Gly-(2S,3S)-J3-MePhe-D-Pen-OH 0.55 0.79 0.86 0.84 2.04 660 660 
3 Tyr-D-Pen-Gly-(2 R,3 R)-J3-Me Phe-D- Pe n- 0 H 0.58 0.69 0.78 0.84 3.23 660 660 
4 Tyr-D.-Pen-Gly-(2S,3R)-J3-MePhe-D-Pen-OH 0.57 0.79 0.82 0.84 2.53 660 660 
5 Tyr-D.-Pen-Gly-(2R,3S)-P-M ePhe-D.- Pen-O H 0.59 0.74 0.78 0.82 3.24 660 660 
6 Tyr-D..-Pen-Gly-(2S .3S)-P-M e-p-N02Phe-ll-P e n-O H 0.46 0.64 0.91 0.82 3.32 660 660 
7 Tyr-D..-Pen-Gly-(2R.3R)-p-Me-p-N02Phe-Il-Pen-OH 0.41 0.61 0.81 0.82 7.67 705 705 
8 Tyr-Il-Pen-Gly-(2S.3R)-p-Me-p-N02Phe-.Q.-Pen-OH 0.48 0.53 0.81 0.75 3.98 705 705 
9 Tyr-D-Pen-Gly-(2R.3S)-p-Me-p-N02Phe-D-Pen-OH 0.48 0.53 0.77 0.75 5.37 705 705 

10 Tyr-D..-Cys-Gly-(2S.3S)-p-MePhe-D..-Pen-OH 0.48 0.75 0.85 0.82 1.72 632 633 
1 1 Tyr-Il-Cys-Gly-(2R.3R)-p-MePhe-Il-Pen-OH 0.49 0.73 0.80 0.82 1.88 632 633 
16 Tyr-D..-CTMCys-Gly-Phe-D..-Pen-OH 0.43 0.65 0.85 0.80 1.86 672 672 
17 Tyr-,L-CTMCys-Gly-Phe-Jl-Pen-OH 0.45 0.67 0.80 0.82 1.35 672 672 
18 Tyr-D.-Pen-Gly-Atc-D.-Pen-OH 0.52 0.77 0.84 0.84 1.56 672 672 
19 Tyr-D-Pen-Gly-D-Atc-D-Pen-OH 0.54 0.75 0.76 0.83 1.82 672 672 
20 Tyr-D-Pen-2H-Il-Gly-Phe-D-Pen-OH 0.43 0.66 0.86 0.81 1.85 647 647 
21 Tyr-D-Pen-Gly-dehydro(Z)Phe-D-Pen-OH 0.40 0.65 0.85 0.80 1.84 644 644 
22 Tyr-D-Pen-Gly-2'-MePhe-D-Pen-OH 0.52 0.75 0.86 0.84 2.81 660 660 
23 Tyr-D-Pen-Gly-D-2'-MePhe-D-Pen-OH 0.55 0.69 0.80 0.84 3.28 660 660 
24 Tyr-D-Pen-Gly-p-N02-Phe-D-Pen-OH 0.45 0.65 0.85 0.81 2.29 665 663 

a. Merck DC Fertigplatten Kieselgel 90F25h 0.25 mm analytical silica gel plates were used. 
Solvent sytems: A. butanol/acetic acid/water 4:1:1; B. butanol/acetic acid/pyridine/water 13:3:12:10; 
C. isopropanol/ammonia/water 3:1:1; D. butanol/acetic acid/ethyl acetate/water 1:1:1 :1. 
b. Capacity factor for the following system: Vydac 218TP104 C18 reversed phase (25x0.46 cm) with 
0.1% trifluoroacetic acid/acetonitrile (75/25 v/v); flow rate 1.5 mUmin. All peptides were "-l 

monitored at A. = 214 and 280 nm. ~ 
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CHAPTER 3- Pharmacological Properties of DPDPE and its 
Analogues 

The potencies of the synthesized DPDPE analogues to inhibit 

electrically evoked contractions of the myenteric plexus 

longitudinal muscle of the guinea pig ileum (GPI) and of the mouse 

vas deferens are summarized in Table 3-1, and the relative 

potencies of several analogues are also described in Figure 3-1. In 

all cases, the results are compared with those obtained for fQ.-Pen 2, 

D.-pen5]enkephalin (DPDPE) 1. The p-Me-Phe4 analogues (2-5) and 

the p-N02-p-Me-Phe4 analogues (6-9) behave similarly, but there 

are some differences and hence the results will be examined 

separately. As shown in Table 3-1, the substitution of a p-Me-Phe 

for Phe4 in DPDPE has a large effect on the bioactivities in both the 

MVD and GPI bioassays depending on the isomer used. When the 

analogues containing the i.-amino acid (2S,3S)-p-Me-Phe (2) and 

(2S,3R)-p-Me-Phe (4) are compared to DPDPE, compounds with high 8 

opioid receptor selectivity are obtained. Note the greatly reduced 

Emax (maximal inhibition) of the 2S,3R compound 4 in the GPI (~ 

receptor) assay suggesting that it is a weak partial agonist in this 

assay. Both D.-amino acid containing analogues (2R,3R)-p-Me-Phe 

(3) and (2R,3S)-p-Me-Phe (5) show very weak potencies at both 

receptors. Analogue 3, like the previously prepared [Q-Phe4]DPDPE 

are very weak, slightly delta selective ligands in these assays. On 

the other hand the ll-amino acid containing analogue 5 appears to be 

virtually inactive at the 8 opioid receptor as measured in the MVD 



Table 3-1. DPDPE Analogues Inhibitory Potencies and Selectivity in 
MVD and GPI Assays 

# Peptide 

1 OPDPE 

2 (2S,3S)-fJ-MePhe4-0 POP E 

3 (2R,3R)-fJ-MePhe4-0PO P E 

4 (2S,3R)-fJ-MePhe4-0 PO PE 

5 (2R,3S)-fJ-MePhe4- 0 POP E 

6 (2S,3S)-p-N02-fJ-MePh~4-0p 0 P E 

7 (2R,3R)-p-N02-fJ-MePhe4-OPOPE 

8 (2S,3R)-P-N02-fJ-M e Phe4- 0 POP E 

9 (2R,3S)-P-N02-fJ-MePhe4-OPOPE 

10 (2S,3S)-fJ-MePhe4- 0 COP E 

1 6 O-CTMCys2-0COPE 

17 L-CTMCys2-0COPE 

18 Atc4-DPOPE 

19 O-Atc4-DPOPE 

21 dehydro (Z) Phe4-OPOPE 

22 2'-MePhe4-0POP~ 

23 0-2'-MePhe4-OPOPE 

24 p-N02-Phe4-0POPE 

8 MVO = mouse vas deferens assay; GPI 

MVD8 
ICso (nM) 

4.1 ±. 0.46 

39 ±. 3.9 

2750 k 390 

166 ±. 25 

38,000 ±. 2700 

4.59 ±. 0.21 

630 ±. 81 

27 ±. 2.3 

1790 ±. 190 

0.70 ±. 2.0 

98.6 ±. 25 

3890 ±. 2000 

8649 ±.1000 

12% @ 10,000 

6.36 ±. 2.0 

4.5 ±. 10 

2500 ±. 600 

0.62 ±. 0.80 

GPI8 

ICso (nM) 

7300 ±. 1700 

57,400 ±. 17,600 

48,300 ±. 5500 

3200 ±. 1900 

166,000 ±. 14,000 

27,500 ±. 4500 

>10,000 

2700 ±. 550 

12,300 ±. 2700 

1923 ±. 300 

>10,000 

>10,000 

566 ±. 200 

Inact. @30,OOO 

49,545 ±. 550 

1800 ±. 500 

>10,000 

6291 ±. 1200 

= guinea pig Ileum assay 

Ratio 
1Cso(CTOP/OPOPE) 

1810 

1500 

18 

>47 

4 

8800 

>20 

150 

13 

2700 

>100 

>2 

0.065 

7790 

400 

>4 

10,200 

..... 
Cl' 
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FIGURE 3-1 
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assay as well as at the J.L opioid receptor as measured by the GPI 

assay. It is clear to see that the topographical features at position 

4 can have a dramatic effect on the interaction of DPDPE with the 0 

receptor. Also, the interaction with the J.L receptor is decreased for 

all four analogues relative to DPDPE. 

A similar situation exists for the p-N02-J3-Me-Phe4 analogues of 

DPDPE 6,7,8 and 9 (Table 3-1). In all cases, large differences in 

potency and selectivity for the 0 vs. J.L opioid receptor are observed. 

In these cases, however, the b-amino acid analogues 6 and 8 are 

more potent and selective in the MVD (0) opioid receptor than the 12-

amino acid analogues 7 and 9. Interestingly, the (2S,3S)-p-N02-J3-

Me-Phe (6) is slightly more selective than DPDPE despite its lower 

potency in the MVD assay than DPDPE because of a 4-fold decrease in 

potency in the GPI assay relative to DPDPE. However, for the (2S,3R) 

analogue 8, a 5-fold decrease in the MVD potency is observed, but 

there is hardly no effect in the GPI assay relative to DPDPE. Both 

the 12-amino acid analogues 7 and 9 are much less potent in the 0 

assay (MVD) by factors of about 120 and 350 respectively. They 

still retain some o-opioid receptor selectivity in these jn vitro 

assays. This is the result of their very weak potency in the GPI (J.L

receptor) assay. 

The large differences in potency and selectivity at both the J.L and 

especially 0 receptors in the MVD and GPI assays, respectively, 

suggest that the o-opioid receptor in particular has specific 
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topographical requirements for the Phe4 position. The analogues are 

all weakly potent in the GPI suggesting the relative lack of 

importance of the Phe4 residue for the J.L receptor. The [(28,3R)-13-

MePhe4]DPDPE analogue 4 is 5-fold less potent than [(28,38)-13-

MePhe4]DPDPE analogue 2 in the MVD (8 receptor) assay suggesting 

that the gauche(-) conformation for the 13-MePhe4 is preferred by the 

8 receptor relative to the trans side chain rotamer. Nevertheless, 

both 2 and 4 are fully active agonists in the MVD assay and remain 

highly selective. Thus, they would appear to be excellent analogues 

for examination of the physiological and pharmacological roles of 8 

opioid receptors in peripheral tissue. 

Similar but somewhat different trends were observed in the rat 

brain membrane binding assays (Table 3-2). There are very large 

differences in potencies and selectivities for the 13-Me-Phe4 and p

N02-13-Me-Phe4 analogues of DPDPE. The highly 8-opioid selective 

ligand [3H]DPDPE (Mosberg et aL, 1983; Akiyama et aI., 1985) was 

used to assess binding to the 8-opioid receptor, and [3H]D-Phe-CYs

Tyr-D-Typ-Orn-Thr-Pen-Thr-NH2 ([3H]CTOP) (Pelton et aI., 1985; 

Hawkins et aI., 1989) was used to assess binding to the J.L opioid 

receptor in' the rat brain. In both the 13-Me-Phe4 and P-N02-13-Me

Phe4 analogues the b.-amino acid-containing diastereoisomers, 

(2S,38) and (2S,3R) (2, 4, 6, and 8, respectively) are more potent 

and more selective for the 8 opioid receptor than the corresponding 

D-amino acid-containing diastereoisomers, (2R,3R) and (2R,3S) (3, 

5, 7, and 9, respectively). Particularly noteworthy is the very high 



Table 3-2. DPDPE Analogues Binding Affinities and Selectivity in 
Competition with [3H]CTOP and [3H]DPDPE in Rat Brain Receptor 
Binding Assays 

# Peptide [3H]DPDPEa 
1Cso (nM) 

[3H]CTOP 
1Cso (nM) 

Ratio 
ICso(CTOP)/DPDPE 

1 DPDPE 5.83 ±. 0.89 619 ±. 280 116 

2 (2S,3S)-p-MePhe4-D PDPE 38 ±. 4.0 69,000 ±. 8900 1800 

3 (2R,3R)-p-MePhe4-DPDPE 1420 k· 324 73,000 ±. 12,000 51 

4 (2S,3R)-p-MePhe4-DPDPE 62.7 ±. 260 33,500 ±. 12,500 530 

5 (2R,3S)-p-MePhe4-DPDPE 1660 ±. 260 36,000 ±. 12,000 22 

6 (2S,3S)-P-N02-p-MePhe4-DPDPE 6.89 ±. 0.83 2200 ±. 1200 325 

7 (2R,3R)-p-N02-p-MePhe4-DPDPE 226 ±. 25 >10,OOOb >40 

8 (2S,3R)-P-N02-p-MePhe4-DPDPE 4.2 ±. 1.9 105 ±. 31 25 

9 (2R,3S)-P-N02-p-MePhe4-DPDPE 222 ±. 23 1018 ±. 370 5 

10 (2S,3S)-p-MePhe4 -DCDPE 3.52 ±. 2.0 11.01 ±.3 3 

21 dehydro (Z) Phe4-DPDPE 3.84 ±. 2.0 1397 ±. 450 364 

22 2'-MePhe4-DPDPE 25.6 ±. 0.9 2885 ±. 1000 113 

23 D-2'-MePhe4-DPDPE 545 ±. 100 11,700 ±. 6000 21 

24 p-N02-Phe4-DPDPE 1.5 ±. 0.80 2422 ±. 1200 1600 

a Values are reported as le50 ± standard error of the mean (SEM). 

b 41% displacement at 10,000 nM CD 
0 
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binding selectivity of the analogue [(28,38)-~-Me-Phe4]DPDPE (2). 

