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ABSTRACT 

Eight cyclic analogues of Substance P were made in order to 

investigate the conformation of the C-termina1 end of the peptide. These 

analogues were designed to test three literature models describing the 

active conformation of substance P. Although the potencies of the 

analogues were low (in the micromo1ar range), our results support 

Cotrait's and Hospital's model (1986). 

Several substance P antagonists were synthesized. These compounds 

did not demonstrate agonistic activity nor anatagonistic activity. The 

tryptophan side chain is contributing to the antagonistic activity of 

these analogues, and not just the chirality of the a-carbon. 

Highly potent and selective photoaffinity ligands of H-Tyr-Q-Pen

G1y-Phe-Q-Pen-OH (DPDPE) and Q-Phe-Cys-Tyr-Q-Trp-Lys-Thr-Pen-Thr-NH2 (CTP) 

were synthesized. These compounds will be usefull in the isolation of 0 

and p opioid receptors. 

Several new amino acids designed and synthesized to contain both the 

natural amino acid side chain an a thiol group which can be used to make 

disulfide constraints. The racemic amino acids made were as follows: 1. 

2-amino-4-methyl-2-[(p-methylbenzyl)thiomethy1]pentanoic acid; 2. 2-

amino-2-[(p-methy1benzy1)thiomethyl]-3-phenylpropanoic acid; 3. 2-amino-

3-[(p-methy1benzy1)thio]pentanoic acid; and 4. 2-amino-3-[(p

methylbenzyl)-thio]-3-phenyl-pentanoic acid. These amino acids will be 

usefull in the conformational restriction of peptides. 
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To investigate the o-opioid receptor conformation proposed for DPDPE 

by Hruby et a1. (1988) and the p-opioid receptor conformation proposed for 

Tyr-c[Abu2,Gly,Phe,Leu] by Mierke et al. (1988), constrained phenylalanine 

amino acids were incorporated into H-Tyr-Q-Pen-Gly-Phe-Q-Pen-OH (DPDPE) 

in the four position. Our results indicate that these models are correct. 

And in an investigation into the physical-chemical properties of the delta 

opioid receptor, our results suggest that the 0 receptor topochemical site 

for the Phe4 residue contains a partial positive charge on its surface and 

has specific steric requirements. 
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CHAPl'ER 1 

INTRODUCTION 

Substance P is a undecapeptide (NHz-Argl-ProZ-Lys3-Pro"-Glns-Gln6-

Phe7 -PheB-Gly9-LeulO-MetllNHz, SP) which has many physiological roles in 

transmitting information in animals. Since its discovery in 1931(Von 

Euler and Gaddum) it has been the subject of extensive studies (for a 

review see Pernow, 1983). In an attempt to correlate the structure of SP 

to its biological activity, classical structure-actvity relationships 

(SAR) have been carried out by numerous workers (Escher et al., 1982; 

Fournier et al., 1980; Lavielle et al., 1986). Investigations into the 

active conformation of the C-terminal end of the molecule. by structure

activity-relationships (SAR) were initiated in the Hruby group by Darman 

et al.(1985). The C-terminal portion of the molecule is the essential 

segment of the molecule for biological activity (Escher et a1., 1982a 

Lavielle et al., 1986). Although the synthesis of cyclic peptides in this 

region of the peptides produced weak agonists, the author decided to 

continue the previous investigators work (Darman et al., 1985) and study 

other possible amino acid positions in the C-terminal segment that might 

accomodate a disulfide backbone constraint. 

The objective was to select proposed SP models describing the C

terminal conformation of SP and duplicate them by incorporating a rigid 

constraint. The first series of analogues synthesized (Darman et al. 
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1985) investigated a proposed hydrogen bond between either the G1ns or G1ns 

carboxamide carbonyl and the amide hydrogens of Metll (Sandberg and 

Iversen, 1982). This would give the C-termina1 segment a U shape. These 

analogues demonstrated very little in vitro activity and no appreciable 

binding. 

The design of agonists of SP during this period was complicated by 

the discovery of new classes of tachykinin receptors and three new 

peptides were added to the tachykinin family (Buck et a1., 1985). The 

agonists of SP designed in this study were used to investigate models 

described by other investigators (Manava1an and Momany, 1981; Chaissang 

et al., 1986; Cotrait and Hospital, 1986) (Ch. 2 sect.2). 

The synthesis of tachykinin antagonists would contribute to the 

pharmacological characterization of the different classes of tachykinin 

receptors and aid investigations into the physiological roles of 

tachykinins in the animal. Previously, antagonists of SP were made by the 

introduction of a n-Trp into the seventh and ninth positions of the amino 

acid sequence of SP (Folkers et a1., 1984). Therefore, in order to 

investigate the effect n-Trp contributed to the antagonism produced, a 

constrained amino acid of n-Trp was incorporated into the seventh 

position. This constrained amino acid of n-Trp is 1,2,3,4-tetrahydro-g

carboline-2-carboxylic acid. The amino acid derivative has a methylene 

link between the a-amino group and the C-2' carbon of the indole 

functional group. This would limit the rotational freedom of the side 

chain. 
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Recently two new tachykinin peptides, neurokinin A (NKA) and 

neurokinin B (NKB) (Kimura et al., 1983; Kangawa et al., 1983), have been 

discovered and the synthesis of antagonists to each of these compounds 

would contribute to investigations of their pharmacological and 

physiological actions. The synthesis and pharmacological profiles of 

these compounds are described in Ch. 2 sect. 3. Another group· of 

compounds was designed to investigate the effect of ~-Trp in the ninth 

postion. In analogues of SP the introduction of a ~- or L-Pro in the 

ninth position greatly influences their pharmacological profiles (Cascier 

et al., 1986; Piercy et al., 1985). The Trp residue has been implied in 

its ability to disrupt bends (Levitt, 1978) and therefore may prevent the 

proper alignment of the C-terminal segment of SP for optimum receptor 

activation. If the contribution to antagonism results from the indole 

side chain and the ~-chirality of the Q-carbon then the introduction of 

a proline into the ninth position should significantly influence their 

antagonistic activity. 

In the synthesis of tachykinin agonists, the side chains of Phe7 and 

Metll must be mainainted for full biological activity (Sandberg and 

Iverson, 1982; Founier et al., 1982). As the pharmacological profiles of 

each agonist synthesized in this thesis were completed, it was apparant 

that the missing side chains were necessary for full potency. Therefore, 

with the goal of cyclizing the C-terminal segment of SP with a disulfide 

linked either to the B-carbon or Q-carbon of an amino acid retaining its 

natural side-chain, a series of unnatural amino acids were synthesized. 
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The &-alkylthio amino acids were synthesized by standard procedure 

(Baltazzi and Robinson, 1947; Carter et al., 1948). These procedures have 

their limitations and therefore different types of mono-and di-substituted 

carbonyl functional groups were used to test the effectiveness of each 

procedures (Ch. 4 sect. 3). In order to synthesize a-alkylthiomethylene 

amino acids it was necessary to attach an alkylthiomethylene moiety to the 

a-carbon of an amino acid. The relative acidity of the C(4) hydrogens of 

azlactones allowed the synthesis of these compounds. This hydrogen is 

readily removed under mild basic conditions and nucleophilic displacement 

of a halide on the alkylthiomethylene carbon gave the desired product. 

The procedure described is adapted from Dirlam et a1. (1987) and the 

details are described in Ch. 4 sect. 4. 

The pharmacological phenomenon of smooth muscle desensitization by 

SP was investigated in order to understand the time dependence of 

desensitization (Ch. 5 sect. 1). The intestine of an animal is an 

integrated network of muscle tissue, neurons and endocrine tissue (Tortora 

and Anagnostokos, 1978). SP is suggested to contract smooth muscle 

directly and indirectly through a neural component (Holzer and Lembeck, 

1980; Chahl, 1982). NKA directly contracts the smooth muscle (Buck and 

Burcher, 1986). Since temperature has been used previously to separate 

neurally activated smooth muscle contraction and direct smooth muscle 

contraction by tropic agents (Innes et a1., 1957), we decided to use 

temperature as a tool to separate the smooth muscle actions of SP and NKA 

in the guinea pig ileum (Ch. 5 sect. 2). 
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There have been numerous investigations into the actions of opioid 

peptides. The synthesis of opioid-related photoaffinity compounds will 

be discussed in Ch. 3 sect. 1. The spatial relationship of the Phe4 side 

chain was investigated in Ch. 3 sect. 2. The physico-chemical properties 

of the para position of the Phe4 side chain in DPDPE was investigated in 

Ch. 6 sect. 1. 
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CHAPTER 2 

TACHYKININ ANALOGUES 

These peptides constitute a class of molecules considered to play 

key roles as transmitters or modulators in the central and peripheral 

nervous systems. Of all of these peptides, substance P (SP) has the 

longest history, and probably is the best characterized as far as 

distribution, release, and biological properties are concerned. 

The story of SP began in 1931 when von Euler and Gaddum first 

isolated substance P [SP, Arg-Pro-Lys-Pro-G1n-G1n-Phe-Phe-G1y-Leu-Met-NHzl 

from equine gut. When SP was applied in ~ to the guinea-pig whole 

ileum the peptide caused contractions and this result initiated important 

studies on its distribution and pharmacological effects. More than 20 

years passed, and then in 1953 Lembeck found SP in the dorsal roots of the 

rat, and postulated that the peptide may function as a neurotransmitter. 

These studies, however, were limited by the lack of chemically pure 

preparations and specific analytical methods. The isolation and chemical 

characterization of SP in 1970 (Chang and Leeman) followed by its 

synthesis (Tregear et a1., 1971) was an important milestone in the 

scientific saga of SP, and opened possibilities to develop highly specific 

immunohistochemical and radio immunological techniques for detailed mapping 

of the distribution and release of SP. 
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SP is classified as a member of the tachykinin family of peptides, 

of which there are now eight members, including the recently discovered 

neurokinins A (NKA) B (NKB) , scyliorenins I (SCYI) and II (SCYII) (Table 

1). As can be seen from Table I, the Phe7 residue and the -Gly9_Leu10 _ 

Met11 -NH2 sequence have been conserved in SP and the tachykinins, and thus 

all these peptides are grouped together. The biological similarity of 

these peptides is their ability to cause intestinal smooth muscle to 

contract. Recently, the rank potencies of the tachykinins on different 

tissues have suggested the existence of three different classes of 

receptors for the tachykinins (Lee et a1., 1982; Regoli et a1., 1985): 1. 

the NK-1 receptor [substance P (SP) and physae1amin (Phys)]; 2. NK-2 

receptor(SK, substance K); and 3. NK-3 receptor (NKB, neurokinin B). Each 

of these receptors has certain structure requirements for its agonist and 

antagonist activities. The three receptors and their selective compounds 

are listed on Table 2. 

Although the contraction of smooth muscle is an important feature 

of SP action, interest in SP is mainly a result of the peptides central 

nervous system (CNS) effects (for reviews see Darman, 1981; Pernow, 1983). 

Since SP is a major neuropeptide in the body which transmits the signal 

interpreted by the brain as pain. The localization of the tachykinins has 

been investigated thoroughly in many animal systems, and it has been 

demonstrated that SP is co-localized with enkephalins. This has led many 

to speculate that SP may be involved in analgesia (Jessell and Iversen, 

1977). Because of the obvious importance of this family of peptides as 
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neuromodulators it is necessary to understand the mechanism of action of 

this peptide at its receptor in the hopes of developing new analgesics. 

Therefore, several analogues of SP were synthesized to test certain 

models proposed previously by investigators. These models were suggested 

for SP activity in the guinea-pig ileum (which is know considered to 

contain three classes of tachykinin receptors). The older SAR (structure

activity-relationships) studies are now complicated by the prescence of 

multiple receptors (NK-l, NK-2, and NK-3 receptors). 
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TABLE 1, Amino Acid Segences of some Tachykinin Peptides8, 

SP 

Plr.{S 

ELE 

us 

SCYI 

SCYII 

H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 

H-His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2 

H-Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2 

pGlu-Ala-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-NH2 

pGly-Pro-Ser-Lys-Asp-Ala-Phe-Ile-Gly-Leu-Met-NH2 

H-Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-NH2 

H-Ala-Lys-Phe-Asp-Lys-Phe-Tyr-Gly-Leu-Met-NH2 

Cys-Pro-Asp-Gly-Asp-Asp-Lys-Phe-Val-Gly-Leu-Met-NH2 
Lys-Ser-Asn-Ser-Pro-Ser-H 

8SP(substance P), NU(neurokininA), NKB(neurokinin B), Phys(physaelamin), 
Ele(eledoisin) , Kas(kassinin), Scy I(scyliorenin I), Scy II(scyliorenin 
II), 
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TABLE 2. Tachykinin Amino Acid Sequence and Preferred Receptor Types. 
NK-l sites on postganglionic neurons (atropine-sensitive) and smooth 
muscle cells (atropine-insensitive): 

Substance P 
Physalaemin 
[Cys3.6 , Tyr8 ] SP 
Antagonist A 
Antagonist B 

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 
Pyr-Ala-Asp-Pro-Asn-Lys-Phe-Tyr-Gly-Leu-Met-NH2 
Arg-Pro-Cys-Pro-Gln-Cys-Phe-Tyr-Gly-Leu-Met-NH2 
Arg-pro-Lys-Pro-Gln-Gln-trp-Phe-trp-Leu-Met-NH2 

Arg-Gln-trp-Phe-trp-Leu-Met-NH2 

NK-2 sites on smooth muscle cells (atropine-insensitive): 

Neurokinin A 
[Gly9]septide 

Septide 
[Arg6 ,MePhe8 ]SP 

His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2 
pyr-Phe-Phe-Gly-Leu-Met-NH2 
Pyr-Phe-Phe-Pro-Leu-Met-NH2 

Arg-Phe-MePhe-Gly-Leu-Met-NH2 

NK-3 sites on postganglionic neurons (atropine-sensitive): 

Neurokinin B 
Senktide 
Antagonist C 
[Cys2.s]NKB 

Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2 
Suc-Asp-Phe-MePhe-Gly-Leu-Met-NH2 

Asp-pro-His-Asp-Phe-trp-Val-trp-Leu-Met-NH2 
Asp-Cys-His-Asp-Cys-Phe-Val-Gly-Leu-Met-NH2 

NK-2 and NK-3 sites (weak, little selectivity) 

Eledoisin 
Kassinin 

Pyr-Pro-Ser-Lys-Asp-Als-Phe-Ile-GLy-Leu-Met-NH2 
Asp-Val-Pro-Lys-Ser-Asp-Gln-Phe-Val-Gly-Leu-Met-NH2 
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SECTION 1.0 Chemistry 

1. Tissue Extraction. SP was originally extracted by mincing tissue 

in acidic ethanol. After stirring for 1 hour the alcohol was evaporated 

under reduced pressure. Lipids were removed by ether in which SP is 

insoluble (Euler and Gaddum, 1931). A simpler method used later (Lembeck 

and Zetler, 1971) was to suspend the minced tissue in acidified water and 

then to boil for a few minutes. After neutralization the extract could 

then be immediately tested on various biological preparations. 

SP could be precipitated from aqueous solutions by ammonium sulphate 

while most other biologically active comounds such as histamine, 5-

hydroxy-tryptamine (S-HT), and adenosine nucleotides remained in the 

supernatant. 

2. Purification. The first attempt to purify SP was made in 1953 

(Pernow) when Pernow obtained a high degree of purity by absorption of SP 

from alcoholic solution on an aluminium oxide column, followed by elution 

with butanol/acetic acid/water. A highly active preparation that 

contained 13 amino acids was obtained. Further use of advance 

purification procedures like gel filtration, ion exchange chromatography, 

and high voltage electrophoresis yielded pure SP preparations. The first 

complete purification of SP was done by Chang and Leeman (1970) as a 

"result of a serendipitous finding rather than an international effort." 

While involved in an attempt to isolate a corticotropin-releasing factor 

from the bovine hypothalumus, Leeman and Hammerschlog (1967) found a 
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peptide material showing sialogogic (producing a flow of saliva) activity. 

The amino acid composition of SP was determined by chymotryptic cleavage, 

Edman degradation and carboxypeptidase treatment and found to be: H-Arg

Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 • 

In 1973 Studer et al. isolated SP from horse intestine. The tissue 

extraction was done according to von Euler and Gaddum (1931) and the amino 

acid composition and sequence of the SP from intestine was identical to 

that of the sialogogic peptide from the bovine hypothalamus. 

3. Chemical Properties. Carraway and Leeman (1979) obtained SP 

crude fractions (70,000 sialogogic doses, i.e., 7 x 106 Euler units, 

corresponding to about 3 mg of pure SP) as a side-product during 

purification of neurotensin from 180 kg of bovine hypothalumus. SP is 

soluble in polar solvents (water, ethanol, aqueous acetone, 

trichloroacetic acid, etc.) and insoluble in non-polar organic solvents 

(ether, benzene, chloroform, etc.). Crude preparations of SP are very 

stable and can be boiled for an hour at pH 3-5 without appreciable loss 

of activity (Gaddum and Schild, 1934). They are also stable for several 

years in aqueous solution kept at 4°C. Heating of crude SP with 1 N Hel or 

1 N NaOH in a boiling water bath for 10 minutes reduced the activity to 

5% and 2%, respectively (Amin et al. 1954). Pernow (1961) found that 

freezing and thawing of purified preparations reduced their activity by 

about 50%. 