This compound is about 1800-fold selective in binding to the a vs. Il 

receptor as assessed by these competitive binding assays. To our 

knowledge, this makes it one of the most selective a opioid receptor 

ligands known as assessed by rat brain binding assays using highly Il 

and a opioid receptor selective radiolabelled ligands. It is 

interesting to note that both the (28,3R) analogue 4 and the (28,38) 

p-N02-~-Me-Phe4 analogue 6 also are more selective than DPDPE for 

the a-opioid receptor. Though compound 6 is 10 times more potent 

than 4 in binding to the a opioid receptor, it actually is somewhat 

less selective because of its increased binding to the Il receptor 

(Table 3-2). Even more interesting is the very high potency, but 

reduced selectivity of the (28,3R) p-N02-~-Me-Phe4 analogue 8. It 

is the most potent ligand of the series, but one of the least 

selective because of its surprisingly potent binding to the Il opioid 

receptor. All of the analogues containing a D-amino acid in the 4-

position have large reductions in binding to the a-opioid receptor 

(about 40-300 fold less) relative to DPDPE. However, none are 

particularly selective because of weak binding to the Il opioid 

receptor as well. However, it is noteworthy that [(2R,38) p-N02-~

Me-Phe4]DPDPE (9, Table 3-2) displays a micromolar binding to the Il 

opioid receptor. It should be further noted that the p-N02-~-Me

Phe4-containing analogues are generally less selective than the ~

Me-Phe4-containing analogues in the rat brain binding assays. This 

is because the former generally bind less well at the a-receptor than 
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the latter, and the latter bind much better than the former at the Jl 

opioid receptor in the rat brain. 

Particularly interesting is the very high selectivity of (2S,3S)-P

MePhe4]DPDPE 2 relative to DPDPE (about 15X more selective). 

Though this analogue is about 6-fold less potent than DPDPE in the 

brain binding assay, it nonetheless should be a useful ligand for in 

ri1m and in yiyo studies of the physiological and pharmacological 

roles of a-receptors in the brain because of its high selectivity. 

These results also suggest that there are significant differences in 

the structural and perhaps topographical requirements for a 

receptors in the brain and in peripheral tissues. For example, 

[(2S,3R)-P-N02-p-MePhe4]DPDPE 8' is nearly 5-fold more potent than 

[(2S,3S)-p-N02-p-MePhe4]DPDPE 6 in the MVD assay but is nearly 2-

fold less potent in binding studies in the rat brain. While other 

explanations such as differences in distribution or receptor 

availability may be invoked as possible reasons of these differences, 

a simpler explanation of different receptor requirements seems 

more plausible in these simple assays. Furthermore, there is now 

significant other evidence for delta receptor heterogeneity. These 

new ligands, therefore, may serve as new tools to examine this 

possibility. 

The p-MePhe4 analogues containing D.-Cys in position 2 (10 and 

11) were prepared since earlier work (Mosberg et al., 1982) had 

shown that the D-Cys2-containing analogues while less selective 
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than DPDPE were more potent at the a receptor. As seen in Table 3-1 

the [(2S,3S)-p-MePhe4]DCDPE analogue 10 is extremely potent in the 

MVD assay (0.70 nM). Unfortunately, its potency at the GPI is also 

increased approximately 8-fold. The overall selectivity of the 

compound is comparable to DPDPE. It would appear from this data 

that the effect of the addition of a p-methyl group at position 4 is 

not as important a factor as the removal of the geminal methyl 

groups at position 2. Compound 10, remains, however, the most 

potent (sub-nanomolar) p-methylphenylalanine-containing analogue 

in the MVD bioassay. 

In the rat brain binding assay, however, the D-Cys2, (2S,3S)-P

MePhe4 analogue 10 is not very selective. It has unusually high 

affinity for the Jl opioid receptor. Despite its good potency for the a 
receptor, the analogue is only slightly selective for the a vs. Jl 

receptor. This is additional evidence that there are different 

structural requirements for the opioid receptors in the brain vs. in 

the periphery. 

Compound 16 which contains the unusual amino acid D

cyclotetramethylene cysteine (ll-CTMCys) in position 2 is 

significantly less potent in the MVD than DPDPE. The additional 

local constraint of a cyclopentane ring at the beta carbon of 

cysteine is detrimental for a opioid receptor activity. As expected, 

the L-amino acid containing analogue 17 is only slightly active at 
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the 0 receptor. Earlier studies have shown that a 0 amino acid in the 

2 position is required for significant opioid activity. 

Compound 18 which contains the unusual bicyclic aromatic amino 

acid, 2-aminotetralin-2-carboxylic acid (Atc) , in position 4 is a J.l 

opioid receptor selective compound. This unusual amino acid was 

predicted to have the incorrect orientation of the Phe4 aromatic side 

chain group based on the model for DPDPE to interact with the 0 

opioid receptor that had been proposed by Hruby (Hruby et aI., 1988). 

The cyclization from the alpha carbon to the ortho carbon of the 

aromatic ring constrains the X1 dihedral angle of the side chain in a 

gauche(-) or trans conformation for the [J...-ATC4]DPDPE analogue. 

However, the X2 dihedral angle is also constrained such that the 

Phe4 side chain is extended away from the peptide backbone. This 

could explain its loss in 0 receptor activity. It appears that this 

side chain orientation is not detrimental for J.l receptor activity 

since the analogue is more active than DPDPE in the mu receptor 

(GPI) assay. Compound 19 the [Il-ATC4]DPDPE analogue is virtually 

inactive at the delta receptor and shows weak activity at the J.l 

receptor. For the D.-amino acid analogue 19, the side chain is forced 

to be in the gauche(+) or trans conformation. 

The [dehydro(Z)-Phe4]DPDPE analogue (Z-isomer) 21 is 

approximately equipotent to DPDPE in the MVD bioassay. It is also 

slightly less active in the J.l receptor (GPI) assay. In the rat brain 

binding assay the analogue has properties quite similar to DPDPE. 
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The addition of a double bond between Ca-C (3 forces the side chain 

to have the X1 dihedral angle equal zero. This eclipsed side chain 

topography would not be predicted for DPDPE in solution. However, 

the delta receptor appears to have no difficulty in recognizing this 

conformation. 

The [2'-MePhe4]DPDPE analogue 22 is similar in potency to DPDPE 

at the 8 receptor, however it is more potent than DPDPE in the GPI 

assay. The overall selectivity of this analogue is approximately half 

that of DPDPE. In the rat brain binding assay compound 22 is similar 

in potency to the (2S,3S)-(3-MePhe4 analogue 2 but has a higher 

affinity to the mu receptor in the brain. Resulting once again in 

reduced selectivity. As expected the .Q. amino acid containing 

analogue 23 has little potency in either bioassay and is non

selective. In the rat brain binding assay compound 23 is weakly 

potent at the 8 opioid receptor and has low potency for the Jl opioid 

receptor as well. The properties of this analogue closely resemble 

those of the other .Q.-amino acid containing peptides (3 and 5). 

GPI and MVD Bioassays (as performed by collaborators in the 

laboratory of Dr. Thomas F. Burks, University of Arizona) 

Electrically induced smooth muscle contractions of mouse vas 

deferens and guinea pig ileum longitudinal muscle-myenteric plexus 

were used as a bioassay (Shook et aI., 1987). Tissues came from 
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male ICR mice weighing 25-30 g and from male Hartley guinea pigs 

weighing 150-400 g. The tissues were tied to gold chains with 

suture silk, suspended in 20 mL baths containing 37°C oxygenated 

(95% 02, 5% C02) Krebs bicarbonate solution (magnesium-free for 

the MVD) and allowed to equilibrate for 15 min. The tissues were 

then stretched to optimal length previously determined to be 1 g 

tension (0.5 g for MVD) and allowed to equilibrate for 15 mi~. The 

tissues were stimulated transmurally between platinum plate 

electrodes at 0.1 Hz O.4-ms pulses (2.0-ms pulses for MVD), and 

supramaximal voltage. Drugs were added to the baths in 20-60 III 

volumes. The agonists remained in contact with the tissue for 3 min 

and the baths were then rinsed several times with fresh Krebs 

solution. Tissues were given 8 min to reequilibrate and regain pre

drug contraction height. Antagonists were added to the bath 2 min 

prior to the addition of the agonist. Percent inhibition was 

calculated by using the average contraction height for 1 min 

preceding the addition of the agonist divided by the contraction 

height 3 min after exposure to the agonist. IC50 values represent 

the mean of not less than 4 tissues.· IC50 estimates and relative 

potency estimates were determined by fitting the mean data to the 

Hill equation by using a computerized nonlinear least-squares 

method (Statistical Consultants, Inc., 1986). In some cases the very 

weak J.l agonist actions of these analogues did not permit completion 

of dose-response curves in the GPI. 



Radioreceptor Assay (as performed by collaborators in the 

laboratory of Dr. Henry I. Yamamura, University of Arizona) 
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Adult male Sprague-Dawley rats (250-300g) obtained from Harlan 

Sprague-Dawley, Inc. (Indianapolis, IN) were sacrificed and brains 

immediately removed, dissected and placed on ice. Whole brain 

minus cerebellum was homogenized at O°C in 20 volumes of 50 mM 

TRIS-HCI (Sigma, St. Louis, MO) buffer using a Teflon-glass 

homogenizer. The membrane fraction obtained by centrifugation at 

48,000 x g for 15 min at 4°C was resuspended in 20 volumes of 

fresh TRIS buffer. The homogenate was incubated at 25°C for 30 

min to remove any receptor bound endogenous opioid peptides. The 

incubated homogenate was centrifuged again as described and the 

final pellet resuspended in 20 volumes of fresh TRIS-HCI buffer. 

Radioligand binding inhibition assay samples were prepared in an 

assay buffer consisting of bovine serum albumin (1 mg/mL), 30 11M 

bestatin, 10 11M captopril, and phenylmethylsulfonyl fluoride (100 

J.lL), pH 7.4 (all from Sigma, St. Louis, MO except captopril that was a 

gift of Squibb, Princeton, NJ). The radioligands used were [3H]Q

Pen2, p-CI-Phe4, Q-Pen5]enkephalin (Vaughn et aI., 1989) at a 

concentration of 0.75 nM and [3H]CTOP (New England Nuclear, Boston, 

MA) at a concentration of 0.5 nM. Peptide analogues were dissolved 

in assay buffer prior to each experiment and added to duplicate 

assay tubes at 10 concentrations over an 800-fold range. Control 

(total) binding was measured in the absence of 10 11M naltrexone 
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(Endo Laboratories, New York, NY). Steady-state binding experiments 

were carried out at 25°C for 120 min. The final volume of the assay 

samples were filtered through polyethylenimine (0.10/0 w/v, Sigma, 

St. Louis, MO) treated GF/B glass fiber filter strips (Brandel, 

Gaithersburg, MD). The filtrates were washed three times with 4.0 

mL ice cold normal saline before transfer to scintillation vials. The 

filtrate radioactivity was measured after adding 10 mL of cocktail 

consisting of 16 g CrystalFluor (West Chern, San Diego, CA) in 1.0 

liter Triton X-100 and 2.0 liter toluene to each vial and allowing the 

samples to equilibrate over 8 h at 4°C. 

Binding data was analyzed by weighted nonlinear regression 

methods using one and two site models as previously described 

(Hawkins et aI., 1989). Statistical comparisons between one and 

two site fits were made using the F-ratio test using a p value of 

0.05 as the cut-off for significance (Munson and Rodbard, 1980). 

Data best fitted by a one site model were re-analyzed using the 

logistic equation (De Lean et aI., 1978). Data obtained from 

independent measurements are presented as the arithmetic mean ± 

SEM. 
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Chapter 4 - NMR Methods 

Two-Dimensional NMR Techniques 

Two-dimensional NMR is a powerful technique for the study of 

the solution conformation of biopolymers (Jeener et aI., 1971; Aue 

et aI., 1976; Bax, 1982; Wuthrich, 1986). In the past decade it has 

become possible to determine the three dimensional structure of 

small proteins by 20-NMR techniques (Ernst et aI., 1987). While x
ray crystallography has been used to determine the solid phase 

structure of biopolymers for over thirty years, 2-D NMR offers 

several advantages for structure determination. In cases where the 

sample does not exist in a crystalline state or the crystals formed 

are not suitable for X-ray studies, 20-NMR can provide comparable 

structural information for the peptide in solution. Interactions of 

biopolymers in solution can be examined with this method. Effects 

of temperature, solvent and pH can be varied and their effects on 

conformation examined. NMR also can provide a means of direct 

measurement of internal dynamics of the molecule and can give an 

indication of lability of exchangeable protons. In the case of 

biopolymers with high resolution X-ray crystallographic 

information, comparison of solid and solution phase conformation 

can be made. 

Before discussing the 2-D NMR experiments, a brief comparison 

with 1-0 NMR is presented. 1-0 1 H NMR provides information about 

the chemical shift (o) and spin-spin coupling constants (J) of the 



proton resonances in the spectrum. In the case of peptides and 

proteins for example, the 1-0 spectrum is extremely complicated 

with many overlaps of proton resonances. This makes correct 

assignments of the sequence difficult and meaningful 

conformational information nearly impossible to attain. 2-D NMR 

techniques can for the most part overcome this limitation. 
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The 2-D NMR experiment can be described as a preparation

evolution-mixing-detection sequence (see Figure 4-1). First is the 

preparation period which consists of a long delay time, during which 

thermal equilibrium is achieved, followed by one or more rf pulses 

to create coherence. The second stage is the evolution period (t1) 

when the coherence evolves. The third optional stage is the mixing 

period (T m) which may include several pulses and delay intervals 

that monitor cross-relaxation or chemical exchange. Lastly, there is 

the detection period (t2) when the resulting FlO is recorded. The 

length of t1 is incremented over the course of the experiment, while 

the lengths of the preparation, mixing and detection times are kept 

constant. The resulting 2-D time domain data set f(t1, t2) is then 

Fourier transformed in each dimension to give the frequency 

spectrum f(w1,w2). 

The 2-D NMR experiments performed on OPOPE and its analogues 

were of two general types, COSY (COrrelation SpectroscopY) which 

provides information on the through chemical bond interactions of 

the proton resonances and NOESY (Nuclear Overhauser Effect 
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SpectroscopY) which provides information on the through space 

interactions of protons resonances. 

Homonuclear COSY Experiment 
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Homonuclear COSY was one of the first 2-D NMR experiments 

described (Freeman and Morris, 1979) and has been routinely used 

since 1981 providing information on the J-coupling constants and 

connectivity between vicinal and geminal protons (Sax, 1981). This 

coupling constant data is then translated into information about the 

dihedral angles by the relationship first proposed by Karplus in 1959 

(Pardi et aI., 1984). The Karplus equation: 

3J = A'cos2e - B'cose + C' 

(where A', B' and C' are constants and e is the dihedral angle between 

the H-N-Ca and the N-Ca_H planes) is an empirical relationship 

derived from the coupling constant values of a series of proteins. 

For example, the three-bond coupling 3JNHa between amide and Ca 

protons, which measures the backbone torsion angle </>, can be 

substituted into the above equation along with values for the 

constants A', B', and C' to give two possible solution for the angle e. 

The constant values used were those derived for peptides containing 

trans amide bonds (Bystrov, 1976) so that: 
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3JHNCaH = 9.4 cos2e -1.1cose + 0.4 

Each e angle corresponds to two possible values of <1>, so that from 

each coupling constant four possible <I> angles are obtained. Some of 

these values can be eliminated as being improbable (i.e. atoms 

eclipsed) or otherwise incompatible with the other possible <I> angles 

based on the remaining coupling constants. The calculated <I> ang les 

for DPDPE based on coupling constants are listed in Table 4-1. 

These <I> angle constraints can then be used to determine possible 

starting conformations for molecular modeling studies (see Chapter 

4 for further discussion). 

The pulse sequence for a basic COSY experiment is: 

1t/2 - h - 1t/2 - Acquire 

where tt is an incremented delay. In COSY experiments there is a 

non-selective rf pulse applied prior to the observation pulse. This 

first pulse's influence on the FID is dependent on the length of t1 and 

is recorded during the detection period. As shown in Figure 4-2, 

after the first 1t/2 pulse the 1 H vector lies along the y axis and will 

precess in the xy plane at a frequency V1 that is dependent on its 

chemical shift 0 and on each of the couplings with which the 

multiplet is involved. After the evolution time t1 the second 1t/2 

pulse acts only on the component of the vector that is in the yz 

plane. If the evolution time t1 is V1-1 then at the end of T the 
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Table 4·1 

Vicinal Coupling Constants JNHcxCH and Allowed <I> Angles for 
DPDPE, {2S,3S)·~·Me·Phe4·DPDPE and {2S,3R)·~·Me·Phe4. 

DPDPE In DMSO Solution 

Res"idue JNHcxCH (Hz) 
DPDPE 

D.-Pen2 9.1 
Gly3 pro R 3.1 
Gly3 pro S 9.5 
Phe4 8.0 
D.-Pen5 8.5 

(28, 38)-(3-Me-Phe4-DPDPE 

D.-Pen2 8.6 
Gly3 pro R 3.0 

Gly3 pro S 9.2 

~-Me-Phe 8.2 

.Il-Pen5 7.1 

(28, 3R)-~-Me-Phe4-DPDPE 

D.-Pen2 8.0 
Gly3 pro R 3.0 

Gly3 pro S 9.2 

~-Me-Phe 8.2 

.Il-Pen5 7.1 

* Calculated from Bystrov (1976) 

-68, -52, 90, 150 
113,7, -59, 179 
60 ±. 30, -142, -98 
76, 44, -87, -153 
-60 ±. 30, 95, -145 

-66, -54, 91, 149 
114, 6, -58, 178 

60 ±. 30, -96, -144 

74, 46, -89, -151 

-85, -35, 82, 158 

-76, -44, 87, 153 
104, 16, -67, -173 

60 ±. 30, -94, -146 

83, 37, -83, -157 

-74, -46, 89, 151 

Values are ±. 20° except where indicated. 
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vector will lie along the +y axis, and the second 1&12 pulse will 

rotate the vector to the -z axis. This results in a net inversion of 

the population distribution for that pair of energy levels and for all 

connected transitions of other resonances to which that proton is 

coupled. However, if h is equal to (2V1 )-1 the vector will have 

precessed to the -y axis and will be returned to the +z axis by the 

second rr./2 pulse, resulting in the. normal poulation distribution. 

The same measurement is repeated with incrementation of t1 to 

create after Fourier transformation in the F2 dimension a set of 

spectra with normal shift and coupling in F2, but each peak will 

contain coded information about the frequencies of all other peaks 

to which it is coupled. A second 2D Fourier transformation of this 

data matrix f(t1,W2) produces the desired 2D frequency spectrum 

f(W1 ,W2). In the COSY spectrum the chemical shift information is 

given by the position of the peaks along the diagonal from upper 

right to lower left (see Figure 4-3). The intensity of each transition 

is oscillating at V1 during t1 and its detected frequency in t2 is also 

V1. Scalar coupling connectivities result in cross peaks located at 

intersections between lines parallel to the frequency axes though 

the diagonal peaks. These off diagonal crosspeaks indicate which 

chemical shifts are connected to which because the intensity of the 

V1 transition is modulated during t1 by all the transitions to which 

it is connected. 

In this experiment non-selective rf pulses are used to the 

selective connectivities between different protons. A single COSY 
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experiment can reveal all the spin-spin connectivities in a molecule. 

Also there is improved resolution over the corresponding 1 D 

experiments since the resonances are spread out into two 

dimensions, avoiding the overlapping that makes 1 D NMR of complex 

molecules so difficult to analyze. 

COSY-SO 

A variation of the basic COSY sequence that was used on the 

DPDPE analogues was COSY-60. The COSY-60 experiment has the 

pulse sequence: 

1t/2 - h -. x/3 - t2 

The width of the second pulse is decreased to 60° which reduces the 

mixing of populations between unconnected transitions (ones that do 

not share an energy level). The resulting spectrum is simplified 

showing cross peaks only between directly connected transitions 

facilitating identification of peaks around the diagonal. Since only 

directly connected transitions are visible, the sign of the 

crosspeaks can at times distinguish between negative geminal 

couplings and positive vicinal couplings. 

Long Range COSy 
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Another COSY experiment that is quite useful is long range COSY 

(COSYLR). In this experiment by inserting a fixed delay after each 

pulse, the effects of small couplings are enhanced. Some of the 

large couplings may be lost. The experiment has the following pulse 

sequence: 

n/2 - t1 - Do - n/3 - 02 - Acquire FlO 

where 02 = 0.4 s. The fixed delays allow time for the small 

couplings to develop. The long-range COSY spectrum of DPOPE is 

shown in Figure 4-4. Note the CHa - CH3 coupling of the Il-Pen 

residues. This longe range coupling constant is not observed in the 

normal COSY spectrum of OPOPE. 

Relay COSY 

Relay COSY (COSYRY) or COSY relayed coherence transfer 

(COSYRCT) is another variant that can transfer magnetization from 

one proton to another, and then on to a heteronuclear atom (13C) 

that is coupled to the second proton (Bolton and Bodenhausen, 1982; 

Eich et aI., 1982; King and Wright, 1983; Wagner, 1983). This 

permits correlation of the original proton to the heteroatom to 

which it is attached as well as another atom nearby providing 

information about the molecular skeleton. This experiment has the 

pulse sequence: 
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rc/2 - to - rc/2 - 't - rc - 't - rc/2 - t2 

where 't = ... 30ms. 

Nuclear Overhauser Enhancement Spectroscopy (NOESY) 

An important source of protein structural information is two 

dimensional Nuclear Overhauser enhancement spectroscopy (NOESY) 

which provides information on internuclear distances (Jeener, 

1979). The NOE is a consequence of modulation of dipole-dipole 

coupling between different nuclear spins by Brownian motion of the 

molecules in the solution. The intensity of the resonance of one 

nucleus is changed when the z-component of the magnetization of a 

nearby nucleus is perturbed. For protons the initial rate of the 

intensity change is related to the distance r (A) between the pre

irradiated and the observed spin as shown in the equation: 

k = [34.2 Tel (1 + 4co2Te2) - 5.7 Tel r- 6 

where co is the angular proton reson~nce frequency, and Te is the 

correlation time which accounts for the influence of motional 

averaging on the NOE that is observed (approximately the time it 

takes for the molecule to tumble through an angle of 1 radian) 

(Noggle and Schirmer, 1971; Solomon, 1955; Wagner and WUthrich, 



101 

1979}. When Te is known, the measurement of k can be used to 

determine directly the interproton distance r. When Te is unknown, 

protons that are a fixed distance apart ro such as the geminal 

protons of glycine can be used as an internal reference. The 

distance between the atoms of interest can be determined by the 

relationship: 

r = (ko/k}1/6 ro 

Because of the weak magnetic moment of protons and the r- 6 

distance dependence of the effect, NOE's can only be used to 

measure relatively short inter-proton distances «sA). There are 

two problems associated with the accurate determination of proton

proton distances. The first is indirect magnetization transfer or 

"spin diffusion". Since in reality NOE crosspeaks are the result of 

multiple spin relaxations, only for short mixing times is the NOE 

two spin rate equation valid. Secondly, peptides and proteins are 

undergoing intramolecular motions resulting in averaging of 

distances and different effective correlation times for different 

interproton vectors. The time scales of these internal motions vary 

widely. These motions are the most serious cause of error in the 

determination of distances from NOE's. 

When the stereospecific assignments of methylene and methyl 

groups are unknown, the distances involving these protons are 

measured using the pseudoatom approach. For example, for a 
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methylene group the pseudoatom is defined as the geometric mean of 

the CH2 proton positions, and a correction term (0.9A) is added to 

the distance constraints for these protons. This is important in the 

case of peptides and proteins where there are many ~-methylene 

groups on side chains (Tyr, Phe, His, etc) that are not 

stereospecifically assigned. 

The 2D-NOESY experiment requires an extensive mixing period 

separated from the evolution and detection period by two 90° pulses. 

1tI2 - h - rc/2 - T m - rc/2 - t2 

The first 90° pulse creates a transverse magnetization. During t1 

the individual spins precess at their own Larmor frequency in the 

transverse plane. The second 90° pulse pushes the magnetization 

from the trar.v.sr~e plane to the longitudinai piane. The amplitude of 

the magnetization is dependent upon the Larmor precession 

frequency as well as the length of t1 for the experiment. During the 

mixing time T m cross relaxation between spin systems occurs that 

is dependent on the motions of the molecule (such as tumbling) and 

on the distance between the relaxing spins. For small molecules 

rapid tumbling corresponds to short correlation times and a slow 

NOE build up rate that necessitates a long mixing time (on the order 

of the longitudinal relaxation time T1). With larger molecules that 

have a correlation time T c (>SX10-9 s) the NOE build up rapidly and 

the T m is only 2S-300ms. The third 90° pulse converts the 
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"longitudinal magnetization back into the tranverse plane, and the FlO 

is detected. 

The NOESY spectrum resembles the COSY spectrum (see Figure 4-

5), however, the crosspeaks indicate dipole-dipole coupling between 

nuclear spins in close spatial proximity, which gives rise to NOE's 

(Anil Kumar, 1980). 

Rotating Frame Overhauser Enhancement Spectroscopy 

(ROESY) 

Rotating frame Overhauser enhancement spectroscopy (ROESY) is 

a newer method for measuring homonuclear NOE effects under spin 

locked conditions. It is especially applicable to molecules having a 

motional correlation time Tc that is near 1/0) where 0) is the angular 

Larmor frequency. When roTc = 1 the laboratory frame NOE effect is 

zero, however, the rotating frame NOE (under spin locked conditions) 

is positive and increases proportionally to T c. The pulse sequence of 

the ROESY experiment is: 

1t/2 - t1 - spin lock- t2 

At the end of the evolution period t1 a strong rf field is turned on 

for a period T m. During this mixing time the magnetization vectors 

present at the end of t1 onto the vector of the rf field are spin 

locked along the direction of this strong rf vector. Spin exchange of 
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the spin locked magnetization components of the different protons 

can then occur, just as spin exchange does in the regular NOESY 

experiment. The rf phase of the spin lock field is cycled according 

to Table 4-2 and the data for the even and odd numbered scans are 

recorded separately. The ROESY spectrum of DPDPE is shown in 

Figure 4-6. 

Experimental Methods for NMR Studies 

500 MHz 1 H NMR spectra were recorded using a variety of one and 

two dimensional techniques including homonuclear 2D-COSY, COSYLR 

and 2D-ROESY on a Bruker AM-500 spectrometer equiped with an 

Aspect 3000 computer using the 5 mm 1 H probe head. The samples 

were dried in vacuo and dissolved in 0.3 mL of DMSO-ds (100% 0 

atom, Aldrich) to a concentration of 16 mM. All spectra were 

recorded at 303 K. 

The 1 0 NMR spectra were assigned using two or more 2 0 NMR 

experiments. Phase sensitive COSY with time proportional phase 

increments (TPPI) was used to assign the intraresidual proton 

resonances. The TPPI method increments the phase of the first 90° 

pulse in parallel to each incrementation of 11 while the phase of the 

second pulse and the receiver phase are kept constant (Bodenhausen 

et aI., 1980; Marion and Wuthrich, 1983; Redfield and Kunz, 1975). 



TABLE 4-2 

Phase Phi of the Initial 90 0 Pulse and the Way 
that the Data are Rdd,'3d to and Subtracted from 

Memory in Successlue Scans of the 
ROESY eHperiment 

Scan Phi Acq. 

1 H + 
2 Y + 
3 -H 
4 -y 

Data acquired for odd and euen numbered 
scans are stored in separate locations. 
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Figure 4-6. Two-dimensional ROESY NMR Spectrum of DPDPE 
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The 20-COSY experiments used N-type phase cycling and a 60° 

mixing pulse. FIDs were acquired over 2048 data points and a sweep 

width of 5000 Hz for 512 evolution time values. The sweep width in 

the second dimension was 2500 Hz. 

Zero and first order phase correction were used with zero filling 

in the F1 dimension. A shifted sine-bell multiplication was applied 

in the F1 and F2 dimensions before the Fourier transformation using 

the DISR program (Bruker version DISR88). 

Homonuclear NOESY was used to follow the interesidual 

connectiyities from NHi+1 and CHia and to give some secondary 

structural information about the peptides. 

The procedure for using NMR to determine peptide structure 

involves several steps: 

1. Assign the 1 H resonances. 

2. Determine the proton-proton distance constraints and 

dihedral angle constraints from NOE's and J-couplings 

respectively. 

3. Calculate a family of structures using geometric 

constraints (distance geometry). 