Pure SP, because of its basic groups, is readily adsorbed onto glass 

surfaces but even in silicone-treated or polyethylene vessels the 
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biological activity is reduced by 50% in one hour. Its isoelectric point 

was found to be 9.9-10.1 (bovine brain). The specific optical rotation 

of SP [alo (acetic acid) was -76.0° at 27°C (Yajima and Kitagawa, 1973) and 

-76.5° at 24° (Fischer et a1., 1974). 

4. Synthesis. The first synthesis by solid-phase Merrified method 

using a benzhydrylamine resin as support (Treager et al., 1971) gave a 

product of full biological activity indistinquishable from the SP isolated 

by Chang and Leeman. Conventional solution phase synthesis (Bayer and 

Mutter, 1974) has also been described. Because in the final stage of 

purification may differ depending on the method used, the final 

hygroscopic product will have a different molecular weight than the 

theoretical weight of 1347.7, and should serve as the basis for 

calculation of dilution. 

SECTION 1.1 Molecular Conformational Theories 

There have been several models proposed in the literature for the 

conformation of SP in solution and its mechanism of action. This section 

will describe three major models that exemplify different techniques used 

to predict the "bioactive conformation" of SP at its receptor and the 

mechanism of action at its receptor: first, the 'catalytic mechanism' 

model base on thermodynamic calculations (Schwyzer, 1986a); secondly, a 

'structural' model based on NMR, CD, and SAR results (Lavielle et al., 

1988; Ploux et al., 1987; Chaissang et al., 1986); and thirdly, the low 
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energy 'conformers' models based on theoretical molecular mechanics 

calculations (Manava1an and Momany, 1982). 

Schywzer et a1. (1986a) have described the characteristics that each 

tachykinin should have for selecting each receptor subtype. This model 

is based on thermodynamic calculations, physical and spectroscopic 

measurements. The three types of tachykinin receptor subtypes can be 

explained by the following characteristics: 1. the NK-l site appears to 

be exposed to a hydrophobic membrane compartment and the C-termina1 

segment is required to adopt a perpendicular orientation to the surface 

of the membrane (the peptide message domain) as an a-helix; 2. the NK-2 

sites are located near the (aqueous) anionic membrane layer and prefer a 

folded conformation of the positively charged peptide; and 3. the NK-3 

site may be exposed in the aqueous compartment in a positively charged 

local environment. 

These membrane requirements suggests membrane catalysis of receptor 

subtype NK-l and NK-2, and supplement the classical receptor requirements 

for a specific amino acid sequence and a receptor-induced conformation. 

The steps in the 'catalytic mechanism' are as follows: 1. the surface 

accumulation of charged ligands; 2. the ligand-membrane interactions 

(these reactions display C-termina1, conformational selectivity of binding 

to model lipid bilayer membranes); and 3. ultimately binding to the 

receptor itself. 

This model describes the gross structural charact~ristics of the 

receptor and peptide interactions, but does not address specific 
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structural or conformational requirements. The following 'structural' 

model is based on structure-activity relationships and spectroscopic 

measurements. 

The 'structural' model (Lavie11e et a1. 1988; P10ux et al. 1987; 

Chaissang et a1. 1986) (Figure 1) describes in detail the suggested 

conformation of SP at its receptor. They have also suggested the following 

general structural characteristics observed by nuclear magnetic resonance 

(NMR) and circular dichroism (CD) for the undecapeptide SP: 1. the N

terminal sequence confers in each peptide a completely different three

dimensional conformation on the C-termina1 sequence; 2. the monomer of SP 

presents a complex equilibrium of conformers in water; and 3. the addition 

of sodium dodecylsu1fate (SDS) to water induces a preferred a-helical 

conformation similar to the conformation observed in methanol. 

From these results they suggest the following 'structural' model of 

SP (Figure 1): 1. flexibility (random orientation) of the N-termina1 H

Arg1 -Pro2 _Lys3_ sequence; 2. the central segment (-Pro4 to Phe8-) can assume 

either an a-helix (preferred by the authors), 310 helix (-G1ns-G1n6 -Phe 7-

Phe8 -), or ~-he1ix(-Lys3 to Phe8); 3. the C-terminal carboxamide hydrogen 

bonds with the r-carbony1 amide of the G1ns and G1n6 residues; 4. a C7 

orientation for Leu10 ; 5. the Phe8 has a phi angle about 60°; and 6. the 

G1y9 has a phi angle of 120° and psi angle of 180°. From this consolidated 
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structural' model, they have hypothesized the molecular lkinematics 

necessary for interaction between SP with its receptor: 1. the Gly9 plays 

the role of a hinge, either to re-orient the C-terminal sequence towards 

the binding site or to bring the Met11 carbonyl in close proximity to the 

r-carbonyl amides of GIns and Gln6 ; 2. the SP receptor recognizes the side 

of the a-helix bearing the side-chains of Phe7 and PheB
; 3. the Argl

guanidinium group interacts with a lipid phosphate group; and 4. the C

terminal tripeptide undergoes a conformational change to either allow the 

sulfur of Met11 to chelate with an electrophile or the C-terminal amide 

to interact with a carbonyl site in the receptor. Furthermore, from this 

molecular kinematic mechanism, they suggest that the C-terminal amino 

acids might be regarded as the "message sequence" (required for biological 

activity), and the different N-terminal sequence of the tachykinin primary 

structure as being the "address sequence" (not required for biological 

activity but required for binding), and are therefore related to 

specificity of each peptide for its own receptor. 

Therefore, they proposed a two-step mechanism for binding of the 

ligand to the receptor: 1. in the first step the substrate binds to the 

lipid membrane via the phospholipid compartment, and this is followed by 

two dimensional diffusion of SP and the receptor on the surface of the 

membrane; and 2. the second step, the binding step, to the membrane 

1 Kinematics. Def: [from greek kine in , to move]. 

exclusive of the influence of mass and force. 

The study of motion 
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induces a specific conformation of SP which is similar to that observed 

in methanol and aqueous SDS. 

The final model is based on molecular dynamic calculations. Low 

energy conformers of SP were calculated by Manavalan and Momany (1981). 

They have described the characteristics of three families of SP type 

conformers, the SPI, SPII and SPIll, and another family of conformers that 

does not fall into the structural catagories of the other three. 

In both BN6 and AJ6 (notation for conformers by Manavalan and 

Momany, 1981; Fiqure 2), in the SPI family of conformers, the Phe 7 and 

Leu10 side-chains are close together, the Phe8 and Met11 point in opposite 

directions, and there is hydrogen bonding between a-carbonyl of Gln6 and 

the amide hydrogens of Met11 • The only difference between BN6 and AJ6 is 

a 180 0 rotation of the Phe8 _Gly9 trans amide bond. 

They have suggested the following characteristics for the lowest 

SPII type conformers (Figure 3). The Phe7 and Leu10 side-chains are 

parallel, the Phe8 is in the opposite direction, the Met11 and Leu10 side

chain are parallel and there is hydrogen bonding between the 5-carbonyl 

amide of GInS and the carbonyl of Met11 • The last group is the SPIll type 

structural conformers ADI or BHl (Figure 4). These two conformers have 

similar side chain orientations but different backbone angles at the 8th 

and 9th positions. All of the polar side chains are aligned parallel to 

one another and point in the same direction. The nonpolar groups, except 

for Met11 , are on the opposite side. The two Phe aromatic rings appear to 

interact with each other. There is a type III bend at the Phe7 and Phe8 
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Glnl, 

Figure 1. The Structural Model of substance P 
by Chassiang et a1. (1986). This model is based on 
the result from NHR analysis. CD studies and 
structure-activity-relationships. See text for 
details. 



Figure 2. The low energy conformers of SPI. BN6 (top) 
and AJ6 (bottom). This model is the result of 
NHR analysis, CD studies and structure-activity 
relationships. See text for ~etails. 
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Figure 3. The low energy conformers of SPII. BM6 (top) 
and AI6 (bottom). This model is the result of 
NMR analysis, CD studies and structure-activity
relationships. See text for details. 
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Figure 4. The low energy conformers of SPIll. ADl (top) 
• and BHl (bottom). This model is the result of 

NMR analysis, CD studies and structure-activity 
.relationships. See text for details. 
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Figure 5. The low energy conformer AN3. 
This model is the result of NMR analysis, 
CD studies and structure-activity-relation
ships. See text for details 
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residues for conformer AD1 and a type I bend for BH1. The C-termina1 

amide group is hydrogen-bonded to the N-termina1 amine and to the carbonyl 

oxygen of Argl and Lys3. The G1ns side chain interacts with the backbone 

of PheB
• 

Another conformer, unrelated to the previous three (and favored by 

Escher et a1., 1982), and described by Manava1an is ~~3 (Figure 5). This 

conformer shows the close proximity of the polar groups Argl, Lys3, and 

G1n6 • The Leu10 and Metll side chains have favorable interactions with each 

other. The residues Phe7 and Phe B
, which point in opposite directions, 

have no apparent interaction with any other side chains. The overall 

shape of the molecule in this conformer indicates the residues from Arg to 

Phe form an almost extended structure and that only the last four residues 

fold around. The MetH C-termina1 amide group hydrogen bonds to the 

carbonyl oxygens of both Phe7 and PheB, while the side-chain amide group 

of Gln6 interacts with the C-termina1 amide carbonyl, further stabilizing 

this conformer. 

Taking the results of several analogues into consideration they feel 

that the QR conformation region may not be favorable for residues at the 

7th and 8th position. Therefore conformers having 2( - ,+) region at the Phe7 

and PheB positions and (-,+) or (-,-) regions at the G1y9 position seem to 

the conformationally favorable. And the lowest possible conformer that 

2 (_,+) _ the sign designate the position of the phi and psi angles in a 

Ramachandran plot without the magnitude of the angle 
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fits these criteria is the AN3 conformer. 

With these models they have proposed a mechanism for receptor-ligand 

interactions. They suggested that the alignment of polar groups to one 

side of the molecule and non-polar groups to the other side of the 

molecule or the uniform distribution of polar groups on either side 

suggests that the segment interacts with polar head groups of the lipids 

on the surface of the membrane, allowing the nonpolar region of SP(6-1l) 

to interact at the receptor. 
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SECTION 1.2 General SAR Characteristics of Substance P 

Table 3 contains comments by authors describing the function of each 

segment or amino acid that constitutes SP. These remarks are taken 

directly from the literature and are coded according to the type of 

methodology used to arrive at each statement. Table 3 has nine sections: 

A. general observations about the conformation of the full sequence of SP; 

B. suggested characteristics of the N-terminal sequence; C. general 

observations for position 5; D. general observations for position 6; E. 

general observation for position 7; F. observations for position 8; G. 

observations for position 9; I. observation for position 10; and H. 

observations for position 11. This table will be used as a quick 

reference throughout the following discussion of the analogues. 

As previo~sly mentioned, these observations are now complicated by 

the discovery of multiple tachykinin receptors. 
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Table 3. General Characteristics of the Conformation of Substance P (Code: 
A - drawn from structure activity relationships; B - drawn from physical 
measurements (NMR, ORO, ets.): C - theoretical calculations). * Indicates 
observation for physaelamin (substance P-like). 

A. General Observations CODE 

Formation of intra-molecular hydrogen bond between the amide 
proton of GIns and a carbonyl group, probably the C-terminal region 
(Inagaki et al.,1978) ............................................. B 

The CD does not give any support for the occurrence of 
an ordered structure, such as helix or g-structure in dilute 
aqueous solution for SP. The results suggest a synchnological 
organization for SP (Mehlis et al., 1980)..... ..... ..... .......... B 

Trans-olefinic for the amide Phe8 -Gly9 allowed (Chorev et 
al., 1983)........................................................ A 

These results suggest the existence of different classes 
of SP receptors (Teichenberg et al., 1981).... ....... ............. A 

All polar groups (Asp, Lys, Asn, MetNH2 ) are on one side 
(Bernier, 1984)................................................... A 

All hydrophobic groups (Phe,Tyr, Leu) are on the other 
side (Bernier, 1984).* ........................................... B 

Presence of N-methyl in the Glns-Phe7 bond reduces 
activity, or retro inversion ot the same bond abolishes activity 
Chorev et al., 1983).............................................. A 

Both Phe8 -Gly9 and Gly9-Leu10 peptide bonds allow 
for N-methyl substituents (Chorev et al., 1983) .. ,. ...... ......... A 

The most sensitive part to substitutions in the SP molecule 
is the C-terminal carboxyamide function. Affects selectivity of 
compounds. (Chorev et a1., 1983)................................... A 

Retroinversion of Phe8 -Gly9 allowed. (Chorev et al., 1983).... A 

Neither the carbonyl nor the amide protons are par-
ticipating in hydrogen bonding for Phe8-Gly9(Chorev et al., 1983).. A 

Penetration of lipid bilayer, the effective dipole moment 
stabilizesthe orientation of the SP a-helix on the membrane 
(Schwyzer, 1986a)................................................. B 



Almost perpendicular orientation of the SP Cterminal a-helix 
in contact with flat lipid membranes (Schwyzer, 1986a)... ..... .... B 

Random conformation in water, highly ordered structure on 
membranes (Schwyzer, 1986a)....................................... B 

Hydrophobic membrane layers are assumed to induce a-helix 
conformation (Schwyzer, 1986a)... ...... ..... ..... ........ ......... B 

Peptides partitioned into the organic phase as a function 
of the positive charge on the peptide and negative charge on the 
lipid (Schwyzer, 1986a)........................................... B 

Influence of membrane lipids on SP conformation may be 
critical to SP receptor interactions (Schwyzerm 1986a). ....... .... B 

SP interacts reversibly with lipid membranes from its 
aqueous solution (Schwyzer, 1986a) ................... ,. ..... ..... B 

The 3-D structure of SP is influenced strongly by its 
environment (Chaissang et al., 1986) ................ '" ..... ...... B 

Physaelamin shown to adopt very close spatial structure 
(Bernier, 1984). * ................................................ B 

No self-association of the peptide when bound to micelles 
(Wooley et al., 1987)............................................. B 

Charge of lipid (negative or neutral) had a pronounced ef-
fect on the strength of binding, but did not affect the actual 
induced conformation of SP (Wooley et al., 1987) ..... ,. ... ..... ... B 

"Reduction of Dimensionality," the lipid-induced confor-
mation is the one recognized by the receptor, therefore, it is 
unlikely that anyone physical parameter will correlate well with 
potency (Wooley et al., 1987)..................................... B 

SP unstructured in water with aggregation-random coil 
(Sugano et al., 1987)............................................. B 

In MeOH/water(80/20) - a-helical present (Sugano et al., 
1987) . . . • . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B 

In binding SP with Ac-tubu1in (430-44l)amide the Lys3,Gln5 , 

and Leu10NH protons exhibited a large chemical shift, indicating 
a conformational change of both peptides on interaction (Sugano et 
a1., 1987)........................................................ B 
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CD suggest a-helix centered from Pro4 to Phe8 region (Laviell 
et al., 1987)..................................................... B 

Core of SP (Pro4 -Phe8 ) a-Helical (Chaissang et al., 1984).... A 

The 3-D structure of SP is strongly influenced by its envi
ronment (Lavielle et al., 1988): 

a. random conformers in water. 
b. &-pleated sheets in DMSO. 
c. in MeOH the conformers show: 

1. a-helical Gln4 to Phe8 segment. 
2. flexibility of N-terminus tripeptide. 
3. folding of C-terminal tripeptide towards core 

peptide, allowing H-bonding to occure........ B 

Pro4 to Phe8 adopts a-helical structure (Lavielle et al., 
1988) .......... , .... '" .............. '" ...... , ..... , ..... .. ... . . . B 

The receptor recognizes the side of the helix bearing 
the Phe7 and Phe8 side-chains (Lavielle et al., 1988)... ........... B 

Gly-Leu-Met-NH2 folds to form H-bond with Gln6 T-amides 
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(Laviel1e et al., 1988)........................................... A. B 

B. Suggested Characteristics of the N-Terminal Segment of SP. 
SP - H-Arg-Pro-Lys-Pro-

NKA - H-His-Lys-Thr-
NKB - H-Asp-Met-His-

Phys - pG1y-Ala-Asp-Pro
Ele - pGlu-Pro-Ser-Lys-

The N-terminal sequence may be important in regulating SP 
activity (Teichenberg et al., 1981).... .... ....... ............. ... C 

Residues 1 to 5 show considerable conformational flexibility 
and can adopt numerous conformational states with significant 
changes in energy (Manavalan and Momany, 1982).................... A 

N-termina1 necessary to stabilize agonist conformation 
(Murokoshi et al., 1983).......................................... A 

The addition of the N-terminus restores some of the 
activity when D-amino acids are substituted in the C-terminus 
(Murokoshi et al., 1983).......................................... A 
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B-Turn involving Pro4-Asn5-Lys6-Phe7 (Bernier, 1984).*....... B 

The Arg-Pro-Lys is flexible (random conformation) (Lavielle 
et al., 1986)..................................................... A,B 

Deletion of one amino acid from N-terminus causes decrease 
in activity in Bolton-Hunter SP binding (Lavielle et al., 1986) ... A,B 

Positive charge is necessary for first position in binding 
(Lavielle et al., 1986)........................................... A,B 

Positive charge is not necessary for the third position 
during binding (Lavielle et al., 1986) ............................ A,B 

N-Terminus remains in a random flexible conformation when 
imbedded in lipid bilayer, exposed to aqueorminal is in an ex
tended conformation (Schwyzer et al., 1986a)..................... B 

The N-terminal increases the a-helical nature of SP (Schwyz-
er, 1986a)........................................................ B 

The N-terminal is in an extended conformation (Schwyzer, 
1986a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B 

An amino acid in N-terminal contributes stabilization to 
C-terminal conformation (Cascieri et al., 1986)..... .............. A 

N-Terminus h~s essential function for biological action 
(Cotrait and Hospital, 1986)...................................... A 

N-Terminus influences the C-terminal conformation (Ploux et 
al., 1987)........................................................ A,B 

Nonhomologous N-terminal sequence of SP and NKB might 
adopt similar three dimensional structure when bound to respec-
tive receptors (Ploux et al., 1987) ............................... A,B 

From the potentiometric data, it is proposed that the 
N-terminus of micelle-bound SP is located on a micelle surface, 
where as the N-terminal NH3+ group forms an ionic bound with the 
sulfate head group in SDS (Wooley, 1987) .......................... B 

Flexibility of N-terminal (Arg-Pro-Lys) segment (Lavielle et 
al., 1988)........................................................ B 

The Argl guanidinium group interacts with either a carb-
oxylate or phosphate group on the receptor (Lavielle et al.,1988). B 
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Change of proline by GIn in 2 and 4 position has little 
effect (Franzen et a1., 1982)..................................... A 

Replacement of Arg or Lys by GIn has little effect (Franzen, 
et al., 1982)..................................................... A 

C. General Observations for Position 5 (GIn, Asp, Asp, Asn, Asp). 

No special function could be found for the amide side-
chain (Escher et al., 1982)....................................... A 

All modifications cause only minor changes (Theodoropoulos 
eta1., 1983) ...................................................... A 

a-Helical promotor Met allowed (Lavielle et al. 1986) ....... A,B 

D. General Observations for Position 6 (GIn, Ser, Phe, Lys, Ala). 

Position 6 functionally more active than position 5 (Theodo-
ropoulos et a1., 1985)............................................ A 

Increased in vivo biological activity was observed 
with more lipophilic amide substitutions (Escher et al., 1982).... A 

Cyclic between 5 and 6 strongly reduces biological 
activity (Escher et a1., 1982).................................... A 

Changes in 5 or 6 are tolerated (Theodoropoulos et al., 
1985). . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A 

Increased lipophilicity increases activity (Theodoropoulos 
etal., 1985) ..................................................... A 

a-Helical promotor Met allowed (Lavie1le et al., 1986) ...... A,B 

Position 5 can accomodate a positive charge or proline 
(Franzen et al., 1982)............................................ A 

Carboxamide interacts with 
a. elements of C-terminal to stabilize structure. 
b. receptor -- H-bond acceptors (Poulos et al., 1986).... A 

Side-chains of position 5 are neither involved in the bind
ing with the receptor nor contribute any special folding by H-
bonding (Cotrait and Hospital, 1986).. ... ... ... ............. ...... C 



E. General Observations for Position 7 (Phe, Phe, Phe, Phe, Phe). 

The distribution of different sets of rotational isomers of 
the Ca-Cp bond was found to be very similar for longer 'active'fra
gments and differed significantly from that of shorter 'inactive'
fragments. This observation suggests that at least one of the Phe 
side-chains requires a constrained conformation in order to 
interact properly with the SP receptor (Inagaki et al., 1978).... G 

lH-n.m.r. of SP revealed that the spatial arrangement of the 
Phe side-chain differs between biologically 'active' and 'ina-
ctive' C-terminal fragments. (Inagaki et al., 1978).. ..... ......... G 

Replacement of Phe7 is accompanied by variable loss of 
apparent affinities with little or no change in intrinsic activity 
(Fournier et al., 1982)........................................... A 

The length of side chains seems to be important for optimum 
interactions, absolute configuration important (Fournier et al., 
1982) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A 

p-Aromatic position: N02 (67%), NH2 (65%), Cl(44%) (Munehate et 
Kanazawa, 1982)................................................... A 

Q-R Conformational region unfavorable (Manavalan and Momany, 
1982) . . . . . . . . . . . . . . . . .. . . . . . . . . . .. . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . A 

Neither para electron-donating nor electron-withdrawing 
groups had any significant effects (Escher et al., 1982).......... A 

No apparent correlation between the lipophilicity of the 
para-substituent and biological activity (Escher et al., 1982).... A 

Only conformers with (-,+) region favorable (Manavalan and 
Momany, 1982)..................................................... A 

Aromatic planar structure may not be a requirement (Escher 
et al., 1982)..................................................... A 

Disruption of possible inter- or intra-peptide hydrogen 
bond when amide bond alkylated cause decreased potency (Ribeiro et 
al., 1982)........................................................ G 

Steric factors are probably important (Escher et al., 1982). 

Restricted rotation of the phenyl nucleus around its G(l)
C(4) axis may also be a requirement. Such a condition could be 
fullfilled by a cyclic structure but not by aliphatic side-chain 
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(Escher et a1., 1982)............................................. A 

Not only the 'spare volume' but also the chirality of the 
residue appears to be crucial for biological activity (Escher et 
a1., 1982)........................................................ A 

Phe7 is fundamental for biological activity (Lavie11e et a1., 
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1988) ............................................................. A,B 

F. General Observations for Position 8 (Phe, Val, Val, Tyr, lle). 

D-Amino acids cannot be tolerated (Fournier et al., 1982)... A 

Aromatic and nonaromatics with neutral branched side 
chains can be tolerated (Fournier et a1., 1982)................... A 

p-Aromatic position: NOz(lOO%), NHz(85%), C1(60%) (Munehate 
et a1., 1982)..................................................... A 

QR Conformational region unfavorable (Manavalan and Momany, 
1982) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C 

Only conformers with (-,+) region favorable (Manava1an and 
Momany, 1982)..................................................... C 

Changing the chirality is not permitted (Fournier et a1., 
1982). . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . A 

This position may determine selectivity between receptors 
(Fournier et a1., 1982)........................................... A 

Neither strongly electron-donating nor strongly e1ectron
withdrawing groups in the para position seem to have any sig-
nificant effect (Escher et a1., 1982)............................. A 

Position 8 is more tolerant than position 7 to changes 
(Escher et a1., 1982)............................................. A 

No correlation between biological activity and lipo-
phi1icity has been found (Escher et al., 1982)...... .... ......... A 

Can be replaced by N-methy1 analogues (Cotrait and Hospital, 
1986) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C 

Can be replaced by Tyr or lle without loss of activity 
(Cotrait and Hospital, 1986)...................................... C 



The presence of an aromatic or branched chain amino 
acid in this position does not determine selectivity (Cascieri et 
al., 1986)........................................................ A 

A transB-trans9 form is likely to bear a greater 
resemblance to the native conformation of SP, although 
the occurence of two methyl gro·ups on NB and N9 might be 
responsible for conformational differences as a result 
of local steric hindrances (Calais et al., 1987)....... ..... ...... A 

Modification of this position when in cyclic analogues 
affects the potency and selectivity of the analogues (Ploux et 
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al., 1987)........................................................ A,B 

Can confer selectivity of action (Lavielle et al., 1988) .... A,B 

G. General Observations for Positon 9 (Gly, Gly, Gly, Gly, Gly). 

D-residues (ala, pro) can be inserted and retain good B 
activity (Fournier et al., 1982) ................................. . 

Analogues suggest that in position 9 (-,-) and (-,+) are 
more favorable than (+,-) and (+,+) (Manavalan and Momany, 1982) .. B 

[D-Pro] SP potent and selective SP1 on GPI (Piercy et a1., 
1985) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B 

R lactam tolerated and selective (Cascieri et al., 1986).... B 

Can be replaced by by Ala or Sar but not by D-Ala or B-Ala 
(recall r-reverse turn) (Cotrait and Hospital, 1986).... ......... B 

Glycine plays role of hinge (Lavielle et al., 1986): 
a. C-Terminal of Glns,s and MetllNH2 interactions. 
b. C-Terminal sequence to bind to the receptor........ ... B 

Can be replaced by N-methyl analogues (Cotrait and Hospital, 
1986) . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B 

Turn structure leads to spatial proximity of the C-terminal 
Met with the GIn side chains (or at positions 7-8) (Ploux et al., 
1986). .•... ... ..•... .•.................... ..... ................... B 

Ala (a-helix promotor) increases potency (Franzen, 1982).. B 



H. General Observations for Position 10 (Leu, Leu, Leu, Leu, Leu). 

Amino acids which increase B-sheets (Val) are un-
favorable, decreases a-helix (Franzen et al., 1982)............... A 

a-Helix promotor Ala favorable (Franzen et al., 1982)....... A 

D-Isomer substitution of Leu causes a perturbation 
of the active conformation, disruption of a hydrogen bond (Murako-
shi et al., 1983)................................................. A 

D-Isomer fragments are less potent than full length 
analogues (Murakoshi et a1., 1983)............................... A 

I. General Observations for Position 11 (All peptides have Met-NH2). 

Replacing Metll with an isosteric residue (N1e, Ethionine) 
does not severely affect the potency (Couture et al., 1979)....... A 

Analogues with L-Ala or L-Leu show selectivity for GPI 
vs RVD (Couture et a1., 1979)..................................... A 

The hydrophobicity of the COOH-terminal portion of SP 
may be important for the molecule in its interation on the GPI.... A 

The spatial orientation of Metll is important (D-AA not
tolerated) (Franzen et a1., 1982)................................. A 

The size of the side-chain is critical (Franzen, 1982) A 

The sulfur atom is not essential (Franzen, 1982). A 

Presence of -COOH is not tolerated; must be amidated A 
or methylated (Franzen, 1982). 

Met-NH2 required for any type of activity (Escher et a1., A 
1982). 

Binding locus of SP does not accept anything larger A 
than a primary amide (Escher et al., 1982). 

Both amide hydrogens participate with the receptor and/or A 
intramolecularly (Escher et al., 1982) ........................... . 
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Chirality of this residue is important (Founier et al., 
1982). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A 

Chirality of this residue is important (Escher et al., 
198 2 
)....................................................... •••.••. A 

C-Terminal amide forms hydrogen bonds simultaneously to Phe7 

and Phe8 (Escher et al., 1982).................................... A 

A heteroatom in the 6-position could easily form a 
six-membered intramolecular hydrogen bridge to one of the 
primary amide protons; however such a hydrogen bridge with 
a thioether or a disulfide should be extremely weak (Theodoropoul-
osetal., 1982) .................................................. A 

Selenium11-allowed (Theodoropoulos et al., 1983)........ ..... A 

C-Terminal amide bond important for hormonal binding (Rib-
eiro et al., 1983)............... ................................. A 

D-Isomer substitution of Met causes a perturbation 
of the active conformation, disruption of a hydrogen bond (Ribeiro 
et al., 1983) ............................... :..................... A 

C7 Extended or B-end type IV (Ribeiro et al., 1983)......... A 

All peptides with disulfide bridgehead at positon 11 
are inactive (Theodoropoulos et al., 1983)....... ... ..... ......... A 

Thus, within limits, neither the size nor the lipophilicity 
of this side-chain are seemingly crucial for biological acitivty 
(Escher et al., 1984)............................................. A 

Cyclization should not utilize the residue 11 (Theodoroupol-
os et al., 1983).................................................. A 

Gly-Leu-Met-NH2 folded to allow favorable hydrogen bonding 
between C-terminal carboxamide and the two primary amides from 
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GIns and GIns (Lavielle et al., 1986) .............................. A,B 

The C-terminal tripeptide undergoes a conformational 
change allowing the interactions of the C-terminal amide with 
a carboxylate and that of the sulfur atom with an electrophile 
of the binding site (Lavielle et al., 1986) ....................... A,B 
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Hydrogen bonds between Gln5,6 and Met11NH2 do not seem 
necessary for full binding (Lavielle et al., 1986) ................ A,B 

Terminal Met-amide group essential to the activity 
and supposed to interact with the receptor ( ) ............ , A,B 

Basic character at position 11 is undesirable (Poulos et a-
1., 1986)......................................................... A 

Sulfur atom specific for binding (Lavielle et al., 1986) .... A,B 

The side-chain of Met is directly interacting with a 
lipophilic pocket on the receptor (Poulos et a1., 1987). 

a. possible steric reasons for 6-position. 
b. possible metal-ion chelation ............................ , A 

Lipophilic character and size of other side-chain may 
also be important determinants of biological activity (Poulos et 
al., 1987).... ... ..... ............................................ A 

The side-chain is probably responsible for effective 
intramolecular interactions and/or receptor activation (Poulos et 
al., 1987)........................................................ A 

Gly-Leu-Met-NH2 must undergo a conformation change when inte
racting with the binding site; therefore, a certain 
degree of flexibility is required (Ploux et al., 1986)............ A 

Sulfur interacts with electrophile of binding site (Lavielle 
et al., 1988)..................................................... A ,B 

C-terminal peptide is at the origin of selectivity (Lavielle 
et al., 1988) ..................................................... A,B 

A positive charge (S-methyl-Met) is tolerated in undeca-
peptide, reduced potency in hexapeptide ( ) ............ A,B 
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The following Tables 4,5,6 and 7 are analogues taken from the lite

rature that have been made with specific substitutions in the 9, 10 and 

11th positions. These analogues wil1.be used as a reference throughout 

the following text. 



TABLE 4. Substitution in substance P at Position 9. 

A. Full Length Analogue: Compound EC50(Ref SP EC50) [reI. act; SP-1]. 

COMPOUND GPI(nM} II-BHSP(nM) I-BHELE(nM} REF 
SP .44 210 10 1 
[A1a9]SP .37[1.2] 2 
[Met9]SP .53[1.4] >10+4 (130) 51(0.64) 3 
[A1a9]SJ? 1.7[1.7] 4 
[A1a9]SP 2.0 1.3 >10+4 5 
[Sar9]SP 2.4 3.1 110 6 
[Pro9]SP 2.5 2.9 >10+4 6 
[D-A1a9] SP 20 7 
[D-Leu9]SP 62 5 
[D-Leu9]SP 88[0.5)* 8 
[D-Pro9]SP 100 670 >10+4 6 
[D-A1a9]SP 180 550 >10+4 6 

B. Fragments. 

COMPOUNDS GPI{nM) I -BHSP(n..'1) REF 
[<G1us , ] SPS-l~ 0.04 
[<G1us ,D-Ala ]SPS- ll 0.2 
[<G1us ,A1a9 ]SPS_ll 0.4 
[<G1us , (R)G1y(ANC-2)9] SPS- 1 1. 2 
[<G1us , trans-L-Pro(4-0Bz1) h) SPS- ll 1. 2 
[<G1us , Sar9 ] SPS- 11 2.0 
[<G1us , Pro9] SPS- 11 2.5 
[<G1us ,D-Prog

] SPS- ll 10 
[<G1us ,MePhe8 ,MeG1y9]SPS_ll 40(1.8) 
[D-Pro9] SPS- ll 308 
[D-A1a9] SPS-ll 900 
[ <G1us ,Pro ] SPr 11 > 1000 
[<G1us , (S)G1y( ANC-2)9] SP6- 11 >1000 

16,000 

5,300(Senktide) 
67,000 

[Pro9] SPS- ll >1654 
[<G1us ,D-Leu9]SPS_ll >2,20 0[0.02]* 
[<G1us ,cis-D-Pro(4-0Bz1)9] SP6- 11 >20J.lM 

8 
9 
9 
1 

10 
10 
10 
10 
11 
12 
13 
14 
1 

15 
16 

10 

1. Cascieri et al., (1986) 9. Yamaguchi et al., (1979). 
2. Franzen et a1., (1982) 10. Chipkin et al., (1977). 
3. Lavie11e et a1., (1986). 11. Lavie11e et a1., (1988). 
4. Founier et a1., (1980). 12. Rubini et a1., (1987). 
5. Fournier et al., (1982). 13. Lepkowski et a1., (1981). 
6. Lavie11e et a1., (1988). 14. Leban et a1., (1979). 
7. Calais et al., (1987). 15. Piercy et a1. (1985). 
8. Laufer et al., (1986). 
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TABLE 5. Substitution in substance P at the Position 10. 

A. Full Length Analogues. 

COMPOUND 
SP 
[MeLeulO]SP 
[ProlO] SP 
[A1alO]SP 
[VallO] SP 
[D_LeulO ] SP 

B. Fragments. 

3I-BHSP(nM) 
210 

7.4 
14 

COMPOUNDS I-HSP(nM) 
[D-LeulO]Sps_

U [<G1us ,MeLeu ] SPS- ll 

1. Fournier et a1., (1980). 
2. Lavie11e et a1., (1988). 
3. Fransen (1983). 
4. Murokoshi et al., (1983). 
5. Laufer et a1., (1981). 