4. Refine these structures using geometric constraints 

combined with potential energy functions, such as molecular 

mechanics and molecular dynamics with energy minimization. 
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Chemical Shifts and Coupling Constants of DPDPE and its 
Analogues 

The NMR data for DPDPE and the analogues containing ~-Me-Phe 

and p-N02-~-Me-Phe in DMSO-ds is listed in Tables 4-3, 4-4, and 4-

5. Table 4-3 shows the chemical shifts 01 the en protons of the 

cyclic peptide backbone. Note the highly diastereotopic protons of 

the Gly3 residue for DPDPE and all its analogues with an .b.-amino 

acid in position 4. The Q-J3-Me-Phe and D-p-N02-~-Me-Phe-

containing peptides have only a small chemical shift difference for 

the Gly3 en protons. Table 4-4 shows the magnitude of this non-

equivalence of the Gly3 protons (~1.0 ppm for L-isomers vs. 0.1-0.3 

ppm for the ll-isomers). The L-isomers also exhibit a larger 

coupling constant ( .... 9 Hz) between the amide protons and the en 
protons of Gly3 than the Q-isomers ( .... 6 Hz). Table 4-5 lists the 

chemical shift and coupling constant data for the amide protons of 

DPDPE and the analogues containing ~-Me-Phe. While the D-Pen2, 

Gly3, and .Il-Pen5 amide protons have chemical shifts similar to 

those of DPDPE, the D-~-Me-Phe an~ Q-P-N02-~-Me-Phe isomers 

have the amide proton in position 4 shifted slightly upfield relative 

to DPDPE. 

These data support the idea that the configuration of the 

aromatic ring in position 4 has an effect on the conformation of 

DPDPE and its analogues which results in a dramatic change in the 



Table 4-3. 1 H Chemical Shifts (ppm) of Ca-H of the Peptide 
Backbone in DPDPE Analogues 

S.N. PEPTIDE 

1 DPDPE 

p-N02-Phe4-DPDPE 

2 (2S,3S)-p-MePhe4-DPDPE 

3 (2R,3R)-p-MePhe4-DPDPE 

4 (2S,3R)-p-MePhe4-DPDPE 

5 (2R,3S)-p-MePhe4-DPDPE 

6 (2S,3S)-p-N02-p-MePhe4-DPDPE 

7 (2R,3R)-p-N02-p-MePhe4-DPDPE 

8 (2S,3R)-p-N02-p-MePhe4-DPDPE 

1 0 (2S,3S)-p-MePhe4-DCDPE 

D-Pen 2 

(ppm) 

4.54 

4.55 

4.47 

4.32 

4.60 

4.42 

4.50 

4.36 

4.56 

4.39 

4.68 

RESIDUES 

Gl y3 

(ppm) 

4.38; 3.21 

4.38; 3.21 

4.15; 3.10 

3.78; 3.47 

4.50; 3.22 

3.80; 3.65 

4.13; 3.10 

3.65; 3.51 

4.47; 3.24 

3.80; 3.70 

4.29; 3.17 

Phe4 D-Pen5 

(ppm) (ppm) 

4.30 4.33 

4.40 4.31 

4.20 4.18 

4.67 4.23 

4.38 4.25 

4.64 4.26 

4.31 4.18 

4.76 4.24 

4.42 4.23 

4.72 4.21 

4.13 4.49 
..... ..... 
o 



Table 4-4. NON-EQUIVALENCE OF GLYCINE a-HYDROGENS IN DPDPE ANALOGUES 
---- -------------------- ----- ------------------ -------- - --------. -----------

Gl y3-Ha 0 3JNH-CaH 
S.N. PEPTIDE (ppm) (ppm) (Hz) 
-------- -- ----- --------------- -------------------------- ------. ----- ---- -- --
1 DPDPE(DP) 4.38; 3.21 1.17 9.5; 3.1 

24 p-N02-Phe4- D P 4.38; 3.21 1.17 9.1 ; 2.9 

2 (2S,3S)-p-MePhe 4- D P 4.15; 3.10 1.05 9.0; 4.0 

3 (2R,3R)-p-MePhe4 - D P 3.78; 3.47 0.31 5.5; 6.1 

4 (2S,3R)-p-MePhe 4- D P 4.50; 3.22 1.30 9.0; 4.0 

5 (2R,3S)-p-MePhe 4- D P 3.80; 3.65 0.15 6.1 ; 5.4 

6 (2S,3S)-p-N02-p-MePhe4 - D P 4.13; 3.10 1.03 9.4; 3.7 

7 (2R,3R)-p-N02-p-MePhe 4 - D P 3.65; 3.51 0.14 5.5; 6.2 

8 (2S,3R)-p-N02-p-MePhe 4- D P 4.47; 3.24 1.23 9.5; 2.8 

9 (2R,3S)-p-N02-p-MePhe 4 - D P 3.80; 3.70 0.10 6.8; 4.3 

1 0 (2S,3S)-p-MePhe4-DC D P E 4.29; 3.17 1.12 9.0; 1.9 

..... ..... ..... 



Table 4-5. 1H CHEMICAL SHIFTS (ppm) OF NH AND 3JNH-Ca-H COUPLING CONSTANTS 
(Hz) OF THE PEPTIDE BACKBONE IN THE SELECTED DPDPE ANALOGUES 

--------------------------------------------------------------------------------
RESIDUES 

S.N. PEPTIDE 2..-Pen 2 GIy3 X-Phe4 D-Pen5 

or D-Cys2 
(ppm) (Hz) (ppm) (Hz) (ppm) (Hz) (ppm) (Hz) 

pro S R 
---------------------------------------------------------------------------------
1 DPDPE (DP) 8.64 9.1 8.58 9.5; 3.1 8.85 8.0 7.24 8.5 

24 p-N02-Phe4- D P 8.63 9.0 8.60 9.0; 2.9 8.93 7.8 7.3 8.2 

2 {2S,3S)-jJ-MePhe4- D P 8.40 8.6 8.42 9.2; 3.0 8.30 8.2 7.38 7.1 

3 {2R,3R)-jJ-MePhe4 - D P 8.44 8.42 6.1 ; 5.5 7.52 9.4 7.65 8.9 

4 (2S,3R)-jJ-MePhe4- D P 8.60 8.0 8.60 9.0; 4.4 8.62 7.3 7.30 8.2 

5 (2R,3S)-jJ-MePhe4- D P 8.70 8.82 6.0; 5.4 7.56 6.3 7.53 8.2 

6 {2S,3S)-p-N02-jJ-MePhe4- D P 8.53 8.7 8.51 9.4; 3.7 8.39 8.2 7.45 7.4 

7 (2R,3R)-p-N02-jJ-MePhe4- D P 8.60 8.44 6.2; 5.5 7.62 9.0 7.78 8.5 

8 {2S,3R)-p-N02-jJ-MePhe4- D P 8.64 6.6 8.63 9.5; 2.7 8.68 7.9 7.30 8.3 

9 {2R,3S)-p-N02-jJ-MePhe4- D P 8.70 8.81 6.8; 4.3 7.74 7.9 7.55 8.5 

{2S,3S)-jJ-MePhe4-DCDPE 
..... 

10 8.56 7.6 8.62 9.0; 1.9 8.32 7.6 7.2 8.5 ..... 
~ 
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. biological activity. The backbone conformation of the .b.-amino acid 

containing ~-Me-Phe-containing analogues appears to be relatively 

unchanged compared to DPDPE itself. The stereochemistry at the ~

carbon of Phe can be changed without inducing a change in the 

backbone conformation. The side chain rotamer populations of 

DPDPE and its analogues containing ~-Me-Phe are listed in Table 4-6. 

The rotamer populations were calculated from the Ja~l and Ja~2 

coupling constants using the method of Pachler (1964) with the 

coefficients from DeLeuuw and Altona (1982) where: 

x (g+) = (14.4 - J(l~2 .:..J.a~ 11 
8.1 

X (t) = (1.05 J(l~2 + 0.05 J(l~l -3.32) 
9.2 

x (g+) = 1 - X (g+) - X (t) 

The diastereotopic cP protons of Tyr1 and Phe4 had been previously 

unambiguously assigned by specific deuteration of each amino acid 

(Mosberg et aI., 1990). The COSY spectrum of the deuterated 

[Gly3]DPDPE (24) is shown in Figure 4-7A, and 24 plus non

deuterated DPDPE is shown in Figure 4-7B. Note the lack of the 

down field Gly NH-CHa crosspeak in Figure 4-7A. Both Gly NH-CHa 

crosspeaks are present in Figure 4-7B. 

It is interesting to note that for the [(2S,3R)-~-Me-Phe4]DPDPE 

the Tyr1 X1 angle the g(+) rotamer is most populated according to 
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Table.4-6 

Side Chain Rotamer Populations (%) about Ca - Cf3 Bond ( X1) for Tyr1 
and Phe4 Residues of DPDPE and its p-Me-Phe4 and p-N02-p-Me-Phe4 

Analogues 

PEPTIDE Tyr1 

Coupling Consts Rotamer.(%) 

3JCaH-Cf3H (Hz) G+ T G-

---.------------
DPDPE 
[p-N02-Phe4]DPDPE 
[(2S,3S)-p-N02-pMePhe4]DPDPE 
[(2R,3R)-p-N02-pMePhe4]DPDPE 
[(2S,3R)-p-N02-pMePhe4]DPDPE 
[(2R,3S)-p-N02-pMePhe4]DPDPE 
[(2S,3S)-pMePhe4]DPDPE 
[(2R,3R)-pMePhe4]DPDPE 
[(2S,3R)-pMePhe4]DPDPE 
[(2R,3S)pMePhe4]DPDPE 
[(2S,3S)-pMePhe4]DCDPE 

DPDPE 
[p-N02-Phe4]DPDPE 

6.40, 8.10 
6.20, 8.60 
6.30, 8.40 
6.50, 7.50 
6.25, 8.50 
7.60, 8.20 
6.40, 9.60 
7.10, 7.70 
5.30, 6.00 
7.00, 7.90 
6.50, 7.62 

Phe4 

5 

38 

3 

59 41 
66 34 
73 27 
53 42 
74 36 
62 38 
58 42 
50 50 
35 27 
52 48 
54 43 

Coupling Consts Rotamer(%) 

3JCaH-Cf3H (Hz) G+ T G-
3.80, 11.1 13 87 
4.13, 11.13 7 93 

Calculated from Deleeuw And Altona (1982) as derived from Pachler 
(1964) and references therein. 
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vicinal coupling constants. For all the other (3-Me-Phe4 analogues, 

the most populated rotamers of the Tyr1 side chain are predicted to 

be a mixture of trans and gauche(-). As shown in Figure 4-8, simple 

steric considerations predict a gauche(-) conformer to be the lowest 

in energy for the (28,38) compound. For the (28,3R) compound the 

trans conformer should be the lowest in energy. For the .Il amino 

acids, (2R,3R) and (2R,38), the gauche (+) and trans conformers, 

respectively, should be energetically favored. The X1 angle at 

position 4 cannot be determined from the coupling constant data for 

the (3-Me-Phe4 analogues since there is only one (3-proton ( only 1 

Ja(3 coupling constant). The effect of changing the stereochemistry 

at this carbon on the topography of the side chains will be examined 

by molecular modeling studies in the next chapter. 



H 

P.B.-C 

" o 

g-

g-

Figure 4-8. Side Chain Rotamers: Gauche (-), 
Gauche (+) and Trans 

g+ 

H 

H 

) 

least stable 

Phenylalanine Side Chain Rotamers: 
Gauche (-), Gauche (+) and Trans 

g+ 

H 

most stable 

(2S,3S)-p-MethyIPhenylalanlne 
Side Chain Rotamers: 

Gauche (-), Gauche (+) and Trans 

117 

trans 

trans 



118 

Chapter 5 - Molecular Modeling Studies of DPDPE and its 

Analogues 

Definition of Peptide Conformational Terms 

In order to understand the structure-function relationships of 

biologically active peptides, it is necessary to evaluate their 

conformational properties. This analysis will allow the 

development of a model that can be used to design more active 

analogues and explain experimental results. 

Linear polypeptides are flexible molecules having many rotational 

possibilities for the covalent bonds that occur in the backbone and 

side chains. See Figure 5-1 for a definition of dihedral angles in 

peptides. The angle cp is the torsional angle describing rotation 

about the N-cn bond and is defined by the atoms C-N-cn-c. Angle <p 

is defined by the atoms N-Cn-C-N and measures rotation about the 

cn-c bond. The m dihedral angle defines the peptide bond C-N. m is 

usually OO(cis) or 1800 (trans) because of the partial double bond 

character of the C-N bond. Limitations on the rotations of the 

backbone dihedral angles cp and 'If are the result of nonbonded 

interactions. Certain values of cp and 'If are energetically unfavorable 

based on the assumption that the atoms are hard spheres of fixed 

(van der Waals) radii that cannot overlap. The allowed and 

disallowed regions of cp,<p conformational space are often expressed 



Figure 5-1. Definition of Torsional Angles Along 

a Polypeptide Chain 
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. in the form of a "Ramachandran" plot (Ramachandran and 

Sasisekharan, 1968). This method can permit several of the 

unfavorable <p angles calculated from the NMR coupling constants 

(see Table 4-6) to be omitted in modeling studies. For example, the 

Gly3 <p angle cannot be around 7° (nearly linear) since this value is in 

the disallowed region for a glycine residue. The <p and cp dihedral 

angle values that define types of bends in peptide conformations are 

listed in Table 5-1. Examples of Type I and Type II p turns are 

shown in Figure 5-2. 

A peptide's conformation can be defined in several ways. The 

Cartesian coordinates (X,V and Z) can be listed. This is usually done 

in the Protein Data Bank format (PDB) so that the different 

structures can be compared on different computer systems. The 

second way to compare conformations is by the internal coordinates 

(IC). This is the easiest format to compare differences in backbone 

structure (i.e. variations in <p and", torsional angles. Either of these 

formats can be used as input for the computer modeling studies. 