3I-BHELE(nM) 
10 

2.9 

GPI(nM) REF 
.44 1 

2.0 2 
2 

3.2(1. 7) 1 
4.7[0.36] 3 

20(8) 4 

I-BHELE(nM) GPI(nM) REF 
2 x lO-s M 4 

5 
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TABLE 6. Substitutions in Substance P at Position 11. 

A. Full Length Analogues. 

COMPOUND 7iI-BHSP(nMl I-BHELE(nMl GPI(nM) REF 
SP .6 - 1.4 .8 - 1.7 1,2,3 
[(rac)Se-Met11 ]SP 0.9 3 
[S -bz1Hcyll] SP .64 1.1 4 
[S-dansy1Hcyll]Sp 4.3 1.1 4 
[Met(O) 11] SP 304 0.8 - 2 4 
[Leull]SP 4 5 
[Met+(CH3) ]SP 5 6 
[N1ell ]SP 154 (2.8)13 1.1 - 12 1,2,3,4 
[Hcyll]Sp thio1actone 24 7.5 4 
[A1a11 ]SP 9 5 
[(SEt)Cysll]Sp 15 3 
[(S-bz1)Cys11] SP 31 3 
[D-Met11 ]SP 50(200) 1,7 
[(SSCH3>Cys11] SP 100 3 
[ (OEt)Serll]SP 130 3 
[(OCH3)Hsell ] SP >10-6 3 
[des-Met11 ]SP >3,000(inact) 8,5 
[des -Met11 ] SP 140 8,000 9 

B. Fragments. 

COMPOUND 
SPS- 11 
SP6- 11 

BHSP(nMl 
1. 2 (150)13 

39(130)13 

I-BHELE(nMl GPI(nM) 
3.0 
2.0 

REF 
10 
10 

[ (SEt)CyslljSPs_ll 
[<G1u6 ,cis -L- Pro (4- SMe) 11] SP6- ll 
[<G1u6 , trans-L-Pro( 4-SME) 11] SP6- 1l 

1. Fournier et a1. ,(1982). 
2. Escher et a1., (1982). 
3. Theodoropou1os et a1., (1983) p521. 
4. Laviel1e et a1., (1986). 
5. Theodoropou1os et a1., (1983) p603. 
6. Bienert (1983). 
7. Murokoshi (1981). 
8. Leban et a1., (1979). 
9. Piercy et al., (1982). 
10. Rubini et al., (1988). 
11. G10winski et a1 (1982). 

520(.6) 
33 
>3JlM 
>3JlM 

3 
11 
11 



7. KNOWN CYCLIC ANALOGUES OF SUBSTANCE P. 

Cyclizations in the N-Termina1 Fragments (Argl to G1n6). 

COMPOUND I-BHSP(nM} H-NKA(nM} GPI(nM} 
[Cys3.6, TyrB ,A1a9] SP 0.67 4500 1.6 
[Cys3.6, TyrB, Pr09] SP 3.1 >10+4 2.1 
[Cys3.6, TyrB]SP .47 5000 2.2 
[Cys3. 6 , TyrB , ProlO ] SP 5.1 9200 2.3 
[Cys3.6]Sp 1.3 5200 2.5 
[Cys3.6, Va1B]SP 1.6 63 2.8 

B. Cyc1izations in the Central Fragment (Pr04 to G1y9). 

COMPOUND I-BHSP(nM) :JH-NKA(nM) GPI{nM) 
[D-C~SS, CysB] SP 200 >10+4 70 
[Hcy ,9]Sp 530 >10+4 100 
[CysS,9]Sp 920 >10+4 100 
[D-Cys4,Cys7]Sp 1700 >10+4 100 

C. Cyclizations in the C-termina1 Fragment (GIns to Met l 1). 

COMPOUND I-BHSP(nM) :JH-NKA(nM) 
[Cyss, 11] SP S-l1 ND NA 
[HcyS,l1]Sp 270 >10+4 

[Cyss, 11] SP 360 >10+4 

[D-CysS ,HcylO] SP 1300 >10+4 

[Cys6,l1]SP6_11 ND ND 
[(CH3hG1nS, Cys6 ,11] SPS- l1 NO ND 
NO - no data; NA - no activity recorded. 

1. Lavielle et al., (1988). 
2. Oarman et al., (1985). 
3. Tbeodoropoulos et a1., (1985). 

GPI(nM) 
74.1 
330 
400 

2000 
15,000 

NA 
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REF 
1 

1 
1 

1 
1 
1 

REF 
1 
1 
1 
1 

REF 
2 
1 
1 
1 

3 
3 
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Section 2.0 Tachykinin Agonists 

Many models for the active conformation of SP at its receptor have 

been proposed. Here is a brIef description of the following models 

investigated in this study: (1) the C-terminal amide hydrogens interact 

with the amide oxygens of Gln5 ,s forming a structure hinging at the Gly9 

residue (Chaissang et al., 1986; Figure 1); (2) the LeulO and Metll side 

chains have favorable interactions with each other, the Phe7 and Phe8 side 

chains point in opposite directions with no apparent interactions with 

other side chains, the last four residues fold around and the Metll amide 

hydrogens interact with the carbonyl oxygens of Phe7 and Phe8 (Manavalan 

and Momany, 1981; Figure 5); and (3) the C-terminal segments forms a g

turn (Cotrait and Hospital, 1986; Figure 6). 

We tried to mimic these proposed conformations by introducing C

terminal side chain constraints (Tables 8 and 9). 

The [Cysn,Cysll]Sp (n - 5 or 6) analogues were expected to duplicate 

the hydrogen bonding between the MetllNHz hydrogens and the 6' -cabonyl 

oxygens of GInn (n - 5 or 6) proposed in several models and exemplified in 

Model 1. The [Q_pen9,ll] SP analogues were expected to duplicate the 

Met1lNH2 hydrogen-bonding to the PheBCO by introducing a disulfide 

constraint. The [PenB,Cysll]Sp analogues were expected to duplicate Model 

3 by maintaining a constrained cyclic structure which would allow the 

formation of a B-turn and hydrogen-bonding characteristic of Model 3. 



N--..c. 

o 

o 

Cln 
p 

Figure 6. The conformation of substance P proposed by . 
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Cotrait and Hospital (1986). This model is based on 
molecular dynamics calculations and SAR. See text for 
details. 
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TABLE 8. Structure of New Cyclic Substance P Analogues. 

No. PRIMARY SEQUENCE 

1 2 345 6 7 8 9 10 11 

1 NH2 -Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NHz 

2 NH2 -Cys-Gln-Phe-Phe-G1y-Leu-Cys-NHz 

3 NHz-Cys-Phe-Phe-G1y-Leu-Cys-NHz 

4 NH2 -Gln-Phe-Phe-Q-Pen-Leu-Q-Pen-NHz 

5 NHz-Gln-Gln-Phe-Phe-Q-Pen-Leu-Q-Pen-NHz 

6 NH2 -Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Q-Pen-Leu-Q-Pen-NHz 

7 NHz-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Q-Pen(SH)-Leu-Q-Pen(SH)-NHz 

8 NHz-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Pen-Gly-Leu-Cys-NHz 

9 NHz-Gln-Gln-Phe-Pen-Gly-Leu-Cys-NHz 

10 NH2 -Gln-Phe-Pen-Gly-Leu-Cys-NHz 
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TABLE 9. Abbreviated Structures of New Cyclic Substance P Analogues. 

______________________ ~~~~~~~~~~~-----------------------o. 
ABBREVIATED SEQUENCE 

1 SP 

2 [CysS,ll] SPS- llNH2 

3 [Cyss, 11] SP 5-11NH2 

4 [Q_ Pen9 ,11] SPs- llNH2 

5 [Q-Pen9 ,11] SPs- llNH2 

6 [Q-Pen9, 11] SP1- 11NH2 

7 [Q-Pen(SH)9,ll] SP1- 11NH2 

8 [Pen8 Cysll] SP1- 11NH2 , 

9 [Pen8 Cys11] SP S-llNH2 , 

10 [Pen8 , Cysll] SPs-llNH2 
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Section 2.1 Methodology 

Solid Phase Peptide Synthesis of Cyclic Analogues. The peptides 

were prepared by standard solid-phase synthetic techniques previously used 

in our laboratory (Upson and Hruby, 1976; Sawyer et al., 1982). Briefly, 

Na-tert-butyloxylcarbonyl (Boc) protected amino acids were used throughout 

the syntheses and were purchased from Vega Biotechnologies (Tucson, Az), 

Bachem (Torrence, Ca), or were prepared by published methods. Pep tides 

with carboxamide terminals were prepared using a p-methylbenzylhydrylamino 

resin and Merrifield resin according to published procedures (Sawyer et 

al., 1982; Gisin, 1973). Reactive side chains were protected as follows: 

Lys, 2,4-C12-Bzl; Cys and Pen, p-methylbenzyl; Arg, Tosyl. Peptides were 

synthesized on a Vega Model 250 peptide synthesizer. A 1.5 M excess of 

preformed symmetrical anhydrides (Hagenmeier 1972) were used for all 

coupling reactions when applicable; which were monitored by ninhydrin 

(Kaiser et al. 1970) and/or chloranil (Christensen 1979) tests and 

repeated as necessary. ~-Boc protection was removed at each step by two 

treatments with TFA/DCM/anisole (48:50:1) for 5 and 20 min each. The 

peptides linked to pMBHA were deprotected and removed from the resin with 

anhydrous liquid HF (lOmL/g of resin) containing 10% anisole at 4° C for 

45 min after removal of the HF in~, the free pep tides were washed 

with either ethyl acetate or ether to remove anisole, organic-soluble by

products and then extracted with 30% acetic acid and the aqueous solution 

was lyophilized. After cyclization with 0.01 N K3Fe(CN)s at pH 8.4, the 

analogues were purified by gel filtration (Biogel P-2). The eluent was 
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monitored by UV absorbance at 254 nm on an ISCO optical unit, Tris Pump, 

and UA-5 chart recorder. The selected fractions were 1yophilyzed and then 

purified by HPLC using a Perkin-Elmer Series 3B solvent delivery system 

and Perkin-Elmer LC-75 UV detector. Purity was assessed by TLC in four 

solvent systems: (A) BuOH/H20/HOAc (4:5:1);(B) BuOH/H20/Pyridine/HOAc 

(15: 12: 10: 13) (C) Pentano1/Pyridine/H20 (7:7 :6); (0) 2-Propanol/NH3 (25%)/H20 

(3:1:1). Analytical data are found in Table 10. 

rCys5,ll)SPs_uNH:z-l2l. To 4.0 g of Merrifield resin (0.35 mmo1es of Cl-/g 

of resin) was coupled the following protected amino acids (protection 

described earlier) Cys, Leu, Phe and Phe (Darman et a1., 1984). The resin 

was split and to 2.8 g of peptide resin Boc-Cys(4-p-MeBzl) was coupled. 

The peptide was cleaved from the resin by a transamidation (anhydrous 

MeOH/NH3 (150 mL/20 mL) for 72 h. The MeOH and NH3 were removed using an 

aspirator. The peptide was extracted from the protected resin by 

ref1uxing for 2 h in OMF for 62°C. The protecting groups were removed by 

the sodium/NH3 (1) procedure (Stewart and ~oung, 1984). The crude peptide 

was cyclized (4 mL N2 purged H20/mg peptide); 0.01 N K3Fe(CN)s; pH = 8.5) 

and then the volume reduced. The material was desalted by molecular 

exclusion (eluent: 30% HOAc; bed height: 82 cm x 2.7 cm; flow rate: 20 

mL/h) to give the cyc1ized monomer yielding 24 mg of a white powder. TLC 

Rf:(A) 0.30:(B) 0.70:(C) 0.57:(0) 0.92. Analytical data are found in Table 

10. 
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[Cyss,lll SPS- llNH:z.-!1l. To 2.8 g NCIO-Boc-Gln-Phe-Phe-Gly-Leu-Cys (p-MeBzl)

Merrifield resin ~-Boc-Cys(p-MeBzl) was coupled (Darman et al., 1984). 

The peptide was removed from the resin and the protecting groups removed 

according to the same procedure followed for 1. The crude peptide was 

cyclized (4 mL N2 purged H20/mg peptide; 0.01 N K3Fe(CN)6; pH - 8.5) and 

then the volume reduced. The material was desalted by molecular exclusion 

(eluent: 30% HOAc; bed height: 82 cm x 2.7 cm; flow rate: 20 mL/h) to 

give the cyclized monomer. This product was purified by HPLC (eluent 

(isocratic): 32% CH3CN in a 0.1% TFA buffer; column: Waters C18 reverse

phase cartridge; flow rate: 5 mL/min) yielding 21 mg of a white powder. 

TLC Rr:(A) 0.43;(B) 0.49;(C) 0.67;(D) 0.88. Analytical data are found in 

Table 10. 

[D-Pen9,lllSP6_11NH~. To 4.0 g of p-MBHA resin (0.7 mmoles of Ndg of 

resin) was coupled the following protected amino acids (protection 

described earlier) ~-Pen, Leu, ~-Pen, Phe, Phe and GIn. The resin was 

split and 1/3 of the peptide was cleaved from the resin by an SNI anhydrous 

hydrogen fluoride [HF/anisole/ethanedithiol/peptide (10: 1: 1: 1) (v/v/v/wt) 1 

at 4°C for 45 min. An organic wash (2 x 10 mL ether) followed by an acid 

extraction (100% HOAc-stir 20 min, 50% HOAc, 10% HOAc, water) was used to 

liberate the peptide from the polymeric resin. The crude peptide was 

cyclized (4 mL N2 purged HzO/mg peptide); 0.01 N K3Fe(CN)6; pH - 8.5) and 

then the volume reduced. The material was desalted by molecular exclusion 

(eluent: 30% HOAc; bed height: 80 cm x 2.7 cm; flow rate: 20 mL/h) to give 
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the cyclized monomer. This product was the purified by HPLC (eluent 

(gradient): 35-40% CH3CN/25 min in a 0.1% TFA buffer; column: Vydac C18 

semi-prep; flow rate: 5 mL/min) yielding 15.7 mg of a white powder. TLC 

Rf:(A) 0.32;(B) 0.58;(C) 0.71;(0) 0.64. Analytical data are found in Table 

10. 

fO_Pen9 ,l1) SPs-u NH2-1..2l. To 1. 9 g of .§.-p-MBHA resin (0.7 mmoles of NHz/g 

of resin) GIn was coupled. The peptide was cleaved from the resin by an 

SNI anhydrous hydrogen fluoride [HF/anisole/ethanedithiol/peptide 

(10:1:1:1) (v/v/v/wt)] at 4°C for 45 min. An organic wash (2 x 10 mL 

ether) followed by an acid extraction (100% HOAc-stir 20 min, 50% HOAc, 

10% HOAc, water) as used to liberate the peptide from the polymeric resin. 

The crude peptide was cyclized (4 mL N2 purged H20/mg peptide); 0.01 N 

K3Fe(CN)s; pH - 8.5) and then the volume reduced. The material was 

desalted by molecular exclusion (eluent: 30% HOAc; bed height: 80 cm x 2.7 

em; flow rate: 20 mL/h) to give the eyelized monomer. This product was 

the purified by HPLC (eluent (gradient): 35-40% CH3CN/25 min in a 0.1% TFA 

buffer; column: Vydac C18 semi-prep; flow rate: 5 mL/min) yielding 10.1 

mg of a white powder. TLC Rf:(A) 0.4l;(B) 0.6l;(C) 0.80;(D) 0.75. 

Analytical data are found in Table 10. 

fD-Pen9,l1)SP1_llNH2 (6). To 2.1 g of .2-p-MBHA resin (0.7 mmoles of NHz/g 

of resin) was coupled the following protected amino acids (protection 

described earlier) Pro, Lys, Pro and Arg. The peptide was cleaved from 
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the resin by an SN1 anhydrous hydrogen fluoride [HF/anisole/ethanedit

hiol/peptide (10:1:1:1) (v/v/v/wt)] at 4°C for 45 min. An organic wash (2 

x 10 mL ether) followed by an acid extraction (100% HOAc-stir 20 min, 50% 

HOAc, 10% HOAc, water) was used to liberate the peptide from the polymeric 

resin. The crude peptide was cyc1ized (4 mL N2 purged H20/mg peptide); 

0.01 N K3Fe(CN)e; pH - 8.5) and then the volume reduced. The material was 

desalted by molecular exclusion (eluent: 30% HOAc; bed height: 80 cm x 2.7 

cm; flow rate: 20 mL/h) to give the cyc1ized monomer. This product was 

the purified by HPLC (eluent (gradient): 35-40% CH3CN/25 min in a 0.1% TFA 

buffer; column: Vydac C18 semi-prep; flow rate: 5 mL/min) yielding 27.1 

mg of a white powder. TLC Rf : (A) 0.34; (B) 0.50; (C) 0.59; (0) O. 8l. 

Analytical data are found in Table 10. 

[O-Pen(SH)9,1l] SP1- llNH2 (7) • This was a portion of .Q. that was not 

cyc1ized. TLC Rf:(A) 0.41;(B) 0.50;(C) 0.69:(0) 0.74. Analytical data are 

found in Table 10. 

[Pen8 , Cysll] SP1- llNH2 (8). To 1.8 g of .2.-p-MBHA resin (0.8 mmoles of NH2/g 

of resin) was coupled the following protected amino acids (protection 

described earlier) Pro, Lys, Pro and Arg. The peptide was cleaved from 

the resin by an SNI anhydrous hydrogen fluoride [HF/anisole/ethanedithiol

/peptide (10:1:1:1) (v/v/v/wt)] at 4°C for 45 min. An organic wash (2 x 

10 mL ether) followed by an acid extraction (100% HOAc-stir 20 min, 50% 

HOAc, 10% HOAc, water) was used to liberate the peptide from the polymeric 
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resin. The crude peptide was cyclized (4 mL N2 purged H20/mg peptide); 

0.01 N K3Fe(CN)6; pH - 8.5) and then the volume reduced. The material was 

desalted by molecular exclusion (eluent: 30% HOAc; bed height: 80 cm x 2.7 

cm; flow rate: 20 mL/h) to give the cyclized monomer. This product was 

the purified by HPLC (eluent (gradient): 35-40% CH3CN/25 min in a 0.1% TFA 

buffer; column: Vydac C18 semi-prep; flow rate: 5 mL/min) yielding 75.6 

mg of a white powder. TLC Rf:(A) 0.47;(B) 0.67;(C) 0.70;(D) 0.59. 

Analytical data are found in Table 10. 

[PenS .CyslllSPS_llNHz..--.i2l. To 1. 9 g of 10-p-MBHA resin (0. B mmo1es of NHdg 

of resin) GIn was coupled. The peptide was cleaved from the resin by an 

SNI anhydrous hydrogen fluoride [HF/anisole/ethanedithiol/peptide 

(10:1:1:1) (v/v/v/wt)] at 4°C for 45 min. An organic wash (2 x 10 mL 

ether) followed by an acid extraction (100% HOAc-stir 20 min, ·50% HOAc, 

10% HOAc, water) was used to dissolve the peptide from the polymeric 

resin. The crude peptide was cyclized (4 mL N2 purged H20/mg peptide); 

0.01 N K3Fe(CN)6i pH - 8.5) and then the volume reduced. The material was 

desalted by molecular exclusion (eluent: 30% HOAci bed height: 80 cm x 

2.7 em; flow rate: 20 mL/h) to give the cyclized monomer. This product 

was the purified by HPLC (eluent (gradient): 35-40% CH3CN/25 min in a 0.1% 

TFA buffer; column: Vydac C18 semi-prep; flow rate: 5 mL/min) yielding 9.1 

mg of a white powder. TLC Rf:(A) 0.59;(B) 0.43;(C) 0.67;(D) 0.72. 

Analytical data are found in Table 10. 
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[Pen8.CyslllSPs_llNH2 (10). To 3.5 g of p-MBHA resin (0.8 mmoles of NH2/g 

of resin) was coupled the following protected amino acids (protection as 

described earlier): Cys, Leu, Gly, Pen, Phe, Phe and GIn. The peptide was 

cleaved from the resin by a SNI anhydrous hydrogen fluoride [HF/anisole/

ethanedithiol/peptide (10:1:1:1) (v/v/v/wt)] at 4°C for 45 min. An organic 

wash (2 x 10 mL ether) followed by an acid extraction (100% HOAc-stir 20 

min, 50% HOAc, 10% HOAc, water) was used to liberate the peptide from the 

polymeric resin. The crude peptide was cyclized (4 mL N2 purged H20/mg 

peptide); 0.01 N K3Fe(CN)s; pH - 8.5) and then the volume reduced. The 

material was desalted by molecular exclusion (eluent: 30% HOAc; bed 

height: 80 cm x 2.7 cm; flow rate: 20 mL/h) to give the cyclized monomer. 

This product was the purified by HPLC (eluent (gradient): 35-40% CH3CN/25 

min in a 0.1% TFA buffer; column: Vydac C18 semi-prep; flow rate: 5 

mL/min) yielding 10.4 mg of a white powder. TLC R!:(A) 0.72;(B) 0.56;(C) 

0.45;(D) 0.67. Analytical data are found in Table 10. 
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TABLE 10. Analytical Data for the New Cyclic Analogues. 

H+1 
Compound calculated [a]2sD Amino Acid Analysis. 

found 
2 685.3 +18.6 Phe(1.0); G1y(0.97); Leu(l.O) ; Cys(2.1) 

686 (c - 1) 

3 813.3 +37.0 G1x(1.0) ; Phe(2.1); G1y(1. 0) ; Leu(l.O); 
813 (c - 1) Cys(2.1) . 

4 813 +21.4 Glx(1.1);Leu(0.96);Phe(l.92) 
814 (c - 1) 

5 941 +27.6 G1x(2.1);Leu(1.0);Phe(1.9) 
942 (c - 1) 

6 1419.8 -32.3 Arg(0.98);Lys(l.0);Pro(2.2);Lys(l.0); 
1420 (c ... 1) Phe(2 .0). 

7 1421 -45.2 Arg(0.92);Lys(1.0);Pro(2.1);Lys(O.98; 
1422 (c - 1) Phe(1. 9). 

8 1300.8 -26.5 Arg(1.1);Lys(0.89);Pro(2.4);G1x(2.3); 
1302 (c - 1) Phe(1.0);Leu(0.9);G1y(0.8) 

9 822.5 +32.1 G1x(2.1);Leu(1.0);Phe(1.9) 
823 (c - 1) 

10 694.9 -56.1 G1x(l.15);G1y(0.9);Leu(l.1);Phe(0.9). 
696 (c - 1) 



71 

Section 2.2 Results and Discussion. 

The biological data for the cyclizcd analogues for the GPI assay 

and tissue binding radioreceptor assay are given on Table 11. The cyclic 

compounds Z and J were inactive in both the GPI assay and in the rat brain 

radioreceptor assay. These have 20- and 23-membered flexible rings. They 

were designed to test the hydrogen-bonding in Modell (Chaissang et al. 

1986) which suggested that the C-terminal amide protons were interacting 

with the amide oxygens of the GIns,s. If these interactions are necessary 

between the 6-carbonyl groups of GIns (or GIns) and the amide hydrogens of 

Metll then these compounds should exhibit potencies similare to SP or 

possibly reduced activities. Their activities were found to be greatly 

reduced. These compounds, at micromolar concentrations, would bind to the 

receptor but not transduce the biological signal. 

Since the removal of the Phe7 side chain would have produced an 

inactive analogue, the 8th and 9th positions were considered as likely 

positions to cyclize the C-terminus in order to investigate models 2 and 

3. Since the 8th position is unable to tolerate a ~-amino acid, an 1-Pen 

was incorporated into this position. An L-Cys was incorporated into the 

11th position since n-amino acids cannot be tolerated at this position 

ei ther. Unsuccessful attempts were made to synthesize the [Cys9,ll] SP 

analogues, but the [n_Pen9 ,ll]Sp analogues could be made. 

The compounds ~-Q are constrained analogs containing a disulfide 

group bridging the 9th and 11th amino acid residues. These compounds were 
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made to test hydrogen-bonding in model 2 (Manava1an and Momany 1982). 

These compounds were weakly active in the GPI. The compound 1 was an open 

ring analogue containing two free sulfhydryl groups. This compound was 

considerably less potent than the cyc1ized compounds. The heptapeptide 

demonstrated greater activity than the other two analogues. These analogs 

were all partial agonists, retaining only 30-50% of the 5efficacy of SP. 

These compounds have 11-membered, highly constrained, rings. These 

compounds would allow the central segment (-G1n5 to Phe6-) to bind to the 

receptor with the C-termina1 tripeptide fixed in a folded conformation. 

Compounds l!-10 were made to test hydrogen-bonding in model 3 

(Cotrait and Hospital, 1986) and demonstrated similar potencies in the GPI 

as compounds ~-Q. A striking difference between their activities in the 

GPI bioassay was their full agonist efficacy. Compound l! demonstrated 

moderate binding on the RSGM (rat submandibu1are gland membranes, NKl) 

and HUB (hamster urinary bladder, NK-2). As the peptide chain was 

shortened from the N-terminus the activity decreased. This decrease in 

activity was much more significant in the NK-l binding profile than in the 

NK-2 binding profile. 

Previous investigators have examined the significance of each 

residue starting at position 5 (Table 3C) and no special function could 

be found for the amide side chain. All modifications caused only minor 

changes and an Q-he1ica1 promotor like Met is allowed. The substitution 

of Gln5•6 by G1y has been reported to be a full agonist (Torigoe et a1., 

1983). 
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TABLE 11. Biological Activities of New Cyclic Substance P Analogues. 

Compound GPI(nM) GPGB RSGL HUB RBCC REF 

1 0.44 0.4 560 

2 Inactive 10+3 A 

3 Inactive >10+3 A 

4 5,000(0.09)* A 

5 420(1.1)* B 

6 5,600(0.08)* B 

7 71,000(0.06)* B 

8 3,800(0.0015) NA+ 40 180 

9 2,300(0.0024) NA+ 7360 575 

10 NA at 1J.1M NA+ >10,000 1300 

GPI- guinea-pig ileum; GPGB - guinea-pig gall b1adder(NK-2); RSGL = rat 
submandibular gland membranes (NK-1) ; and HUB - hamster urinary bladder(NK-
2). 
* - partial agonist. 
+ - no antagonistic activity 
RSG(Nk-1), GPGB(Nk-2), and HUB(Nk-2). 

A. Darman et a1., (1985) 
B. Landis et a1., (1987) 



74 

Position 6 is considered to be functionally more active than posi

tion 5 (Table 3D). An increased in vivo biological activity was observed 

with more lipophilic amide substitution in the 5 and 6 position. This 

position was also suggested to be able to accomodate a positive charge and 

a proline residue. And finally it has been suggested that side chains are 

neither involved in the binding with the receptor nor contribute any 

special folding by H-bonding. 

Position 1 was not substituted by a sulfur amino acid because the 

results activity would be expected to be very low (Table 3E). For 

position 8 (Table 3F), n-amino acids cannot be tolerated. Aromatics and 

nonaromatics in neutral branched side chains can be tolerated. It has been 

suggested that the aR conformational regions is unfavorable and only 

conformers with (-,+) region are favorable. A modification of position 

eight in cyclized compounds affects the potency and selectivity of the 

analogue. 

For the 9th position (Table 3G, 4A and 4B), the G1y plays a role as 

a hinge, and n-residues can be inserted and retain good potency. An Ala 

(an a-helix promotor) substitution increases activity. 

The 10th position was not substituted. For the 11th position (Table 

3F, 6A and 6B), replacing the Met with an isosteric residue (N1e, 

Ethionine) does not severely affect the activity. The size of the side

chain is critical but the sulfur atom is not critical. The C-termina1 

amide forms hydrogen bonds simultaneously to Phe7 and PheB• The spatial 

orientation of the Met is important (n-amino acids are not tolerated). 
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The ~-isomers of Met cause a perturbation of the active conformation of 

SP, disrupting a hydrogen bond. All pep tides with disulfide bridgehead 

at positon 11 are inactive, mostly due to the absence of the Met11 side 

chain (which is necessary for optimum receptor activation). Cyclization 

should not utilize the residue 11. The sulfur atom is specific for 

binding. The side chain of Met directly interacting with a lipolphilic 

pocket on the receptor. The sulfur atom may chelate with a metal in the 

recptor. The Metll side chain is probably responsible for effective 

interactions and/or receptor activation. It is suggested that the Gly

Leu-Met-NH2 must undergo a conformational change when interaction with the 

binding site, therefore, a certain degree of flexibility is required. 

Although it was known that disulfide constraints at the C-terminal 

end of the peptide would reduce the potency of the peptide (Tables 31, 7B 

and 7C) and this is the active sequence of the molecule, the author felt 

that in order to determine the active conformation of this molecule cyclic 

constraints in this segment of the peptide were necessary. 

Therefore, these 9 analogues were synthesized in order to examine 

the conformation of SP at its receptor by constraining the C-terminal 

peptide backbone. The modi.fications focused on cyclizing the C-terminus 

to duplicate the hydrogen-bonding proposed for Models 1-3. Compounds Z 

and 1 were used to investigate the possibility of a cyclic structure stab

ilized by a hydrogen-bond formed between the C-terminal amide hydrogen 

and the carbonyl oxygen of the side chain of GInS and Gln6 (Modell). The 

low potencies of these analogues indicates that this cyclic structure is 
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not the conformation SP adopts as it interacts with its receptor. 

Although many investigators continue to claim the existence of this 

hydrogen bond, eventhough it apparently can not be duplicated with a 

disulfide bonds (Darman et a1., 1985), since all cyclic analogues have low 

potency. Therefore the observed hydrogen bonding at this position must 

be explained by another conformer of SP. 

It has been suggested that the C-termina1 amide forms hydrogen bonds 

to either the Phe7 or Phe8 carbonyl (Model 2). The incorporation of a 

disulfide to lock this conformation by bringing the MetllNH2 into close 

proximity to the Phe7CO or Phe8CO, was expected to occur in analogues ~-

6. Their low potencies indicates that the correct conformation of SP to 

induce a potent biological effect has not been determined. Possibly the 

analogue is unable to tranduce the signal after it binds to the receptor 

due to its rigid structure. The increased potencies of 4-6 over 1 and 1 

may be due to the enhanced flexibility of the backbone, allowing the cent

ral segment of the peptide to interact better with the receptor (Landis 

et a1., 1985). 

Analogues ~-10 were designed to test Model 3. Their disulfide be

tween postion ~ and 11 was expected to duplicate the appropriate hydrogen 

bonding and to allow the C-termina1 amide hydrogens and G1n6 side chain 

carbonyl oxygens to hydrogen bond. These analogues were equally potent 

to ~-~, yet they had full efficacy. This would indicate that Model 3 may 

be closer to the conformation of SP at its receptor then models 1 and 2. 
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This model accounts for the hydrogen bonding between the C-terminal 

amide and the 6-amide of Glns,6 (Figure 6). This would also indicate the 

importance of the N-termina1 sequence for stabilizing the C-terminus by 

hydrogen bonding. The hydrogen bonding in this model would allow Sar9 , Q

Pros, R-1actam9 , and N-methy1 analogues in position nine. N-methyl amino 

acids can be introduced into position 8 with little effect. 

The substantial loss in activity in the GPI for all analogues may 

be attributed to the missing Met side chain at position 11. This side 

chain is very important for the activity of the compound. Since the 

binding data demonstrate that ~ has a preference for the NK-l site, this 

model would appear to duplicate the active NK-l conformation. The N-

terminus is also necessary to stabilize the active conformation of the C

terminal segment. This can be observed by the reduced potency of 2 and 

10 at the NK-1 and NK-2 receptors. 

The temperature coefficients of SP in MeOH in Table 12 also support 

the hydrogen-bonds observed in Figure 6. Although these coefficients are 

solvent dependent the data for MeOH is suggested to duplicate SP's conf

ormation (Ploux et al. 1987). It can be observed from Table 12 that there 

is hydrogen bonding at the amides of Met11 and at the amides of Phe8 and 

Phe7
• When these hydrogen bonds are incorporated into Cotrai t' sand 

Hospital's model 3 to give the modified conformer in Figure 7. This 

conformer is proposed to be the active conformation of SP at the NK-l 

receptor. 



78 

Table 12. The Temperature Coefficients for the C-Termina1 Arnides of 
Substance P. 

dSNH/ T(10-3 x dSNH/ T,ppm/deg) 

Pep tides Phe' Phe8 G1y9 LeulO Metll Solvent Ref. 

Substance P 3.9 3.0 4.2 4.2 3.8 DMSO-D6 1 

Substance P 5.3 5.3 7.5 10 0.5 MeOH 1 

Substance P 5.5 5.5 3.3 5.7 5.7 H2O 1 

Substance P 8.85 8.3 8.7 8.6 8.39 Pyr. 1 

[pG1u6
] SP1- ll 3.14 2.76 3.95 2.76 13.05 DMSO-D6 2 

[pGlu6 ,N-CH3- DMSO-D6 2 

Phe7 ]SP1_U 6.05 5.50 4.17 4.17 

1. Chassaing et al., (1986). 

2. Ribeiro et al., (1983). 
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Figure 7. The new proposed conformation of substance P. 
The only difference between this conformation and 
Cotrait's and Hospital' model is the existence of Phe8NH 
to Leu10CO hydrogen bonding. See text for details. 
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Section 4.0 Tachykinin Antagonists. 

Antagonists to SP have been synthesized with the objective of 

producing new analgesics or pharmacological tools to investigate the 

physiological actions of SP. The first antagonists synthesized had a low 

potencies, they possessed histamine-releasing properties, and caused 

smooth muscle contractions (Folkers et al., 1984). The first effective 

antagonists contained two ~-Trp residues in the C-termina1 portion of the 

peptide. There have been antagonists that contained other amino acids, 

but the ~-Trp analogues have been the most successful (Escher et al., 

1984). 