CHARMM Molecular Modeling Programs 

The computer program CHARMM (Chemistry at Harvard Molecular 

Mechanics) on a VACS/VMS computer was used for energy 

minimization and dynamics studies of DPDPE and its analogues 



Table 5-1 

Types of Bends and Their 4> and 'I' Angles as given by 
Venkatachalam (1968)* 

Type 4> i+ 1 '1'1+ 1 4>1+2 '1'1+2 

-60 -30 -90 0 , ' 60 30 90 0 

" -60 120 80 0 
/I' 60 -120 -80 0 

"' -60 -30 -60 -30 
/I, ' 60 30 60 30 
IV any bend of types' though III' with two or more 

angles differing by at least 40° from typical 
angles given above. 

V -80 80 80 -80 
V, a cis proline at position i+2 
VII kink in protein chain created when 'JIi+1 =180° 

and l4>i+21 < 60° or 1'1'1+11 < 60° and 4>i+2 == 180° 

* Nomenclature of Lewis et a/. (1973) 
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Figure 5-2. Type I and Type II S Turns 
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(Brooks et aI., 1983). Molecular mechanics calculations are based on 

potential energy functions (Burkert and Allinger, 1982). 

The empirical energy functions can be expressed as: 

E = Es + Eo + Ecp + Eco + EvdW + Eel + Ehb 

The first term in this equation, the bond energy, is expressed by 

the equation: 

Es = :E Ks(r-ro)2 

Each bond is treated as a Hooke's law spring with a force constant 

Ks and an equilibrium bond length roo At normal biological 

temperatures the fluctuation in bond length is quite small. 

The second term in this equation, the bond angle energy, can be 

expressed by the equation: 

Eo =:E Ko(6 - 60 )2 

This term accounts for the deformation of the valence angle 6 

between the covalent bonds to a given atom which is also small at 

room temperatures. 

The third term representing the dihedral angle energy is 

expressed by the equation: 
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where n = 1, 2, 3, 4, 6. This describes the intrinsic deformation 

energy for twisting about an axis through a covalent bond. This is a 

four atom term based on the dihedral angle about an axis defined by 

the middle two atoms. 

The improper dihedral angle energy is expressed by the equation: 

The improper dihedral is designed to maintain the chirality about 

a tetrahedral extended heavy atom (for example, an alpha carbon 

without an explicit hydrogen) and to maintain planarity about planar 

atoms such as a carbonyl group or a phenyl group. See Figure 5-3 for 

a description of improper dihedral angles. The improper dihedral 

angle is defined as the angle between the planes ABC and BCD. 

The van der Waals energy is expressed by the equation: 

Aij Bij 

EvdW = ~ (- - - ) sw(nj2, ron2, roff2) 
excl{ij)= 1 nj12 rlj6 

where sw is a switching function and rij is the distance between 

the center of geometry of the groups containing atoms i and j. 



Figure 5-3. Definition of an improper torsion 

o 
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where the angle listed is the angle formed by 
the planes ABC and BCD 
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. The electrostatic potential is represented by the equation: 

Eel= k 
excl(Ij)=1 47t£oflj 

For the evaluation of the energy of a protein the bulk of the 

calculations involved the non-bonded energy terms. Therefore, the 

switching term allows the explicit computing of all pair 

interactions to be avoided. At some distance (usually 7.5 A) the 

potential is switched off, and any interaction beyond this distance 

is not calculated. 

The energy from hydrogen bonding involving atoms AA, A, H, D 

(antecedent, acceptor, hydrogen, and donorheavy atom) is expressed 

by the equation: 

A' B' 
Ehb = S ( - - - ) cosm(6A-H-O) 

rlAO rlAO 

X COSn(qAA-A-H) X sw(rAo2, rhon2, rhoff2) 

x sw[cos2(6A-H-O),COS2(9hon), cos2(9hoff)] 

where i and j are positive integers, m = (0, 2, 4) and n = (0, 2). 

Selection of hydrogen bonds is based on both angle (A-H-D) and 
.. 

distance (A) information. The hydrogen bond is not possible if the 
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eA-H-D is less than 90° or if n is greater than zero and eAA-A-H is 

less than 90°. 

In the CHARMM program the specifications for the energy terms 

(bond, angle, dihedral etc.) for each amino acid residue are located in 
.. 

a topology file (RTF). The 20 amino acids naturally found in proteins 

were already present in the initial CHARMM topology file, however, 

unusual amino acids such as all four isomers of p-methyl

phenylalanine and .l2-penicillamine had to be added to the original 

file (See Appendix). The topology file also contains information 

required to patch structures such as disulfide bonds and terminal 

amino and carboxylate groups. See Appendix for examples of the 

unusual amino acid residues that were added to the existing topology 

file. The first line specifies the name of the new residue and its 

total charge. Next the atoms are defined by name, chemical type and 

charge. They are organized by electrostatic groups (GROU). Atoms 

connected by covalent bonds are specified in pairs underrthe title 

BOND. Angles are indicated by three atom groupings under the 

heading THETA. Dihedral (DIHE) and improper torsions (lMPH) are 

arranged in groups of four atoms. A + or - sign preceding an atom 

indicates that it is found in the subsequent or previous residue in 

the seqence respectively. Next the possible hydrogen bond donor and 

acceptor atoms are listed. The lines indicated by Ie (internal 

coordinates) contain all the information required to build the 

coordinates of the residue. Finally patching to be used if the residue 

is at the N- or C-terminal is defined. 
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The values for the force constants (kx) and geometric constraints 

(ro, 80, n, coo) are found in the parameter file. When unusual amino 

acids containing bonds that were not present in the common amino 

acids were used, new parameters were added to the existing 

CHARMM parameter file. An example of such an addition is the nitro 

group of p-N02-phenylalanine. The force constant and O-N-O bond 

angle value was found in the literature (Politzer, 1984). 

Energy Minimization Techniques 

Energy minimization using the CHARMM program can be done in 

several different ways. These include the nonconvergent method 

(steepest descents), convergent methods such as conjugate 

gradients and ABNR which involve local harmonic approximations, an 

explicit second derivative method (Newton-Raphson), as well as 

quenched dynamics (McCammon and Harvey, 1987). 

Energy minimization of a peptide or protein involves a non-linear 

optimization of a set of variables x = (X1,X2,X3, ... , xn). For a function 

V = Vex), a set of variables x· for which the function has its 

minimum V(x·) = min(V(x)) must be found. For a molecule 

containing N atoms, the 3N components of x are the atomic 

coordinates and V is the potential energy. 
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Energy minimization of a system with two independent variables 

can be thought of as a locating the lowest point in a landlocked 

country surrounded by a mountainous border so that the minimum is 

in an interior valley. Locating the global minimum of a system with 

more than ten independent variables is extremely difficult. Even for 

small peptides only a fraction of conformational space can be 

explored. Energy minimization doe~ permit the refinement of 

molecular structures for the purpose of eliminating the worst steric 

conflicts and adjusting bond lengths and angles to near optimal 

values. It is especially useful in comparing the relative energies of 

different conformations. 

The most simple method is the non-convergent steepest descent 

method (SO). This is a first order method that uses information 

about the local slope of the potential energy surface. In this 

procedure a displacement opposite to the potential energy gradient 

is added to the coordinates at every iteration. If the resulting 

energy is lower, the step size is increased; Whenever the iteration 

produces an increase in energy, it is assumed that the step size was 

too large causing a leap across the valley containing the minimum. 

Therefore, the step size is reduced for the next iteration. This 

method can eliminate the worst steric conflicts and will bring bond 

lengths and angles to their literature values. However, it does not 

produce the collective motions that are the result of weak forces 

over many atoms. The major drawback to this procedure is that it 

suffers from poor convergence and is especially inefficient for 



cases of an irregular potential surface with many local minima 

which are characteristic of macromolecules. 
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Another first order method is the conjugate gradient technique 

(CG) which offers better convergence. This method considers the 

previous history of the minimization steps as well as the current 

gradient to determine the next step. The method converges to the 

minimum in O{N) steps for quadratic energy surfaces where N is the 

number of degrees of freedom. It requires fewer evaluations of the 

energy and gradient than the steepest descent method and can 

produce larger coordinate shifts when moving toward an energy 

minimum. 

The third method is the adopted basis set Newton-Raphson 

(ABNR) minimization. This algorithm stores more explicit 

information from the potential energy surface than does the 

conjugate gradients method, while avoiding the large storage 

requirements of a full second derivative method O{N2). In this 

method the positions and forces of each of the previous M steps are 

stored. A second derivative matrix is created from the differences 

from the displacement and the first derivative vectors. Only on the 

coordinates spanned by these differences, a Newton-Raphson 

minimization is performed. The strorage requirements are linear in 

terms of the number of atoms and the number of previous steps (M) 

that are being stored. Thus, the method can be applied to very large 

systems. 
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The fourth method is multidimensional Newton-Raphson (NR) 

minimization applied to the full basis. The major drawback to this 

procedure is difficult to apply to large molecules because of 

excessive storage requirements O(N2) and the long computation 

time per step 0(N3). Most applications of this method have been to 

complete a minimization that was started using a different method. 

Newton Raphson is a second derivative method which assumes that 

in the region of the minimum the energy depends approximately 

quadratically on the independent variables. 

In a one dimensional case, V(x) near the minimum is of the form: 

V(x) = a + bx + cx2 

where a, b, and c are constants. The first two derivatives of this 

equation are: 
V'(x) = b + 2cx 

V"(x) = 2c 

At the minimum V'(x*) = 0, so x* = -b/2c which can be substituted 

into the first and second derivative equations to give: 

x* = x - V'(x)/V"(x) 
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If the system is at point x and the two derivatives are known, the 

location of the minimum can be predicted. 

The final method of minimization is quenched molecular 

dynamics. Energy minimization is the same as cooling down the 

molecule, removing energy from the internal modes of the system. 

Kinetic energy is removed by periodically rescaling velocities or by 

applying a frictional damping term. A quenched molecular dynamics 

run is often followed by an ABNR m'inimization to obtain a converged 

structure. The resulting structure can move far from the starting 

structure during a dynamics run. Therefore, this method is not 

useful for making a comparison between several minimized 

structures or in studies of local minima. 

Dynamics simulations in CHARMM are performed by classical 

mechanis and integrate Newton's equations of motion. This involves 

simultaneously integrating the equations: 

= -
at2 m/ 

for all of the the atoms in the system. 

Modeling Studies of DPDPE 
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DPDPE has been the subject of conformational studies in several 

laboratories. These investigations have used both theoretical (Keys 

et aL, 1988; Nikiforovich and Balodis, 1988; Froimowitz and Hruby, 

1989; Wilkes and Schiller, 1990) and experimental (Hruby et aL, 

1988; Mosberg et aL, 1990) approaches. 

Earlier conformational studies of DPDPE in water were performed 

in our laboratory using molecular mechanics calculations and the 

CHARMM program (Hruby et aL, 1988). Starting conformations were 

constructed with only minimal constraints such as ring closure and 

NOE-derived distances. In addition conformations including the 

expected p-bend structures were generated. The resulting 

structures were compared with the NMR data. Two pairs of 

structures (812, 814, 813, and 815,· Figure 5-4) were found that 

satisfied the NMR criteria. The pairs of structures differed from 

each other in disulfide helicity. The dihedral angle data for these 

structures is listed in Table 5-2. 

In terms of relating the "biologically active" conformation to the 

structure derived from the NMR data there are two drawbacks. First, 

the conformers that satisfy the NMR criteria may represent an 

average of the dynamic equilibrium that may exist in solution. This 

may be the case even for a relatively conformationally restricted 

molecule such as DPDPE. Second, there is the possibility that the 

solution conformation is not the conformation involved in receptor 



Figure 5-4. Low Energy Conformations of DPDPE 
Satisfying the NMR Parameters 
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Table 5-2 

Low Energy Backbone Conformations of DPDPE Satisfying 
All NMR Constraints (JACS 1988) 

B~~iQ!.!e Angle fU2 Sl~ S:l3 B:15 
Tyr1 'I' 139 157 162 164 

ro -176 -173 -173 -173 

Xl -171 -164 -164 -163 

X2 58 51 50 51 
.Q.-Pen2 

<I> 94 116 114 111 

'I' 83 53 27 14 
ro -179 169 175 173 

Xl -167 -166 179 -180 

X2 -97 -137 87 143 
Gly3 <I> -75 -108 -109 -98 

'I' -41 12 -17 -18 
ro -177 -176 177 177 

Phe4 
<I> -94 -128 -74 -72 

'I' -50 -70 -63 -46 
ro -177 -174 176 -175 

Xl -60 ·-56 180 179 

X2 102 103 62 68 
Q-Pen5 

<I> 87 69 83 83 

Xl -56 68 45 -70 

X2 74 -51 -140 119 
55 106 -99 102 -11 0 

E(kcal) -12.4 -10.0 -11 .9 -13.7 
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recognition and/or binding. NMR studies involving transfer NOE's of 

enkephalin bound to a membrane have been performed (Milon et aI., 

1990). 

The model based on the NMR data in water (Hruby et al.,1988) 

proposed to correspond to the "biologically active" conformation at 

the delta receptor has a highly compact topography with close 

transannular interactions between the Tyr1 and Phe4 aromatic rings 

and the geminal J3-methyl groups at the ll-Pen2 position. The Tyr1 

and Phe4 side chain groups are positioned on the same face of the 

14-membered backbone as the disulfide bond (the hydrophobic face). 

On the opposite, hydrophilic face of the molecule are the carbonyl 

groups of the peptide bonds (see Figure 5-5). 

In order to search for other possibile low energy backbone 

conformations satisfying the NMR coupling constant data, a series of 

of constrained <1> angles corresponding to the allowed JNH-CHa 

coupling constants were used as starting constraints for energy 

minimization (see Table 4-6). The <1> dihedral angles and the 

corresponding energies of the conformers obtained are listed in 

Table 5-3. The conformers were minimized using the same 

conditions as in the earleier DPDPE studies. After the molecule's 

energy had stabilized, the constraints were removed, and 

minimization was resumed. All of the conformers found in this 

manner were significantly higher in total energy than those 



Figure 5-5. Proposed Biologically Active C~nformation of 
DPDPE at the Delta Opioid Receptor 
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TABLE 5-3 
CALCULATED C/) TORSIONAL ANGLES OF DPDPE 

Conformer # D-Pen 2 Gly3 Phe4 Energy 
1 -68 60 -87 -2.00 
2 -52 60 -87 9.61 
3 -68 -98 -87 6.52 
4 -52 -98 -87 6.52 
5 -68 .60 -153 -2.00 
6 -52 60 -153 -2.00 
7 -68 -98 -153 8.06 
8 -52 -98 -153 6.52 
9 -68 60 76 4.54 
10 -52 60 76 8.06 
1 1 -68 -98 76 4.64 
12 -52 -98 76 4.55 



previously found. This was predominantly a result of increased 

angle and dihedral angle strain. 

Studies Based on Quenched Molecular Dynamics of DPDPE 
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Dr. B. Monte Pettitt of the University of Houston collaborated 

with our laboratory in a study of the conformation of DPDPE in a 

continuum aqueous solvent using quenched molecular dynamics with 

the CHARMM program (Pettitt et aI., 1990). This was another 

approach to determining the conformations of other low energy 

minima. In this simulated annealing technique (Kirkpatrick et aI., 

1983) a large number of individual conformations of the peptide 

along the molecular dynamics trajectory are selected and energy 

minimized (Brooks et aI., 1988). This method can discover 

conformers that were previously missed, and it can also provide 

further evidience in support of pre-existing models. The dielectric 

constant was 80 as in the earlier studies. The temperature of the 

simulation was about 10,000K which was high enough for the 

molecule to explore conformations that at lower temperatures 

would not likely be reached. In this simulation the added energy is 

spread out over the entire molecule so that no bonds are broken. 

After a heating and equilibration period of 20 ps, a 200 ps 

trajectory was followed. Two hundred conformers each separated by 

1 ps were examined, and energy minimized using the ABNR method. 

The distribution of conformers vs. energy was a random Gaussian 
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pattern. High energy conformers (>10 kcal/mol above the minimum 

were assumed to be improbable in solution. The lowest energy 

conformers were approximately 10 kcal lowere in energy than the 

conformers found by the earlier manual searches. However, the 

lowest energy conformers obtained have many structural features in 

common with these earlier searches in our laboratory that were 

based on energy minimization and included NOE data for DPDPE in 

aqueous solution. The nine lowest energy resulting structures as 

shown in Figure 5-6 are amphiphilic with the carbonyls and most of 

the amide NH groups on one surface and the hydrophobic groups 

(aromatic groups and penicillamine methyls) on the other. 

Amphiphilicity is recognized as an important characteristic of 

peptide compounds that interact with membrane bound receptors 

(Kaiser and Kezdy, 1984; Kaiser, 1986; and Hruby et aI., 1990). None 

of these low energy structures individually can satisfy all the NMR 

and NOE data. The backbone protons essentially can satisfy the NMR 

data, but the side chains give only sporadic agreement. 



Figure 5-6. Structures of DPDPE from Quenched Molecular 
Dynamics 
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Since the conformation of the backbone had been thoroughly 

examined, we next decided to investigate the spatial relationship of 

the functionally important side chain' groups. Therefore, we decided 

to examine the side chain topography of the aromatic side chain 

groups based on the backbone conformations determined in the 

molecular dynamics study. These nine low energy structures (at 58, 

59, 133, 134, 136, 139, 140, 141, 142 ps) served as the starting 

points for an examination of the importance of the Xl angle of the 

Tyr1 and Phe4 residues. This involved systematic ±.120° rotations 

about each of the Xl angles. For each of the 9 conformers, the 9 

possible permutations of the two Xl angles were examined. In this 

way relative energies of the gauche (+), trans and gauche (-) 

rotamers could be compared. The variation of the Tyr1 Xl angle was 

deleterious in all 81 cases examined. Variation of the Phe4 Xl angle, 

however, resulted in conformers that were sometimes lower in 

energy than the molecular dynamics derived structures. Of the 81 

structures studied 5 were lower in energy than the initial 9 

structures found in the quenched molecular dynamics (MD) search. 

These 5 structures and the lowest energy MD derived structures are 

shown in Figure 5-7 and their dihedral angle data and their energy 

values are listed in Tables 5-4 and 5-5, respectively. These 

structures are lower in total energy primarily because of a decrease 

in the hydrogen bonding term and Van der Waals (non-bonded) energy 

term. The large decrease in these terms more than compensates for 

small increases in dihedral angle energy term. The superimposed 

backbone structures of DPDPE from the NMR derived conformers and 



Figure 5-7. Low Energy Structures Der'ived from Quenched 
Molecular Dynamics 
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Table 5-4 

Low Energy Backbone Conformations of DPDPE Based on 
Molecular Dynamics Calculations 

CONFORMERS (PS) 

Residue Angle 58 59 139 140 141 142 

Tyr1 'If -29 -29 -46 -56 -46 -29 

ro 180 180 174 -178 174 180 

Xl 62 62 69 41 69 64 

X2 98 98 -63 89 -63 80 
.Il-Pen2 

<I> 106 106 78 71 78 106 

'If 51 51 59 49 60 51 
ro 171 171 169 176 169 171 

Xl -72 -72 -66 -64 -66 -72 

X2 112 112 129 139 130 113 
Gly3 <I> -144 144 106 -107 -108 -144 

'If -87 -87 -59 -44 -57 -88 

ro 170 170 180 -175 179 170 
Phe4 

<I> -105 -105 -132 -138 -132 -104 

'If 55 55 -33 -29 -32 56 
ro -175 -175 -176 -173 -176 -175 

Xl -59 -59 54 57 53 -60 

X2 -76 -76 -91 -84 -92 -76 
.Il-Pen5 

<I> 88 88 129 109 128 87 

Xl -84 -84 -55 -54 -55 -85 

X2 63 63 74 74 74 63 
SS -161 -161 110 111 111 -160 

E (kcal)-22.4 -22.4 -25.4 -22.2 -24.1 -22.4 
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Table 5-5 

Energy Values for DPDPE Structures Generated by CHARMM 

Structure Etot Ebond Eangle Eel> ElmpeI> EvdW Eel Ehb 

58PSOD -22.41 0.75 3.95 12.15 0.49 -30.22 -0.92 -8.61 

59PSOI -22.41 0.75 3.95 12.15 0.49 -30.22 -0.92 -8.61 

139PSOI -25.41 1.12 4.57 5.13 1.59 -29.50 -0.10 -8.21 

140PSOI -22.17 0.83 3.93 5.65 0.58 -27.90 -0.00 -5.26 

141 PSOI -24.14 1.15 4.54 5.18 1.93 -30.03 0.09 -7.00 

142PSOO -22.45 0.76 3.99 12.17 0.48 -30.21 0.95 -8.68 

DPDPE812 -12.40 0.70 3.72 2.61 0.51 -19.98 0.19 -0.16 

DPDPE813 -11.90 0.93 4.55 4.66 0.39 -22.08 0.31 -0.67 

DPDPE814 -10.03 1.10 4.07 6.32 0.43 -21.47 0.24 -0.72 

DPDPE815 -13.63 0.78 3.85 5.74 0.29 -24.20 0.30 -0.40 
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the modified molecular dynamics are depicted in Figures 5-8 and 5-

9. Note the hydrogen bonding between the OH group of Tyr1 and the 

C-terminal oxygens. This hydrogen bond is not predicted by the NM R 

data. It is most likely a result of the dynamics study being 

performed in a vacuum, whereas the NMR derived structures are in a 

solvent (either water or DMSO). 

It is important to note the basic similarities between these 

quenched dynamics-derived structures and the NMR-derived 

structures. All the low energy DPDPE conformers found were 

amphiphilic. The aromatic side chain groups are on the same 

(hydrophobic) face of the molecule. The amide nitrogen are buried 

within the interior of the peptide macrocycle. Also, carbonyl groups 

of the peptide bonds are located on the opposite (hydrophilic) side of 

the molecule. 

Modeling Studies of (3-Me-Phe-containing Analogues of 

DPDPE 

Through the addition of a methyl group at the beta position of 

phenylalanine we have sought to constrain or bias the Phe4 side 

chain group of DPDPE to a particular X1 side chain torsional angle. 

As shown in Figure 5-10, simple steric considerations would 

suggest that for an .b.-amino acid in which the pro-S hydrogen of 

Phe4 was substituted with a methyl group to give (2S,3S)-(3-Me-Phe, 

a gauche (-) conformation would be predicted to be preferred. 

Likewise, when the pro-R methyl substitution is made, giving 
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Figure 5-8. Side by Side Superimposed Solution Conformations 
and Qtumched Molecular DYnamics Conformations and 
RMS of the Cyclic Backbone of DPDPE 

Solutions Conformations 

RMS • 0.873 

Quenched Molecular Dynamics 
Conformations 

RMS· 0.7B8 



Figure 5-9. Combined Superimposed Low Energy Conformations 
and RMS of the Cyclic Backbone of DPDPE 
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Table 5·6 

Energy Terms of [~.MePhe4]DPDPE Diastereomeric Peptides 
After Minimization with CHARMM 

# Etot Eb Eangle Ecj> Eimpcj> Enb Eel Ehb 

Trans Conformers 

2 -10.45 1.02 4.09 6.12 0.78 -22.13 0.25 -0.58 
3 -10.45 1.02 4.09 6.12 0.78 -22.13 0.25 -0.58 
4 -10.45 1.02 4.09 6.12 0.78 -21.13 0.25 -0.58 
5 -14.02 0.84 4.25 7.01 0.78 -26.59 0.20 -0.51 

Gauche (-) Conformers 

2 -14.15 0.81 3.57 5.44 0.38 -24.51 0.30 -0.15 
3 -10.44 1.01 4.09 6.11 0.78 -22.15 0.25 -0.54 
4 -14.18 0.82 3.60 5.43 0.38 -24.59 0.30 -0.14 
5 -10.44 1.01 4.08 6.10 0.78 -22.12 0.25 -0.54 

Gauche (+) Conformers 

2 -13.03 0.91 4.35 7.69 0.79 -25.91 0.21 -1.07 
3 -14.15 0.82 3.57 5.45 0.38 -24.52 0.30 -0.15 
4 -13.44 1.17 4.97 7.51 0.94 -26.39 0.22 -1.85 
5 -14.16 0.81 3.58 5.45 0.38 -24.52 0.30 -0.15 
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(2S,3R)-p-Me-Phe, the trans side chain conformation would be 

expected to be the most stable. The same considerations apply to 

the ll-amino acids, (2R,3R)-p-Me-Phe and (2R,3S)-p-Me-Phe, with 

the additional consideration of the conformational and topographical 

changes resulting from the change iI, chirality at the alpha carbon. 

The four diastereomeric p-MePhe4-containing DPDPE analogues 

were modeled using modified CHARMM topology files with the 

additional four isomers of p-MePhe incorporated (see Appendix). The 

starting point for these studies was the DPDPE conformer 815 (this 

corresponds to conformer 2' in Hruby et al. (1988)). This conformer 

of DPDPE has the Phe4 side chain in the trans orientation. All for 

diastereomeric peptides were minimized (ABNR for 1000 steps) 

until the lowest energy possible was attained. 

Next, the two other possible side chain rotamers (gauche( -) and 

gauche(+)) were examined for each of the four isomers under the 

same minimization conditions. In total, 12 structures were 

examined, and the energy values for all conformers calculated. The 

different energy terms are listed in Table 5-6. Note the similarity 

of the total energies to that of DPDPE conformers from the NMR data 

(Hruby et aI., 1988). The energies all range from ""-10 to -14 

kcal/mol. The structures of the lowest energy conformers of each 

of these four diastereomeric peptides are depicted in Figures 5-11, 

5-12, 5-12, and 5-14. Superimposed structures of these peptides 

are shown in Figures 5-15, 5-16, and 5-17. Note the extremely 
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Figure 5-11. Gauche (-) S,S-S-MePhe4-DPDPE 
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Figure 5-12. Gauche (-) S,R-S-MePhe4-DPDPE 
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Figure 5-13. Gauche (+) R,R-S-MePhe4-DPDPE 
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Figure 5-14. G~uche (+) R,S-S-MePhe4-DPDPE 

----~-



Figure 5-15. Gauche (-) Conformers of S,S- and S,R-S-MePhe4 
DPDPE 

:J:S=---~---
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Figure 5-16. Gauche (-) Conformer of S,S- and Gauche (+) 
Conformer of R,R-S-MePhe4-DPDPE 
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Figure 5-17. All Four Diastereoisomers of S-MePhe4-DPDPE 
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consistent overlap of the peptide backbone. All these structures 

belong to the same conformational family. A slight difference in the 

backbone conformation is observed in the Gly3 CHa position between 

the .I... and .Il-isomers. This is consistant with the observed lack of 

diastereospecificity of the Gly3 CHa protons in the NMR results for 

the Ll-(3-MePhe-containing peptides. 

As seen in Table 5-7, for the .L,-amino acid-containing peptides (2 

and 4) the lowest energy conformers are gauche(-). For compound 2 

this supports the steric prediction that gauche (-) should be the 

most stable. For compound 4, the gauche(+) is more stable than the 

predicted trans conformer. This could indicate that the steric 

approach, which considers a phenyl group to be larger than a methyl 

group, may be incorrect in this case. It appears that both phenyl and 

methyl groups have similar steric effects in these conformers. It 

would seem that the 5-fold difference in potency at the delta 

receptor (MVD) cannot be attributed to a difference in side chain 

rotamer energies. It is more likely that this relatively small 

potency difference is a result of a slightly less favorable steric 

interaction of the methyl group with the 0 opioid receptor in the 

case of the (2S,3R)- compound 4. 