In our laboratory, we synthesized a number of putative SP an

tagonists (Table 13). The same amino acids that were incorporated into 

the SP antagonist amino acid sequence were also incorporated into the NKA 

and NKB amino acid sequence (Table 13, analogues 1 and 1). A second type 

of antagonist was designed to incorporate a restricted ~-Trp residue, 2R-

1,2,3,4-tetrahydro-2-carbolin-2-carboxylic acid (Q-Tca) , (Table 13, 

analogues 2-~). A third type of antagonist was designed to investigate 

the effects of ~-Trp in the 9 position by the incorporation of a ~-Pro, 

which should also prevent the formation of a E.-turn, and the peptide 

backbone from (Table 13, analogues ~ and 2) assuming the proposed active 

conformation and, therefore, maintain some antagonistic activities. 



TABLE 13. Structure of New Tachykinin Antagonists. 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

PRIMARY SEQUENCE 

H-His-Lys-Thr-Asp-Ser-n-Trp-Va1-n-Trp-Leu-Nle-NHz 

H-Asp-Nle-His-Asp-Phe-n-Trp-Va1-n-Trp-Leu-Nle-NHz 

H-Arg-n-Pro-G1y-G1y-Asp-G1n-n-Phe-Va1-Pro-Leu-Leu-NHz 

H-Gln-Gln-n-Trp-Phe-n-Pro-Leu-Nle-NHz 

H-Asp-Ser-n-Trp-Va1-n-Pro-Leu-Nle-NHz 

H-D-Arg-n-Pro-Lys-Pro-G1n-Gln-n-Tca-Phe-n-Trp-Leu-Leu-NHz 

H-n-Pro-Lys-Pro-G1n-G1n-n-Tca-Phe-n-Trp-Leu-Leu-NHz 

H-n-Arg-G1n-n-Tca-Phe-n-Trp-Leu-Leu-NHz 
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TABLE 14. Abbreviated Structures of New Tachykinin Antagonists. 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

ABBREVIATED SEQUENCE 

[Q-Trp7 ,9 , Nlell]NKA 

[Q-Trp7 ,9, Nle2 ,lO] NKB 

[Q_Pro2 ,Gly3,4 ,Q_Phe7, ValS , Pro9, Leull ) SP 

[Q-Trp7 ,ll-Pro9 , Nle11 ] SPS- ll 

[Q-Trp7 ,ll-Pro9 ,Nlel1]NKA4_10 

[Q-Argl,ll-Pro2,Q-Tca7,ll-Trp9,Leull]SP 

[Q_Pro2 ,ll-Tca7 ,Q_Trp9, Leull ] SP2- 11 

[Q-ArgS ,ll-Tca7 ,Q-Trp9, Leull ] SPS- ll 
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Section 3.1 Methodology. 

Solid Phase Peptide Synthesis of Analogues. The peptides were 

prepared by standard solid-phase synthetic techniques previously used in 

our laboratory (Upson and Hruby, 1976; Sawyer et al., 1982). Briefly, NQ

tert-butyloxy1carbonyl (Boc) protected amino acids were used throughout 

the syntheses and were purchased from Vega Biotechnologies (Tucson, Az), 

Bachem (Torrence, Ca), or were prepared by published methods. Peptides 

with carboxamide terminals were prepared using a p-methylbenzy1hydrylami

neresin and synthesized according to published procedures (Sawyer et al., 

1982). Reactive side chains were proteced as follows: Lys, 2,4-C12Bzl; 

Asp, Bzl; Ser, Bz1; Thr, Bzl; Arg, Tosy1. Peptides were synthesized on 

a Vega Model 250 peptide synthesizer. A 1.5 M excess of preformed 

symmetrical anhydrides (Hagenmeier, 1972) was used for all coupling 

reactions when applicable, which were monitored by ninhydrin (Kaiser et 

a1., 1970) and/or ch10ranil (Christensen, 1979) tests and repeated as 

necessary. NQ-Boc protection was removed at each step by two treatments 

with TFA/DCM/aniso1e (48:50:1) for 5 and 20 min each. Pep tides were 

deprotected and removed from the resin with anhydrous liquid HF (10mL/g 

of resin) containing 10% anisole at 4° C for 45 min. After removal of the 

HF in~, the free peptides were washed with either ethyl acetate or 

ether to remove anisole and organic soluble by-products and then extracted 

with 30% acetic acid. The aqueous solution was lyophilized. The analogues 

were purified by molecular exclusion gel chromatography (Bio-Ge1 P-2). 
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The eluent was monitored by UV absorbance at 254 nrn on an ISCO optical 

unit, Tris Pump, and UA-5 chart recorder. The selected fractions were 

lyophilyzed and then purified by HPLC (Perkin-Elmer LC-lOO solvent pump 

and chart recorder). Purity was assessed by TLC in a minimum of four 

solvent systems: (A) BuOH/HzO/HOAc (4:5:1); (B) BuOH/HzO/Pyridine/HOAc 

(15:12:10:13; (C) Pentanol/pyridine/HzO (7:7:6); (D) 2-Propanol/NH3 (25%)

/HzO (3:1:1). Analytical data are found in Table 15. 

4R-2.3.4.5-Tetrahydro-&-carboline- 4-carboxy1ic acid (D-Tca) <MW:216.239-

...A,). The title compound was synthesized according to Harvey et al. 

(1941); m.p. 303°C. [lit m.p. 303°C] [Harvey et aI., 1941]; Anal.: C, 

66.65; H, 5.59; N, 13.0. Found: C, 67.0,; H, 5.44; N, 12.77. 

Na -t-Boc-4R-2.3.4.5-Tetrahydro-&-carboline-4-carboxy1icacid{MW:316.2843. 

~. ~ was synthesized from a according to standard procedures (Stewart and 

Young, 1984) m.p. above 270°C [lit. above 270°C]. Anal.: C, 64.53; H, 

6.37; N, 8.86. Found: C, 64.40; H, 6.55; N, 8.58. 

[D-Trp7,9.N1el01NKAz_loNHz-ill. To 0.5 g of pMBHA resin (1. 2 rnrnoles of 

NHz/g of resin) was coupled the following protected amino acids (prote

ctions described earlier): Nle, Leu, Q-Trp, Val, Q-Trp, Ser, Asp, Thr, Lys 

and His. The peptide was then cleaved from the resin and the side chain 

protecting groups removed by SN1 anhydrous hydrogen fluoride [HF/anisole/

ethanedithiol/peptide (10: 1: 1: 1) (v/v/v/wt)] at 4°C for 45 min. An organic 
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wash (2 x 10 mL ether) followed by an acidic extraction (100% HOAc, stir 

20 min; 50% HOAc; 10% HOAc; and water) was used to dissolve the peptide 

from the polymeric resin. The crude peptide yield 320 mg, was desalted 

by molecular exclusion chromatography (eluent: 30% HOAc; bed height: 68 

cm x 2.7 cm; flow rate: 19 mL/hr). This product was then purified by HPLC 

(eluent (gradient): 28-35% CH3CN/20 min in a 0.1% TFA buffer; column: Vydac 

C18 semi-prep; flow rate: 5 mL/min) yielding 44.7 mg of purified product. 

TLC Rf : (A) 0.61; (B) 0.58; (C) 0.78; (D) 0.54. Analytical data are found 

in Table 15. 

[D-Trp7,9 .N1e2,lOlNKB2_10NH~. To 0.5 g of pMBHA resin (l.2 rnmoles of 

NH2/g of resin) was coupled the following protected amino acids (prote

ctions described earlier); N1e, Leu, Q-Trp, Val, Q-Trp, Phe, Asp, His, 

N1e, and Asp to yield 1.77 g of the protected peptide resin. The peptide 

was then cleaved from the resin and the side chain protecting groups 

removed by SN1 anhydrous hydrogen fluoride [HF/aniso1e/ethanedithiol/pep

tide (10:1:1:1) (v/v/v/wt)] at 4°C for 45 min. An organic wash (2 x 10 

mL ether) followed by and acidic extraction (100% HOAc, stir 20 min; 50% 

HOAc; 10% HOAc; and water) was used to liberate the peptide from the 

polymeric resin. The crude pepUdic yield of 352 mg was desalted by 

molecular exclusion chromatography (eluent: 30% HOAc; bed height: 68 cm 

x 2.7 cm; flow rate: 20.8 mL/hr) to give 35 mg of product. This product 

was then purified by HPLC (eluent (gradient): 35-42% CH3CN/25 min in a 0.1% 

TFA buffer; column: Vydac C18 semi-prep; flow rate: 5 mL/min) yielding 35 
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mg of purified product. TLC Rf : (A) 0.67; (B) 0.56; (C) 0.46; (D) 0.87. 

Analytical data are found in Table 15. 

To 1. 62 g of pMBHA 

resin (0.7 mmoles of NH2/g of resin) was coupled the following protected 

amino acids (protections described earlier): Leu, Leu, Pro, Val, ~-Phe, 

Asp, His, Nle, and Asp to yield 1.77 g of peptidyl resin. The peptide 

was then cleaved from the resin and the side chain protecting groups 

removed by SNI anhydrous hydrogen fluoride [HF/anisole/ethanedithiol/pept

ide (10:1:1:1) (v/v/v/wt)] at 4°C for 45 min. An organic wash (2 x 10 mL 

ether) followed by and acidic extraction (100% HOAC, stir 20 min; 50% 

HOAc; 10% HOAc; and water) was used to liberate the peptide from the 

polymeric resin. The crude peptidic yield of 175 mg was desalted by 

molecular exclusion chromatography (eluent: 30% HOAc; bed height: 84 cm 

x 2.7 cm; flow rate: 21 mL/hr) to give 86.5 mg of product. This product 

was then purified by HPLC (eluent (gradient): 18-25% CH3CN/2s min in a 0.1% 

TFA buffer; column: Vydac C18; flow rate: 5 mL/min) yielding 44.2 mg of 

purified product. TLC Rf : (A) 0.57; (B) 0.43; (C) 0.68; (D) 0.84. 

Analytical data are found in Table 15. 

lD-Trp7.D-Pro9.Nlell]SP5_11NH2 (4) . To 0.5 g of pMBHA resin (1.0 mmoles of 

NH2/g of resin) was coupled the following protected amino acids (prote

ctions described earlier): Nle, Leu, ~-Pro, Phe, ~-Trp, GIn and GIn to 

yield 1. 29 gof protected peptide resin. The peptide was then cleaved 
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from the resin and the side chain protecting groups removed by SNl 

anhydrous hydrogen fluoride [HF/anisole/ethanedithiol/peptide (10:1:1:1) 

(v/v/v/wt)] at 4°C for 45 min. An organic wash (2 x 10 mL ether) followed 

by and acidic extraction (100% HOAc, stir 20 min; 50% HOAc; 10% HOAc; and 

water) was used to dissolve the peptide from the polymeric resin. The 

crude peptidic yield of 546 mg was desalted by molecular exclusion 

chromatography (eluent: 30% HOAc; bed height: 97 cm x 2.7 cm; flow rate: 

12 mL/hr) to give 432 mg of product. This product was then purified by 

HPLC (eluent (gradient): 35-42% CH3CN/25 min in a 0.1% TFA buffer; column: 

Vydac C1S ; flow rate: 5 mL/min) yielding 34.6 mg of purified product. TLC 

Rf : (A) 0.48; (B) 0.58; (C) 0.23; (D) 0.49. Analytical data are found in 

Table 15. 

To 0.5 g of pMBHA resin (1.0 mmoles 

of NH2/g of resin) was coupled the following protected amino acids 

(protections described earlier): Nle, Leu, Q-Pro, Val, Q-Trp, Asp and Ser 

to yield 1.29 g of peptide resin. The peptide was then cleaved from the 

resin and the side chain protecting groups removed by an SNl anhydrous 

hydrogen fluoride [HF/anisole/ethanedithiol/peptide (10: 1: 1: 1) (v/v/v/wt)] 

at 4°C for 45 min. An organic wash (2 x 10 mL ether) followed by and 

acidic extraction (100% HOAc, stir 20 min; 50% HOAc; 10% HOAc; and'water) 

was used to dissolved the peptide from the polymeric resin. The crude 

peptidic yield of 474 mg was desalted by molecular exclusion chromatog

raphy (eluent: 30% HOAc; bed height: 97 cm x 2.7 em; flow rate: 18 mL/hr) 



88 

to give 340 mg of product. This product was then purified by HPLC (eluent 

(gradient): 25-40% CH3CN/15 min in a 0.1% TFA buffer; column: Vydac CIS; 

flow rates, 5 mL/min) yielding 212 mg of purified product. TLC Rr : (A) 

0.37; (B) 0.58; (C) 0.72; (D) 0.82. Anaytical data are found in Table 15. 

[D-ArgI,D-Proz.D-Tca7,D-Trp9.LeulllSPl_llNHz.-C..Ql. To 0.5 g of pMBHA resin 

(1.0 mmoles of NHz/g of resin) was coupled the following protected amino 

acids (protection described earlier): Leu, Leu, ~-Trp, Phe, ~-Tca, Gln, 

GIn, Pro, Lys, Pro, and ~-Arg to yield 1.23 g of protected peptide resin. 

The peptide was then cleaved from the resin and the side chain protecting 

groups removed by an SNI anhydrous hydrogen fluoride [HF/anisole/ethaned

ithiol/peptide (10:1:1:1) (v/v/v/wt)] at 4°C for 45 min. An organic wash 

(2 x 10 mL ether) followed by and acidic extraction (100% HOAc, stir 20 

min; 50% HOAc; 10% HOAc; and water) was used to liberate the peptide from 

the polymeric resin. The crude peptidic yield of 573 mg was desalted by 

molecular exclusion chromatography (eluent: 30% HOAc; bed height: 69 cm 

x 2.7 cm; flow rate: 10 mL/hr) to give 301 mg of product. This product 

was then purified by HPLC (eluent (gradient): 35-42% CH3CN/25 min in a 0.1% 

TFA buffer; column: Vydac CIS; flow rate: 5 mL/min) yielding 49 mg of 

purified product. TLC Rr : (A) 0.48; (B) 0.84; (C) 0.38; (D) 0.58. 

Anaytical data are found in Table 15. 

[D-Proz.D-Tca7.D-Trp9.Leull]SPZ_llNHz.-lll. To 0.5 g of pMBHA resin (1.0 

mmoles of NH2/g of resin) was coupled the following protected amino acids 
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(protections described earlier): Leu, Leu, Q-Trp, Phe, Q-Tca, G1n, G1n, 

Pro, Lys and Q-Pro. The peptide was then cleaved from the resin and the 

side chain protecting groups removed by an SN1 anhydrous hydrogen fluoride 

acid hydrolysis [HF/aniso1e/ethanedithio1/peptide (10:1:1:1) (v/v/v/wt)] 

at 4°C for 45 min. An organic wash (2 x 10 mL ether) followed by and 

acidic extraction (100% HOAc, stir 20 min; 50% HOAc; 10% HOAc; and water) 

was used to liberate the peptide from the polymeric resin. The crude 

peptide was desalted by molecular exclusion chromatography (eluent: 30% 

HOAc; bed height: 83 cm x 2.7cm; flow rate: 12 mL/hr) to give the 

product. This product was then purified by HPLC (eluent (gradient): 35-

42% CH3CN/25 min in a 0.1% TFA buffer; column: Vydac C1S ; flow rate: 5 

mL/min) yielding the purified product. TLC Rf : (A) 0.38; (B) 0.68; (C) 

0.48; (D) 0.73. Anaytica1 data are found in Table 15. 

rD-Args.D-Tca7.D-Trp9.LeulllSPS_llNHz.-.!lU.. To 0.5 g of pMBHA resin (1.0 

mmo1es of NH2/g of resin) was coupled the following protected amino acids 

(protections described earlier): Leu, Leu, Q-Trp, Phe, Q-Tca, G1n, and Q

Arg to yield 1.4 g of protected peptide resin. The peptide was then 

cleaved from the resin and side chain protecting groups removed by an SN1 

anhydrous hydrogen fluoride [HF/aniso1e/ethanedithio1/peptide (10:1:1:1) 

(v/v/v/wt)] at 4°C for 45 min. An organic wash (2 x 10 mL ether) followed 

by and acidic extraction (100% HOAc, stir 20 min; 50% HOAc; 10% HOAc; and 

water) was used to liberate the peptide fro@ the polymeric resin. The 

crude peptidic yield of 389 mg was desalted by molecular exclusion 
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chromatagoraphy (eluent: 30% HOAc; bed height: 97 cm x 2.4 cm; flow rate: 

18 m~/hr) to give the crude product. This product was then purified by 

HPLC (eluent (gradient): 35-42% CH3CN/25 min in a 0.1% TFA buffer; column: 

Vydac C18 ; flow rate: 5 mL/min) yielding 57.9 mg of purified product. TLC 

Rf : (A) 0.47; (B) 0.38; (C) 0.48; (D) 0.63. Anaytical data are found in 

Table 15. 
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TABLE 15. Analytical Data for the New Substance P Antagonists. 