However, for the .Il-amino acid-containing peptides (3 and 5) the 

lowest energy conformers are gauche(+). For compound 3 this again 

could indicate that both phenyl and methyl groups have similar 

steric effects. For compound 5 this supports the steric prediction 
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Table 5·' 

Lowest Total Energy Conformers of J3.Me-Phe4.DPDPE 

Peptide Trans Gauche(-) Gauche(+) 

2 S,S-J3-MePhe4-DPDPE -10.45 -14.15 -13.03 

3 R,R-J3-MePhe4-DPDPE -10.45 -10.44 -14.15 

4 S,R-J3-MePhe4-DPDPE -10.45 -14.18 -13.44 

5 R,S-J3-MePhe4-DPDPE -14.02 -10.44 -14.16 
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that trans conformer should be the most stable. For compund 5, 

however, the gauche(+) conformer is almost equal in energy to the 

trans conformer. The extremely low potency of these D.-amino acid 

containing peptides would indicate that the gauche(+) conformer is 

especially detrimental to a receptor potency. 
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Chapter 6 • Conclusions and Future Perspectives 

The results of the biological assays and conformational 

properties determined in the studies described in this work indicate 

that the biologically active topography of DPDPE and its other 0-

opioid selective analogues is highly dependent upon the orientation 

of the aromatic side chain groups (especially Phe4). This is 

demonstrated by the low activity of the Q-amino acid containing 

analogues. These compounds have low energy topologies with the 

aromatic ring of Phe4 in the gauche (+) conformer. The .b.-amino acid 

containing analogues that favor the gauche (-) conformer are active 

at the 0 receptor. Therefore, the next generation of analogues of 

DPDPE should further constrain the X1 angle of this side chain in the 

gauche (-) position. However, these new unusual amino acids used 

must not effect the rest of the backbone conformation of the 

peptide. Preliminary work in this direction, the preparation and 

analysis of [ATC4]DPDPE, resulted in an analogue with decreased 0 

receptor potency since the orientation of the Phe4 aromatic group 

was not the correct one. This bicy<?lic amino acid containing 

analogue also was constrained at the X2 angle which could result in 

the incorrect orientation for interaction with the delta opioid 

receptor. Modeling studies of this unusual amino acid and other 

constrained amino acids such as Tic and cyclohexylphenylalanine 

could help to elucidate this problem. In addition analogues 

containing larger alkyl substitutions than methyl (e.g. [2'

MePhe4]DPDPE) on the aromatic ring of Phe4 also could elucidate the 
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optimal X2 angle for delta receptor potency. The methyl analogue 

has activity similar to DPDPE at the delta receptor, but larger 

groups such as isopropyl could be much more effectvie in limiting 

the rotation about the X2 dihedral angle. 

In addition further modifications that will preserve the backbone 

conformation of DPDPE while increasing the constraints in only the 

X 1 angle should be studied. This includes the addition of a

cyclopropyl group at the Ca-Cp bond of Phe4• This analogue could be 

compared to the dehydro (2) Phe containing analogue. In this way we 

can explore side chain orientations where the aromatic group and the 

peptide amide bond are not completely eclipsed. 

The analogues with high selectivity such as (2S,3S)-P

MePhe4]DPDPE (2) could be further improved by tha addition of a 

halogen (F, CI, or I) in the para position of p-MePhe4 as was 

previously desribed for a series of DPDPE analogues (Toth et aI., 

1990A). This additional- stereoelectronic effect could help to 

improve potency while retaining the conformation constraints of the 

p-Me group. 

Modeling studies of these and other unusual amino acids will 

require the construction of more extensive topology and parameter 

files for the CHARMM programs. This time consuming process must 

be done accurately using the proper force constants for the new bond 

and angle values. If the parameterization of the unusual amino acids 
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is incorrect, the energy values of these peptides will be unnaturally 

high preventing direct comparison with DPDPE and other previously 

modeled analogues. 

The approach to design of delta opioid receptor selective 

en kephalin analogues described in this work is generally applicable 

to the design of any biologically active peptide. Proper use of 

molecular modeling to expedite discovery of biologically interesting 

and medicinally useful drugs is an exciting area of peptide 

chemistry. With the development of improved computer modeling 

methods that can imitate more accurately the biologically active 

conformation of a particular peptide and its interaction with its 

receptor(s), our understanding of receptor - ligand molecular 

recognition will be greatly enhanced. 
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Appendix 

CHARMM Topology Files for Unusual Amino Acids 

! (D) Penic illamine 
RESI DPEN 0.00000 
GROU 
ATOM N NH1 -0.35 
ATOM H H 0.25 
ATOM CA CH1E 0.10 !CT 
!ATOM HL HA' 0.10 
GROU 
ATOM CB CT 0.19 
ATOM CG1 CH3E 0.0 
ATOM CG2 CH3E 0.0 
ATOM SG SH1E -0.19 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H ICA HL 
BOND CA CB CB SG CB CG1 CB CG2 
DIHE CB CA COl ADDED MP 
DIHE -C N CA C N CA C +N CA C +N +CA 
DIHE N CA CB SG IDIHE H N CA HL 
!DIHE H N CA CB 
IMPH N -C CA H C CA +N 0 CA C N CB 
!IMPH CB N CA HL C N CA HL 
IIMPH CB SG CA CG1 CB SG CA CG2 
DONO H N 
ACCE 0 C 
IC CB CA C 0 0.0000 0.00 60.00 0.00 O.OOOO! MP 
IC -C CA *N H 0.0000 0.00 180.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 180.00 0.00 0.0000 
IC N CA C +N 0.0000 0.00 180.00 0.00 0.0000 
IC +N CA *C 0 0.0000 0.00 1BO.00 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 1BO.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 -120.00 0.00 0.0000 
IC N CA CB SG 0.0000 0.00 1BO.00 0.00 0.0000 
IC SG CA *CB CG1 0.0000 0.00 120.00 0.00 (i.0000 
IC SG CA *CB CG2 0.0000 0.00 -120.00 0.00 0.0000 
• IC CB CA N -C 0.0000 0.00 60.00 0.00 I).OOOO!A GUESS 
!IC H N CA HL 0.0000 0.00 -60.0 0.00 (l.0000 
I IC H N CA CB 0.0000 0.00 60.0 0.00 0.0000 

! Phenylalanine 
RESI PHE 0.00000 
GROU 
ATOM N NHI -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 ICT 
GROU 
ATOM CB CH2E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CRIE 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
ATOM CEI CRIE 0.00 
ATOM CE2 CRIE 0.00 
ATOM CZ CRIE 0.00 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H ICA HD 
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BOND CA CB CB CG CG COl CG CO2 COl CE1 

BOND CO2 CE2 CE1 CZ CE2 CZ 
DIHE CB CA C 0 I ADDED MP 
DIHE -C N CA C N CA C +N CA C +N +CA 

DIHE N CA CB CG CA CB CG COl I H N CA HD 

IMPH N -C CA H C CA +N 0 CA N C CB 

IMPH CG COl CE1 cz COl CE1 CZ CE2 CEl CZ CE2 CO2 

IMPH CZ CE2 CO2 CG CE2 CO2 CG COl CO2 CG COl CEl 

IMPH CG COl CO2 CB 
DONO H N 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N H 0.0000 0.00 180.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 180.00 0.00 0.0000 
IC N CA C +N 0.0000 0.00 180.00 0.00 0.0000 
IC +N CA *c 0 0.0000 0.00 180.00 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 180.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 180.00 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC COl CG CO2 CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CO2 CG COl CE1 0.0000 0.00 0.00 0.00 0.0000 
IC CG COl CE1 CZ 0.0000 0.00 0.00 0.00 0.0000 
IIC H N CA HD 0.0000 0.00 120.00 0.00 0.0000 

IPara-Nitro-Phenylalanine 
RESI NIP 0.000 
GROU 
ATOM N NHl -0.35 
ATOM H H 0.25 
ATOM CA CH1E 0.10 ICT 
IATOM HD HA 0.10 
GROU 
ATOM CB CH2E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CR1E 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
ATOM CEI CR1E 0.00 
ATOM CE2 CR1E 0.00 
GROU 
ATOM CZ C 0.17 
ATOM N32 N 0.49 
ATOP. 033 02 -0.33 
ATOM 034 02 -0.33 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H ICA HD 
BOND CA \:B CB CG CG COl CG CO2 COl CEl 
BOND CO2 CE2 CEI CZ CE2 CZ CZ N32 N32 033 
BOND N32 034 
DIHE CB CA C 0 I ADDED MP 
DIHE -C N CA C N CA C +N CA C +N +CA 
DIHE N CA CB CG CA CB CG COl IH N CA HD 
DIHE CEI CZ N32 033 CE2 CZ N32 034 CA CB CG COl 
IMPH N -C CA H C CA +N 0 CA N C CB 
IMPH CG COl CEI CZ COl CE1 CZ CE2 CEI CZ CE2 CO2 
IMPH CZ CE2 CO2 CG CE2 CO2 CG COl CD~ CG COl CE1 
IMPH CG COl CO2 CB COl CG CO2 CE2 
IMPH CZ CE1 CE2 N32 N32 CZ 033 034 
DONO H N 
ACCE 033 
ACCE 034 
ACCE 0 C 
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IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N H 0.0000 0.00 1BO.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 1BO.00 0.00 0.0000 
IC N CA C +N 0.0000 0.00 1BO.00 0.00 0.0000 
IC +N CA *c 0 0.0000 0.00 1BO.00 0.00 0.0000 
Ie CA C +N +CA 0.0000 0.00 1BO.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 1BO.00 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC CDI CB *CG CD2 0.0000 0.00 120.00 0.00 0.0000 
IC COl CG CO2 CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CO2 CG COl CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CG COl CEI cz 0.0000 0.00 0.00 0.00 0.0000 
IC COl CEI cz CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CEI cz CE2 CO2 0.0000 0.00 0.00 0.00 0.0000 
IC cz CE2 CO2 CG 0.0000 0.00 0.00 0.00 0.0000 
IC CE2 CO2 CG COl 0.0000 0.00 0.00 0.00 0.0000 
IC CEI cz N32 033 0.0000 0.00 0.00 0.00 0.0000 
IC CE2 cz N32 034 0.0000 0.00 0.00 0.00 0.0000 
IC CE2 CEI *cz N32 0.0000 0.00 0.00 0.00 0.0000 
IC cz 033 *N32 034 0.0000 0.00 120.00 0.00 0.0000 
IIC H N CA HO 0.0000 0.00 120.00 0.00 0.0000 

!(S,S)ERYTHRO-L-BETA METHYL PHE J KAO B6 ERYTHRO - L 
RESI SSBP 0.00000 
GROU 
ATOM N NHI -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 I CT 
!ATOM HO HA 0.10 
GROU 
ATOM CB CHIE 0.00 
ATOM CG2 CH3E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CRIE 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
ATOM CEI CRIE 0.00 
ATOM CE2 CRIE 0.00 
ATOM CZ CR1E 0.00 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H !CA HO 
BOND CA CB CB CG CG COl CG CO2 COl CEI 
BOND CO2 CE2 CEI CZ CE2 CZ CB CG2 
DIHE CB CA C 0 ADDED MP 
DIHE -C N CA C N CA C +N CA C +N +CA 
DIHE N CA CB CG CA CB CG COl 
IMPH CA N C CB 
IMPH CG COl CEI CZ COl CEI CZ CE2 CEI CZ CE2 CO2 
IMPH CZ CE2 CO2 CG CE2 CO2 CG COl CO2 CG COl CEI 
IMPH CG COl CO2 CB CB CA CG CG2 
DONO H N 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N H 0.0000 0.00 lBO.OO 0.00 0.0000 
IC -C N CA C 0.0000 0.00 lBO.OO 0.00 0.0000 
IC N CA C +N 0.0000 0.00 IBO.OO 0.00 0.0000 
IC +N CA *c 0 0.0000 0.00 IBO.OO 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 IBO.OO 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 IBO.OO 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC COl CG CO2 CE2 0.0000 0.00 0.00 0.00 0.0000 
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IC CO2 CG COl CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CG COl CEI CZ 0.0000 0.00 0.00 0.00 0.0000 
IC CA CG *CB CG2 0.0000 0.00 120.00 0.00 0.0000 

IIC H N CA HO 0.0000 0.00 120.00 0.00 0.0000 

I (S,R)THREO-L-BETA-METHYL-PHE C. GEHRIG 88 
RESI SRBP 0.0000 
GROU 
ATOM N NHI -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 ICT 
!ATOM HO HA 0.10 
GROU 
ATOM CB CHIE 0.00 
ATOM CG2 CH3E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CRIE 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
ATOM CEI CRIE 0.00 
ATOM CE2 CRIE 0.00 
ATOM CZ CRIE 0.00 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H ICA HD 
BOND CA CB CB CG CG COl CG CO2 COl CEI 
BOND CO2 CE2 CE1 CZ CE2 CZ CB CG2 
DIHE CB CA C 0 ! ADDED MP 
OIHE -C N CA C N CA C +N CA C +N +CA 
OIHE N CA CB CG CA CB CG COl 
IMPH CA N C CB 
IMPH CG COl CEI CZ COl CE1 CZ CE2 CEI CZ CE2 CO2 
IMPH CZ CE2 CO2 CG CE2 CO2 CG COl CO2 CG COl CE1 
IMPH CG COl CO2 CB CB CA CG CG2 
DONO H N 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N Ii o .oooe, 0.00 180.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 180.00 0.00 0.0000 
IC N CA C +N 0.0000 0.00 180.00 0.00 0.0000 
IC +N CA *c 0 0.0000 0.00 180.00 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 180.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 180.00 0.00 0.0000 
Ie CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC CG COl CE1 CZ 0.0000 0.00 0.00 0.00 0.0000 
IC COl CG CO2 CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CO2 CG COl CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CA CG *CB CG2 0.0000 0.00 -120.00 0.00 0.0000 