Mass Spec 
Calculated 

No. Found 

1 1282.5/1284 

2 1342.6/1342 

3 1215.4/1216 

4 929.1/930 

5 828/829 

6 1509.8/1510 

7 1352.7/1354 

8 1059.3/1059 

AMINO ACID ANALYSIS 

+15.6 His(1.2);Lys(0.98);Thr(0.80);Asp(1.0);-
(c- 1) Ser(0.82);Va1(1.1);Pro(1.1);Phe(1.0) 

Leu(1.0);N1e(1.0);D-Trp(1.70) 

-1.8 Trp(1.1) ;Hi.s(1.0) ;Asp(1.0;Thr(1.0); 
(c - 1) Ser(0.8);Val(1.1);Leu(1.0);Phe(1.0); 

N1e(2.0 

+10.7 Arg(1.0);Pro(1.9);G1y(2.1);Asp(O.95);G1x 
(c - 1) (.92) Phe(1.0);Va1(O.92);Leu(2.1); 

+21.5 
(c - 1) 

+10.4 
(c - 1) 

+5.8 
(c - 1) 

G1n(2.0);Pro(1.1);Leu(0.9);Phe(O.9); 
N1e(1.0) 

Trp(0.8);Asp(1.0);Ser(1.0);Pro(1.1); 
Va1( 1.0)Leu(1.9);Nle(O.95) 

Trp(1.0);Lys(1.0);Arg(1.2);Glx(2.2); 
Pro(1.8);Leu(1.9);Phe(1.0). 

-2.3 Trp(1.0);Lys(1.0);G1x(2.2);Pro(1.8); 
(c - 1) Leu(1.9);Phe(1.0) 

-4.5 Arg(1.2);G1x(.89);Phe(1.2);Trp(0.85); 
(c - 1) Leu(2.1) 
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Table 16. The Biological Activities of Known Tachykinin Antagonists. 

Antagonist Analogues GPI (nM) References 

[Arg5 ,!l-Trp7 ,9] SPa-ll 6.1 1 

[Arg5 ,!l-Trp7 ,9 ,Nle11 ] SPa-ll 7.1 1 

[Pro6 ,!l-Tca7 ,Q-Trp9]SP6-ll 6.4 2 

(Q-Pro4 ,Q_Trp7 ,9] SP1- 11 6.8 3 

(Q-Arg1 , Q_Pro2 ,!l-Trp7, 9] ,Leull ] SP1- 11 6.4 4 

[D-Arg1 D_Trp7,9 Leull]SP - ,- , 1-11 6.8 5 

(Q- Pro2 ,Q-Phe7 ,Leu11 ] SP1- ll 7.1 5 

(Q-Arg1 ,Q-Trp7 ,9, Nlell ] SP1- 11 5.7 5 

(Q- Pro2 ,Q_ Trpa, 8 ,NIelD] NKB 7.3 5 

l. Folkers et al., (1985). 

2. Escher et al. , (1985). 

3. Morgan et al. , (1988). 

4. Vaught et al. , (1986). 

5. Folkers et al., (1984). 
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Section 3.2 Results and Discussion. 

Compounds Q-~ were designed from a series of compounds synthesize 

by Folkers et al. (1984; Table 16). The undecapeptide [Q-Arg1 , Q-Pr02, 

Q_Trp7.9, Leull]SP and m-Argl, Q_Trp7.9, Leull]SP had pA2 values of 7.2 and 

7.1 respectively. The heptapeptide [Arg5 , Q_ Trp7.9, Leull]SP had a pA2 

value of 6. 1. The undecapeptide analogs prepared by Folkers et al., 

(1984) were notable for high antagonist potency and a weak spasmogenic 

effect (and poor histamine releasing effect). 

The results in Table 17 indicate the following points: (a) the NKA 

and NKB antagonists with the Q_Trp7.9 and Nlell amino acid substitutions 

demostrated no antagonism for the NK-l or NK-2 receptors, nor did they 

inhibit the binding of SP or NKA on the RSGM (rat submandibular gland 

membranes) of HUB (hamster urinary bladder); (b) the SP and NKA 

antagonists containing a Q-Pro in the 9th position also demonstrated 

inactivity in both the assays. Compound ~ did demonstrate inhibition of 

binding of SK in the HUB in the micromolar range, but was ineffective 

against SP in the RSGM. Compound 2 was totally inactive in both bioassays 

and tissue binding preparations; (c) the SP compounds Q-~ with the Q-Tca 

(2-amino-l,2,3,4-tetrahydrocarbolin-2-carboxylic acid) in position 7 

showed no antagonist activity in the GPI and GPGB assays. These compounds 

did demonstrate varying degrees of inhibition in the tissue binding 

assays. Compound Q inhibited the binding of SP to the RSGM better than 

compounds 1 and ~, which were inactive. In the HUB, the inhibition of the 

binding of SK by compounds 6-8 decreased as the peptide was shortened to 



94 

smaller C-terminal fragments. 

The results from analogues Q-~ indicate that Argl is necessary for 

binding to the RSGM receptor in this series of compounds. The N-terminal 

amino acids are also important for binding this series of antagonists to 

the HUB receptor. Apparently, the HUB receptor will accomodate a smaller 

fragment of the molecule and this observed with compound~. This is the 

only other antagonist with any type of receptor interaction. This 

compound binds better to the HUB than any other analogue. Since the 

analogues containing Q-Pro were ineffective antagonists the side chain of 

the Q-Trp is necessary for the antagonism observed with the substance P 

analogues. Therefore, the antagonism of substance P analogues containing 

Q-Trp cannot be attributed to the prevention of a &-turn. 

The Q-Tca amino acid was introduced to disrupt the hydrogen bond 

described in the model by Chaissang et al., (Figure 1) for the Phe7-NH, and 

prevent the N-terminus from stabilizing the C-terminus or also preventing 

the proposed a-helix of the central segment. The Q-Tca has been 

introduced into an SP analogue (Table 16) and it had a pA2 - 6.4 on the 

GPI. The analogues in this study showed no antagonistic activities in the 

smooth muscle bioassays and demonstrated weak binding in the binding 

assays. These compouds (Q-!D did have a preference for the NK-2 receptor, 

and the N-terminus increased the binding of these analogues. Therefore, 

either hydrogen bonding at the Phe7NH2 is necessary or some degree of 

flexibility for the Q-Trp side chain is required for interaction with the 

receptor to produce the desired antagonism. 
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TABLE 17. The Biological Activity of New Substance P AntagonistsB,b 

BIOASSAY BINDING 

NK-2 NK-1 NK-2 
GPI GPGB RSGM HUB 

No. ECso(nM) ECso(nM) Ki(nMl Ki (nMl 

1 NA" NA >10,000 >10,000 

2 NA NA >10,000 >10,000 

3 NA NA >10,000 >10,000 

4 NA NA >10,000 1660 ± 330 

5 NA NA >10,000 >10,000 

6 NA NA 4300 ± 350 2130 ± 460 

7 NA NA >10,000 3660 ± 850 

8 NA >10,000 5060 ± 520 

* NA = no antagonistic activity 

BTissue binding assays were done at Merrill Dow by Dr. Stephen Buck. 

bThe smooth muscle assays (Guinea-pig gallbladder and Guinea-pig ileum) 
were done by Dr. Jenny Shook in Dr. Thomas F. Burks laboratory. 

1. BHSP - Bolton-Hunter substance P. 
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Since the discovery of the endogenous opioid peptides, Leu

enkephalin and Met-enkephlain (Hughes et al., 1975), there has been 

extensive research into the pharmacological effects of these peptides in 

physiological systems. The peptides are known to interact with several 

different receptors [I' (mu) , 6 (delta), k (kappa), and etc.). In the 

following chapter two approaches were used to investigate the opioid 

peptides. The first approach was to make photoaffinity labelled 6 and J.& 

receptor selective ligands which could be used in the isolation of those 

receptors by forming irreversible covalent bonds with each receptor. The 

second approach was to use constrained phenylalanine derivatives to test 

the current models suggesting the preferred conformation of selective 

ligands at their preferred class of opioid receptor. 



97 

Section 1.0 Photoaffinity Compounds 

The synthesis of conformationally constrained 0 (delta) receptor 

selective opioid agonist peptides such as [Q-Pen2 ,Q-Pen5]enkepha1in 

(Mosberg et al., 1983j Burks et al., 1985j Hruby, 1986) (DPDPE) and ~ (mu) 

selective receptor opioid antagonist peptides such as !!-Phe-Cys-Tyr-Q-Trp

Lys-Thr-Pen-Thr-NH2 (Pelton et al., 1986j Pelton et al., 1985) have led to 

increased knowledge regarding the structural and conformational features 

necessary for 0 and ~ opioid receptor-ligand interactions. In order to 

investigate opioid receptors in more detail, various authors have prepared 

ligands designed to permit irreversible labeling of opioid receptors 

(Yeung, 1985j Garbay-Jaurequiberry et al., 1981j Takemori and Portoghese, 

1985). These photoreactive ligands have been useful, but ,generally have 

had low potency and/or selectivity for opioid receptors. Thus, we have 

decided to examine whether our highly potent and selective 0 and ~ opioid 

peptides might be suitably modified to provide highly selective 

photoaffinity analogues for the opioid receptors. For this purpose the 

azido group was selected as the photo1abile group for the following 

reasons: (1) its relatively small spatial requirementsj (2) it can be 

readily synthesized (in principle) from p-aminophenylalanine j (3) its 

storage stabilitYj and (4) it can covalently react with target mo1ecu1es 

after photolysis (Bayley and Staros, 1984). 

The highly 0 selective agonist DPDPE has been used extensively to 

investigate the pharmacological properties of the 0 receptor (Burks et 
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al., 1985; Mosberg et al., 1983; Porreca et al., 1984). Its high 6 

receptor selectivity minimizes its interactions at ~ and k opioid 

receptors. Therefore this compound was selected as a prime candidiate for 

photoaffinity labeling of 6 receptors. The phenylalanine in the four 

position is excellent location for substitition because it interacts 

closely with the active site of the 6 receptor, yet modifications in the 

para position in 6 selective peptides apparently can be to1ereated without 

significant loss in biological activity (Hruby et a1., 1985; Roques et 

a1., 1979). Consequently the photoreactive enkepha1in H-Tyr-D-Pen -Gly

p-N3 -Phe-Q-Pen-OH (2, [p-N3Phe4
] DPDPE) was synthesized and its 

pharmacological activities investigated. 

The recently synthesized ~ opioid receptor antangonist, H-Q-Phe-Cys

Tyr-Q-Trp-Lys-Thr-Pen-Thr-NH2 (CTP) was chosen because of its high 

selectivity for the p opioid receptor. The Tyr in the third position 

lends itself to substitution by the p-azidopheny1a1anine residue. The 

photoreactive p selective antagonist, H-Q-Phe-Cys-p-N3PHe-Q-Trp-Lys-Thr

Pen-NH2 (4, [p-N3Phe3 ]CTP), was synthesized with this substitution. As part 

of this work, a modified synthesis of W-t-Boc-L-p-NHZ-pheny1a1anine 

(Fahrenho1z, 1980) is presented which makes synthesis of photoaffinity 

peptides containing sulfur by solid phase synthesis methodology more 

facile. 

Analysis of the pharmacological activities and the 6 selectivity of 

Tyr-I!-Pen-Gly-p-NH2Phe-I!-Pen-OH 1, [p-NH2Phe4 ] DPDPE) and 2, and of the 

pharmacological activities and the p receptor selectivity of Q-Phe-Cys-p-
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NH2-Phe-Q-Trp-Lys-Thr-Pen-Thr-NH2 (3,[p-NH2Phe3]CTP and ~ are presented. 

SECTION 1.1 METHODOLOGY. 

Amino acid analyses (Spackman and Moore,1958) were performed on a 

Beckman Model l20C amino acid analyzer after acid hydrolysis of the 

peptides in sealed tubes with either 2 M mercaptoethanesu1fonic acid (0.4% 

phenol) or 4 M methanesulfonic acid (0.2% 3-(aminoethyl)indole) at 110°C 

for 22 h in~. No corrections were made for the destruction of amino 

acid during hydrolysis. Fast atom bombardment mass spectra (FAB-MS) were 

obtained on a Varian 311 A spectrophotometer equipped with an Ion Tech 

Ltd. source with xenon as the bombarding gas. Elemental Analysis was 

performed by MicAna1 (Tucson, AZ) on a Perkin-Elmer 240 elemental 

analyzer. A Perkin-Elmer 552 UV-VIS spectrophotometer and a Perkin-Elmer 

983 infrared spectrometer were used for spectral analysis of the azido 

compounds. Optical rotations were obtained on an Autopo1 III Automatic 

MC Polarimeter at the sodium line. Ascending TLC was performed on a Merck 

Silica Gel 60 F-250 plate using the following solvent systems: (A) 

BuOH/HOAc/H20/Pyridine (15:3:10:12); (B) BuOH/HOAc/Pyridine/H20 

(6:1.2:6:4.8) (C) EtOAc/Pyridine/HOAc/H20 (60:20:6:11); (D) BuOH/HOAc/H20 

(5:2:3). Peptides were visualized by UV fluorescence quenching, 

ninhydrin, Pauly reagent, and iodine. All peptides gave a negative 

Ellman's test (Stewart and Young, 1984). HPLC was performed with the 

following solvent systems on a Perkin-Elmer Series 3B solvent delivery 

system, using a Perkin-Elmer LC-75 UV-spectrophotometer detector and 
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laboratory computer integrator LCI-lOO (Perkin-Elmer): (1) Vydac 218TP15-

l6C18RP colum (25 cm x 4.6 mm) with 0.1% aqueous trifluoroactice 

acid/CH3CN, 78:22 (v/v), at a flow rate of 2.5 mL/min; (II) Vydac 218TP15-

C18RP column (25 cm x 4.6 mm) with 0.1% trif1uoroacetic acid/CH3CN, 77:23 

(v/v), at flow rate of 1.5 mL/min; and (III) a Vydac 2l8TP15-C18RP column 

(25 cm x 4.5 mm) with 0.1% trifluoroacetic acid/CH3CN, 77:23 (v/v), at a 

flow rate of 1.5 mL/min. All NMR analyses were done on a Bruker WM-250 

spectrometer. The peptides DPDPE and CTP were prepared as previously 

described. 

Solid Phase Peptide Syntheses of Cyclic Analogues. The peptides 

were pepared by standard solid-phase synthetic techniques previously used 

in our laboratory (Upson and Hruby, 1976; Sawyer et al., 1982). Briefly, 

Na-tert-butyloxycarbony1 (Na-BOC) protected amino acids were used 

throughout the syntheses and were purchased from Vega Biotechnologies 

(Tucson, AZ), from Bachem (Torrence, CA) or were prepared by published 

methods. Pep tides with the COOH-terminal carboxylic acid groups were 

prepared by first attaching Boc-Q-Pen (4.74 g, 13.4 mmol) to 10 g of 

chloromethylated copo1y(stryrene - 1% diviny1benzene) beads (Lab Systems, 

1.34 mequiv of Cl-/ g resin) using 4.4 g (13.4 mmo1) of cesium carbonate 

(Gisin, 1973). Carboxamide terminal peptides were prepared by using a p

methy1benzyhydrylamine resin (pBMHA resin, 0.91 mmol/g resin) synthesized 

according to published procedures. Reactive side chains were protected 

as follows: Thr, O-benzy1 ether; Lys, 2-ch1orobenzy1oxycarbony1; Tyr, 2-

bromobenzyloxycarbony1; Cys and Pen, p-methylbenzy1; Trp was used without 
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the indole nitrogen; p-aminophenylalanine, N

Peptides were synthesized on a Vega Model 250 peptide 

synthesizer. A 1.5 M excess of preformed symmetrical anhydrides 

(Hagenmeier, 1972) was used for all coupling reaction when applicable, 

which were monitored by ninhydrin (Kaiser et a1., 1970) and/or chloranil 

(Christensen, 1979) tests and repeated as necessary. NO<-Boc protection was 

removed at'each step by two treatments with 40% TFA in CH2C12 for 5 and 20 

min each, except that after Q-tryptophan was incorporated into the growing 

peptide chain, the TFA solution was modified to also contain 10% anisole 

at 4°C for 45 min. After removal of the HF in~, the free peptides 

were washed with either ethyl ether or ethyl acetate to remove anisole 

and organic soluble by-products and then extracted with 30% acetic acid 

and the aqueous solution was lyophylized. After cyclization with 0.01 N 

K3Fe(CN)s at pH 8.4, the analogues were purified by gel filtration 

depending on the analogue. The eluent was monitored by UV absorbance at 

254 nm on an ISCO optical unit, Tris pump, and UA-5 chart recorder. The 

selected fractions were lyophilized and then purified by HPLC. Purity was 

assessed by thin-layer chromotography in a minimum of four solvent systems 

and analytical HPLC. Integration of the HPLC chromatograms (at 214 nm) 

indicated purity in excess of 95%. Analytical data are given in Table IV. 