I(R,R) ERYTHRO-O-BETA-METHYL-PHE C. GEHRIG 88 
RESI RRBP 0.00000 
GROU 
ATOM N NHI -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 ICT 
!ATOM HL HA 0.10 
GROU 
ATOM CB CH1E 0.00 
ATOM CG2 CH3E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CR1E 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
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ATOM CEI CRIE 0.00 
ATOM CE2 CRIE 0.00 
ATOM CZ CRIE 0.00 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H 
BOND CA CB CB CG CG COl CG CO2 COl CEI 
BOND CO2 CE2 CEI CZ CE2 CZ CB CG2 
DIHE CB CA COl ADDED MP 
DIHE -C N CA C N CA C +N CA C +N +CA 
DIHE N CA CB CG CA CB CG COl 
IMPH CA N C CB 
IMPH CG COl CEI CZ COl CEI CZ CE2 CEI CZ CE2 CO2 
IMPH CZ CE2 CO2 CG CE2 CO2 CG COl CO2 CG COl CEI 
IMPH CG COl CO2 CB CB CA CG CG2 
DONO H N 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N H 0.0000 0.00 IBO.OO 0.00 0.0000 
IC -C N CA C 0.0000 0.00 IBO.OO 0.00 0.0000 
IC N CA C +N 0.0000 0.00 lBO.OO 0.00 0.0000 
IC +N CA *c 0 0.0000 0.00 IBO.OO 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 IBO.OO 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 -120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 IBO.OO 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC CG COl CEI CZ 0.0000 0.00 0.00 0.00 0.0000 
IC COl CG CO2 CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CO2 CG CD! CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CA CG *CB CG2 0.0000 0.00 -120.00 0.00 0.0000 

! (R,S) THREO-D-BETA-METHYL-PHE C. GEHRIG BB 
RESI RSBP 0.0000 
GROU 
ATOM N NHI -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 ICT 
IATOM HL HA 0.10 
GROU 
ATOM CB CHIE 0.00 
ATOM CG2 CH3E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CRIE 0.00 CE2 
ATOM CO2 CR.iE 0.00 CEl 
GROU 
ATOM CEl CRIE 0.00 
ATOM CE2 CRIE 0.00 
ATOM CZ CRIE 0.00 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H lCA HL 
BOND CA CB CB CG CG COl CG CO2 CD! CEI 
BOND CO2 CE2 CEI CZ CE2 CZ CB CG2 
DIHE CB CA COl ADDED MP 
DIHE -C N CA C N CA C +N CA C +N +CA 
DIHE N CA CB CG CA CB CG COl 
1M PH CA N C CB 
IMPH CG COl CEI CZ COl CEI CZ CE2 CEI CZ CE2 CO2 
IMPH CZ CE2 CD2 CG CE2 CO2 CG COl CO2 CG CD! CEI 
IMPH CG CD! CO2 CB CB CA CG CG2 
DONO H N 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
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IC -C CA *N H 0.0000 0.00 160.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 160.00 0.00 0.0000 
IC N CA C +N 0.0000 0.00 160.00 0.00 0.0000 
IC +N CA *C 0 0.0000 0.00 160.00 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 160.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 -120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 160.00 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC CG COl CEI CZ 0.0000 0.00 0.00 0.00 0.0000 
IC COl CG CO2 CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CO2 CG COl CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CA CG *CB CG2 0.0000 0.00 120.00 0.00 0.0000 

I ERYTHRO-L-P-NITRO-BETA-METHYL-PHE C. GEHRIG 66 
RESI NELP 0.0000 
GROU 
ATOM N NHI -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 ICT 
!ATOM HD HA 0.10 
GROU 
ATOM CB CHIE 0.00 
ATOM CG2 CH3E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CRIE 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
ATOM CEI CRIE 0.00 
ATOM CE2 CRIE 0.00 
GROU 
ATOM CZ C 0.17 
ATOM N32 N 0.49 
ATOM 033 02 -0.33 
ATOM 034 02 -0.33 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H !CA HD 
BOND CA CB CB CG CG COl CG CO2 COl CEI 
BOND CO2 CE2 CEI CZ CE2 CZ CZ N32 CB CG2 
BOND N32 033 N32 034 
DIHE CB CA C 0 I ADDED MP 
DIHE -C N CA C N CA C +N CA C +N +CA 
DIHE N CA CB CG CA CB CG COl CEI CZ N32 033 
IMPH N -C CA H C CA +N 0 CA N C CB 
IMPH CG COl CEI CZ COl CEI CZ CE2 CEI CZ CE2 CO2 
IMPH CZ CE2 CO2 CG CE2 CO2 CG COl !CD2 CG COl CEI 
IMPH CG COl CD2 CB CB CA CG CG2 N32 033 034 CZ 
IMPH CZ CEI CE2 N32 
OONO H N 
ACCE 033 
ACCE 034 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N H 0.0000 0.00 160.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 160.00 0.00 0.0000 
IC N CA C +N 0.0000 0.00 160.00 0.00 0.0000 
IC +N CA *C 0 0.0000 0.00 160.00 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 160.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 160.00 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC CG COl CEI CZ 0.0000 0.00 0.00 0.00 0.0000 
IC COl CEI CZ CE2 0.0000 0.00 0.00 0.00 0.0000 
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IC CEI CZ CE2 CO2 0.0000 0.00 0.00 0.00 0.0000 
IC CZ CE2 CO2 CG 0.0000 0.00 0.00 0.00 0.0000 
IC CE2 CO2 CG COl 0.0000 0.00 0.00 0.00 0.0000 
lIC CO2 CG COl CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CA CG *CB CG2 0.0000 0.00 120.00 0.00 0.0000 
IC CEI CZ N32 033 0.0000 0.00 0.00 0.00 0.0000 
IC CZ 033 *N32 034 0.0000 0.00 IBO.OO 0.00 0.0000 
IC CEI CE2 *cz N32 0.0000 0.00 IBO.OO 0.00 0.0000 
!IC H N CA HO 0.0000 0.00 60.00 0.00 0.0000 
IIC H N CA CB 0.0000 0.00 -60.00 0.00 0.0000 
IIC N CB *CA HO 0.0000 0.00 120.00 0.00 0.0000 
!IC N C *CA HO 0.0000 0.00 -120.00 0.00 0.0000 

I THREO-L-PARA-NITRD-BETA-METHYL-PHE C. GEHRIG BB 
RESI NTLP 0.0000 
GROU 
ATOM N NHl -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 lCT 
!ATOM HO HA 0.10 
GROU 
ATOM CB CHIE 0.00 
ATOM CG2 CH3E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CRIE 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
ATOM CEI CRIE 0.00 
ATOM CE2 CRIE 0.00 
GROU 
ATOM CZ C 0.17 
ATOM N32 N 0.49 
ATOM 033 02 -0.33 
ATOM 034 02 -0.33 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BONr N CA CA C C +N C 0 N Jl leA HD 
BON[ CA CB CB CG CG COl CG CO2 COl CEl 
BONr CD2 CE2 CEI CZ CE2 CZ CZ N32 CB CG2 
BON[ N32 033 N32 034 
OIHF CB CA C 0 I ADDED MP 
OIHE -C N CA C N CA C +N CA C +N +CA 
OIHE N CA CB CG CA CB CG CDl CEl CZ N32 033 
IMPH N -C CA H C CA +N 0 CA N C CB 
IMPH CG COl CEl CZ COl CEl CZ CE2 CEl CZ CE2 CO2 
IMPH CZ CE2 CO2 CG CE2 CO2 CG COl IC02 CG COl CEl 
IMPH CG COl CO2 CB CB CA CG CG2 N32 033 034 CZ 
IMPH CZ CEI CE2 N32 
DONO H N 
ACCE 033 
ACCE 034 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N H 0.0000 0.00 IBO.OO 0.00 0.0000 
IC -C N CA C 0.0000 0.00 lBO.OO 0.00 0.0000 
IC N CA C +N 0.0000 0.00 IBO.OO 0.00 0.0000 
IC +N CA *c 0 0.0000 0.00 IBO.OO 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 lBO.OO 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 IBO.OO 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC CG COl CEl CZ 0.0000 0.00 0.00 0.00 0.0000 
IC COl CEl CZ CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CEl CZ CE2 CO2 0.0000 0.00 0.00 0.00 0.0000 



172 

IC cz CE2 CO2 CG 0.0000 0.00 0.00 0.00 0.0000 
IC CE2 CO2 CG COl 0.0000 0.00 0.00 0.00 0.0000 
IIC CO2 CG COl CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CA CG *CB CG2 0.0000 0.00 -120.00 0.00 0.0000 
IC CEI cz N32 033 0.0000 0.00 0.00 0.00 0.0000 
IC cz 033 *N32 034 0.0000 0.00 160.00 0.00 0.0000 
IC CEI CE2 *cz N32 0.0000 0.00 160.00 0.00 0.0000 

! ERYTHRO-O-PARA-NITRO-BETA-METHYL-PHE C. GEHRIG 66 
RESI NEDP 0.00000 
GROU 
ATOM N NHI -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 ICT 
!ATOM HL HA 0.10 
GROU 
ATOM CB CHIE 0.00 
ATOM CG2 CH3E 0.00 
ATOM CG C 0.00 cz 
ATOM COl CRIE 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
ATOM CEI CRIE 0.00 
ATOM CE2 CRIE 0.00 
GROU 
ATOM CZ C 0.17 
ATOM N32 N 0.49 
ATOM 033 02 -0.33 
ATOM 034 02 -0.33 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H 
BOND CA CB CB CG CG COl CG CO2 COl CEI 
BOND CO2 CE2 CEI CZ CE2 CZ CZ N32 CB CG2 
BOND N32 033 N32 034 
OIHE CB CA C 0 ADDED MP 
OIHE -C N CA. C N CA C +N CA C +N +CA 
OIHE N CA CB CG CA CB CG COl CEI CZ N32 033 
IMPH N -C CA H C CA +N 0 CA N C CB 
IMPH CG COl CEl CZ COl CEI CZ CE2 CEI CZ CE2 CO2 
IMPH CZ CE2 CO2 CG CE2 CO2 CG COl !CD2 CG COl CEl 
IMPH CG COl CD2 CB CB CA CG CG2 N32 033 034 CZ 
IMPH CZ CEI CE2 N32 
DONO H N 
ACCE 033 
ACCE 034 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N H 0.0000 0.00 160.00 0.00 0.0000 
Ie -C N CA C 0.0000 0.00 160.00 0.00 0.0000 
IC N CA C +N 0.0000 0.00 160.00 0.00 0.0000 
IC +N CA *C 0 0.0000 0.00 180.00 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 180.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 -120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 180.00 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC CG COl CEI CZ 0.0000 0.00 0.00 0.00 0.0000 
IC COl CEl CZ CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CEI CZ CE2 CO2 0.0000 0.00 0.00 0.00 0.0000 
IC CZ CE2 CO2 CG 0.0000 0.00 0.00 0.00 0.0000 
IC CE2 CO2 CG COl 0.0000 0.00 0.00 0.00 0.0000 
IIC CO2 CG COl CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CA CG *CB CG2 0.0000 0.00 -120.00 ·0.00 0.0000 
IC CEI CZ N32 033 0.0000 0.00 0.00 0.00 0.0000 
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IC cz 033 *N32 034 0.0000 0.00 180.00 0.00 0.0000 
IC CEI CE2 *CZ N32 0.0000 0.00 180.00 0.00 0.0000 

I THREo-D-PARA-NITRo-BETA-METHYL-PHE C. GEHRIG 88 
RESI NTDP 0.0000 
GROU 
ATOM N NHI -0.35 
ATOM H H 0.25 
ATOM CA CHIE 0.10 ICT 
IATOM HL HA 0.10 
GROU 
ATOM CB CHIE 0.00 
ATOM CG2 CH3E 0.00 
ATOM CG C 0.00 CZ 
ATOM COl CRIE 0.00 CE2 
ATOM CO2 CRIE 0.00 CEI 
GROU 
ATOM CEI CRIE 0.00 
ATOM CE2 CRIE 0.00 
GROU 
ATOM CZ C 0.17 
ATOM N32 N 0.49 
ATOM 033 02 -0.33 
ATOM 034 02 -0.33 
GROU 
ATOM C C 0.45 
ATOM 0 0 -0.45 
BOND N CA CA C C +N C 0 N H ICA HL 
BOND CA CB CB CG CG COl CG CO2 CDI CEI 
BOND CD2 CE2 CEI CZ CE2 CZ CZ N32 CB CG2 
BOND N32 033 N32 034 
DIHE CB CA C 0 I ADDED MP 
DIHE -C N CA C N CA C +N CA C +N +CA 
DIHE N CA CB CG CA CB CG COl CEI CZ N32 033 
IMPH N -C CA H C CA +N 0 CA N C CB 
IMPH CG COl CEI CZ COl CEI CZ CE2 CEI CZ CE2 CO2 
IMPH CZ CE2 CO2 CG CE2 CO2 CG COl ICD2 CG COl CEI 
IMPH CG COl CO2 CB CB CA CG CG2 N32 033 034 CZ 
IMPH CZ CEI CE2 N32 
DONO H N 
ACCE 033 
ACCE 034 
ACCE 0 C 
IC CB CA C 0 0.0 0.0 60.0 0.0 0.0 
IC -C CA *N H 0.0000 0.00 180.00 0.00 0.0000 
IC -C N CA C 0.0000 0.00 180.00 0.00 0.0000 
IC N CA C +N 0.0000 0.00 180.00 0.00 0.0000 
IC +N CA *c 0 0.0000 0.00 180.00 0.00 0.0000 
IC CA C +N +CA 0.0000 0.00 180.00 0.00 0.0000 
IC N C *CA CB 0.0000 0.00 -120.00 0.00 0.0000 
IC N CA CB CG 0.0000 0.00 180.00 0.00 0.0000 
IC CA CB CG COl 0.0000 0.00 90.00 0.00 0.0000 
IC COl CB *CG CO2 0.0000 0.00 120.00 0.00 0.0000 
IC CG COl CEI CZ 0.0000 0.00 0.00 0.00 0.0000 
IC COl CEI CZ CE2 0.0000 0.00 0.00 0.00 0.0000 
IC CEI CZ CE2 CO2 0.0000 0.00 0.00 0.00 0.0000 
IC CZ CE2 CO2 CG 0.0000 0.00 0.00 0.00 0.0000 
IC CE2 CO2 CG COl 0.0000 0.00 0.00 0.00 0.0000 
I IC CO2 CG COl CEI 0.0000 0.00 0.00 0.00 0.0000 
IC CA CG *CB CG2 0.0000 0.00 120.00 0.00 0.0000 
IC CEI CZ N32 033 0.0000 0.00 0.00 0.00 0.0000 
IC CZ 033 *N32 034 0.0000 0.00 180.00 0.00 0.0000 
IC CEI CE2 *CZ N32 0.0000 0.00 180.00 0.00 0.0000 
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