The p-aminophenylalanine-containing peptide analogues were then placed in 

a 20 mL vial at 0° C and wrapped in aluminum foil. Under moderate stirring 

1 M HCl, 1 M NaN02 , 1 M sulf~ic acid, were added sequentally and then 

neutralized by 1 N NaHC03 • The synthesized p-azido compound was then 
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purified by HPLC, the corect fraction collected and lyophilized. 

~-Boc-p-nitro-L-phenylalanine (MW: 310.3) (A). In a 500 mL round 

bottom flask, p-nitro-L-phenylalanine (Wieland et al., 1971) (19 g, 0.090 

mol) was reacted with di-t-butyl-dicarbonate (21.6 g, 0.099 mol) to yield 

A (22 g, 78% yield, 0.071 mol); m.p. 110-112° C; [a]Z5D +8.0° (c - I, MeOH, 

lit. (Eberle and Schwyzer, 1976) [a]Z5D +7.94 (c 1.55, MeOH; (m.p., 107°C); 

TLC Rf : (A) 0.58 (B) 0.66; (C) 0.64; Anal. Calc. for C14H1SNzOs: C, 54.2; 

H, 5.80; N, 9.00; Found: C, 54.3; H, 5.93; N, 8.91. 13C-NMR 6: (58.7 

mg/0.5 mL, DMSO-Ds); (28.14, q); (36.34, t), (54.61, d), (78.26, s), 

123.26, d), (130.62), (146.59, s), (155.52, s), (173.23, s); IH-NMR 6: 

(1.95, s), (3.62, dd), (3.84, dd), (4.85, m), (7.88, d), (8.49, dd). 

~-Boc-p-amino-L-pheny1alanine (MW: 280.3) (B). To a 250 mL Parr 

hydrogenation vessel was added a solution of compound A (10 g, 0.032 mmol) 

dissolved in 200 mL absolute ethanol (purged with argon for 40 min). Then 

1.5 g of Raney Nickel pore sized 50 p, surface area 80-100 mZ/g, Aldrich) 

was added and the pressure was maintained at 50 psi on a Parr 

hydrogenation apparatus (Parr Co. , Moline, IL) for 24 h. The material was 

filtered through a 2 cm ce1ite pad under Nz and washed 3 x 30 mL Nz purged 

EtOAc. The filtrate was collected and then evaporated to 50 mL in ~. 

Then under Nz , MgS04 was added and the solution filtered through a medium 

sized funnel. The filtrate was reduced in ~ to 25 mL. Then the 

product B (7.86 g, 84% yield, 0.027 mol), under a Nz hood, was precipitated 
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by the addition of N2 purged petroleum ether at OoC, mp 130-132°C; [Q]25n 

+23° (c I, MeOH); TLC Rf values: (A) 0.57, (B) 0.64, (C) 0.51. Anal Calc. 

for C14H20NzQ4: C, 60.0; H, 7.20; N, 10.0; Found: C, 59.7; H, 7.18; N, 10.0. 

13C_NMR (63 mg/0.4 mL) 6: (28.8, q), (35.70, t), (55.55, d), (77.93, s), 

(113.42, d), (115.16, s), (126.80, d), (130.20, s), (155.44, s), (173.99, 

s). 

~-Boc-L-p-N-benzy1oxycarbony1aminopheny1alanine (MW: 414.4) (C). 

A portion of B (5 g/ 0.017 mol) was protectd at the 4'-amino group by 

carbobenzoxy chloride (3.2 g, 0.019 mol) in dioxane/water (1:1), pH = 9. 

The crude product was precipitated from EtOAc/pet. ether to produce C 

(6.77 g, 93% yield, 0.016 mol); m.p. 165-167°C; [Q]25n +17 (c I, MeOH); TLC 

Rf values: (A) 0.65, (B) 0.69, (D) 0.79. Ana1. Calc. for C2zfi2S!:!zQ6: C, 

63.75; H, 6.32; N, 6.76. Found: C, 63.63; H, 6.42; N, 6.87; lH-NMR 6: 

(1.83, s), (3.26, dd), (5.46, dd), (4.55, m), (5.65, s), (7.58, d), (7.73, 

dd), (7.88, m). 13C_NMR (44.9mg/0.5 mL DMSO-Ds) 6: (28.18, q), (35.84, t), 

(55.34, d), (65.69, t), (78.09, s), (118.06, d), (128.09, d), (128.48, d), 

(129.44, d), (130.44, d), (131.95, s), (137.42, s), 153.41, s), (155.50, 

s), (173.70, s). 

[D-Pen2.p-NH2Phe4.D-Pen51enkephalin ([p-NH2-Phe41DPDPE. MW:' 660.7) 

~ Starting with 1.6 g of ~-Boc-Q-Pen(S-4-MeBz1)-Merrifield resin (1.0 

mmo1 amino acid/g resin), the protected peptide resin to the title 

peptide was obtained after stepwise coupling of the ~-Boc-protected amino 
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acids (in order addition): ~-Boc-4'-Cbz-aminophenylalanine (1.7 g, 4.0 

mmol) , ~-Boc-Gly (0.7 g, 4.0 mmol) , ~-Boc-ll-Pen(S-4-pMeBzl) (1.4 g, 4.0 

mmol) , and ~-Boc-Tyr(2,4-C12-Bzl) (1.8 g, 4.0 mmol). The product Na-Boc

Tyr(2,4-C12-Bzl)-n-Pen(S-4-MeBzl)-Gly-(4'-Cbz-NH2)Phe-n-Pen(S-4-MeBz1)

Merrifield resin (2.50 g) was dried in~. The 2.50 g of the protected 

peptide was cleaved from the resin along with all the protecting groups 

by treatment with anhydrous HF (20 mL), anisole (2 mL), and 1,2-

dithioethane (1 mL) at OOC for 45 min. After evaporation of HF, anisole, 

and 1,2-dithioethane in ~, the dried product was washed with diethy1 

ether (2 x 50 mL) and extracted successively with glacial HOAc (60 m:, 

stirring for 20 min), 30% HOAc (3 x 30 mL), 10% HOAc (3 x 30 mL), and 

distilled water (3 x 30 mL). All solvents were previously purged with 

nitrogen. The combined extracts were lyophilized to a white powdr (929 

mg). A portion (508.4 mg) was cyclized immediately by dilution with 2000 

mL of distilled water (N2-purged), the pH was adjusted to 8.4 with 20% 

NH40H, and then 100 mL (40% excess) of 0.01 N K3Fe{CN)s was added. After 

30 min at 40°C, the reaction was terminated by the addition of 10% HOAc 

until a pH of 5.0 was reached. Excess ferro- and ferricyanate ion was 

removed by the addition of a 40 mL suspension of Bio-Rad AG3-X4A for 20 

min followed by suction filtration. The solution was lyophilized to give 

688 mg of crude peptide. The peptide waws dissolved in 25 mL of warmed 

30% HOAc and applied to a P-2 Biogel (Bio-Rad) column (97 cm x 2.4 cm) and 

eleuted with 25% HOAC at 18 mL/h. The major peak was purified by HPLC 

{Vydac C18 preparative column (10 ~, 2.5 x 25 cm) with a gradient of 15-
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30% CHaCN/O .1% TFA (aq) buffer system over a 15 min interval at a flow rate 

of 5mL/min. The purified powder was isolated by lyophilization to give 

90.9 mg of a white powder (yield 8.6% based on starting substitution of 

the resin); [a]2sD -15.0° (c I, 100% EtOH); Amino acid analysis: Phe 1.0 

(1.0); Gly 0.97 (1.0); Tyr 0.98 (1.0). The other analytical data are 

given in Table 18. 

[D-Pen2 .p-N3Phe4 • D-PenSjenkephalin ([p-N3Phe4 j DPDPE. MW: 686.2) (2). 

In a 20 mL bottle cooled to OoC, wrapped in foil, the above peptide (1) was 

added (5 mg, 7.65 pmol) and 505 pL of 1 M HCl, then 22.7 pL of aIM NaN02 

(22.7 mmol, 3-fold excess) was added during stirring. After 10 min, the 

diazotization was monitored with iodine-starch paper. If negative, more 

NaN02 solution was added until a positive reaction was obtained. After 5 

min, aIM soluion of sulfamic acid (25.2 pL, 25.2 mmol) , 3.3-fold 

excess). After 5 min, the reaction mixture was neutralized by slowly 

adding 530 pL of 1 N NaHCOa (530 mmol, 1 meq) (adapeted from Escher et al. 

1978). The sample was then kept at OoC and purified on a Vydac C1B 

preparative column (10 p, 2.5 cm x 25 cm) using a Perkin-Elmer HPLC 

system. The gradient was from 20-40% CHaCN/15 min (Buffer A - CH3CN, 

Buffer B - 0.1% TFA) at a flow rate of 5 mL/min. The yield was 2.1 mg 

(42%) after lyophilization in the dark; [a]25D -26.0° (c 1.0, 100% EtOH). 

Amino Acid analysis: Tyr 1.0 (1.0); Gly 0.97 (1.0); IR (azido): - 2100 cm-

1; UV, mu - 250 nm. The analytical data are given in Table 18. 
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D-Phe-Cys-p-NH2Phe-D-Trp-Lys-Thr-Pen-Thr-NH2 ([p-NH2Phe 3 )CTP, 

MW; 1073,7) (3). Starting with 0.5 g of p-methy1benzhydry1amine-resin 

(0.91 mmol NHi/g resin) the following ~-Boc-protected amino acids were 

added stepwise (in order of addition); ~-Boc-Thr-(O-Bz1); ~-Boc-Pen(S-

4-MeBzl); ~-Boc-Thr(O-Bz1); Na-Boc-Lys(N(-4-C1Z); Na-Boc-n-Trp; Na-Boc-p

aminoPhe(4'-Z); ~-Boc-Cys(S-4-MeBz1); Na-n-Phe. After coupling the last 

amino acid, the protected peptide resin was dried in~. Then the 

protected peptide resin (1.87 g) was cleaved from the resin by liquid HF 

(20 mL), with anisole (2 mL), and 1, 2-dithioethane (1 mL). After 

evaporation of the solvents in ~ at OOC, the dried product (953 mg) was 

washed with ethyl ether (3 x 30 mL), extracted with 30% aqueous HOAc (3 

x 30 mL), and lyophilized. The peptide powder was dissolved in 3.0 L of 

0.1% aqueous acetic acid under a blanket of nitrogen, and the pH was 

adjusted to 8.4 with aqueous ammonia. Then 0.01 M K3Fe(CN)6 was added at 

40°C until a yellow color persisted using an excess fo K3Fe(CN)6' After 

2 h at room temperature the reaction was terminated by adjusting the pH 

to 4.5 with acetic acid. excess ferro- and ferricyanate was removed by 

the additon of 40 mL of Bio-Rad AG3-X4A (Cl- form) anion exchange resin. 

After stirring for 30 min, the resin was filtered off, the filtrate 

lyophilized, and the peptide powder (1.64 g) purified by gel filtration 

on a Sephadex G-15 column using 5% acetic acid as eluent solvent. The 

major peak was lyophilized and then purified by HPLC (Vydac semi-prep 

column, O.l%TFA/CH3CN with a gradient of 20-45%CH3 CN over 20 min. The 

yield was 58.2 mg; [a]25D +23.5° (c 1, 100% EtOH). Amino Acid analysis; 
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Phe 1.0 (1.0); Lys 1.0 (1.0); Trp 1.0 (1.0); Thr 2.2 (2.0); p-NH2Phe 1.0 

(1.0); Trp 0.90 (1.0). The other analytical data are given on Table 18. 

D-Pen-Cys-p-NaPhe-D-Trp-Lys-Thr-Pen-Thr-NH2 MW: 

1100.5) (4). In a 20 mL bottle cooled to OoC, wrapped in aluminum foil, 

1 was added (13.2 mg, 12.2 ~mol) and 880 pL of 1 M HCl, then 39.6 ~L of 

a 1M NaN02 (39.6 mmol, 3-fold excess) was added during stirring. After 10 

min, the diazotization was monitored with starch iodine-starch paper and 

by HPLC (Escher et a1., 1978). If negative, more of the NaN02 solution was 

added until a positive reaction was obtained. After 5 min, a 1 M solution 

fo sulfamic acid (44.0 pL, 44 mmol, 23-fold excess) was added, followed 

by 26.4 ~L of aIM solution of NaNa (26.4 mmo1, 2 fold excess). After 5 

min, the reaction mixture was neutralized by slowly adding 675 pL of 1 N 

NaHCOa (675 mmo1) , 1 equiv). The sample was then kept at OOC and purified 

on a Vydac Cl8 semi-preparative column from 20-35% CHaCN/ls min. The yield 

was 6.7 mg (50%) after lyophilization in the dark; [0]25n +35.1° (c 1.0, 

100% EtOH), amino acid analysis: Trp 0.89 (1. 0); Phe 0.98 (1. 0); Lys 

0.96(1.0); Thr 2.1 (2.0); IR (azido): - 2100 cm- l ; UV: max - 248 nm. The 

other analytical data is given in Table 18. 



Table 18. Analytical Data for Photoaffinity Peptides. 
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nr8-lHz • 

., Merek 5 PI • 20 CII StltCi Cel 10 .1ess ,lites _re .se". ac systflltS Ire IS follows: 
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Rat Brain Binding Bioassay. Adult male Sprague Dawley rates (200-

250 g) were sacrificed and the brains immediated1y removed and placed on 

ice. Whole brain minus cerebellum was homogenized using a Po1ytron 

homogenizer (Brinkman, setting #5, 15 sec). The homogenate was then 

centrifuged two times at 43,000 g for 10 min before use in the 

radioreceptor binding assay. 

[3H]DPDPE (33.6 Cl/mmo1e, New England Nuclear, Boston, MA) and 

[3H] CTOP (84.2 Ci/mmo1e, New England Nuclear, Boston, MA) binding was 

measured by a rapid filtration technique. A 100 ~L aliquot of rat brain 

homogenate (0.5% final) was incubated with either 1.0 nM [3H]CTOP or 1.0 

nM [3H]DPDPE in a total volume of 1 mL of 50 mM Na/K (pH 7.4 at 25°C) 

containing 5 nM MgC12 , bovine serum albumin (1 mg/mL) , and 

pheny1methy1su1fony1 fluoride (100 ~M). All binding measurements were 

done in duplicate and the binding displaced by 1 ~M na1trexone 

hydrochloride was defined as specific tissue binding. Binding experiments 

were carried out at 25°C for 120 min. The binding reactions was terminated 

by rapid filtration of samples through GF/B Whatman glass fiber filter 

strips pretreated with 0.1% po1yethy1enamine solution wi th a Brandel1 cell 

harvester: this was followed immediately by three rapid washes with 4 mL 

a1iquots of ice cold saline solution. Filters were removed and allowed 

to dry before assay filter bound radioactivity by liquid scintillation 

spectrophotometry. 

The data were analyzed by using nonlinear least-squares regression 

analysis on the Apple 11+ computer. Programs were generously provided by 
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SHM Research Corp., Tucson, AZ. 

GPI Assay. Strips of longitudinal muscle-myenteric plexus prepared 

from non-terminal ilea were taken from male Hartley guinea pigs weighing 

150 to 300 g. Tissues were suspended in organ baths (20 mL capacity) 

containing Krebs bicarbonate buffer that was continuously bubbled with 95% 

02' 5% CO2 and maintained at 37°C. The tissues were attached to caligrated 

isometric force transducers and after a IS-min equilibration period 

without tension were stretched to 1.0 g of resting tension (previously 

determined to provide the optimal length (Lo ) as measured by contractile 

responses to 100 nM acetylcholine). The tissues were then transmurally 

stimulated between platinum plate electrodes at 0.1 Hz, 0.4 msec pulses 

and supramaxiaml voltage. Twitch contractions were recorded on a Soltec 

multichannel recorder. All drugs were added to the baths in increments 

of 20 to 50 ~L. The effect of the agonist on electrically evoked twitch 

tension was measured after incubation for 3 min. Antagonists were added 

to the bath 2 min before the addition of the agonists. The changes in 

twitch height after drug exposure were expressed as percentage of the 

twitch tension immediately before the additon of the drug. Concentration 

-response curves were constructed, and the lCso (that concentration which 

reduced the response by 50%) was determined by linear regression analysis. 

MVD Assay. Vas deferentia from male ICR mice (25-34 g) were removed 

and suspended in organ baths containing warmed (37°C), oxygenated (95% 02' 

5% CO2 ), magnesium-free Krebs-bicarbonate buffer. The pair of tissues from 

one mouse were hung as a single unit for 15 min without tension and then 
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as determined by measurments of 

norepinephrine). Tissues were 

transmura11y stimulated at 0.1 Hz, with 2-msec and supramaxima1 voltage. 

Drug studies were performed as described for the GPI. 

The composition of Kreb's soltuion (mM concentrations) was NaCl 118, 

KC1 4.7, CaCl 2.5, KH2P04 1.19, MgS04 1.18, NaHC03 25, glucose 11.48 for 

the GPI; MgS04 was omitted from the buffer for the MVD. 

Drugs. The highly selective mu agonist PL017 was a generous gift 

from D. K.-J. Chang, Burroughs-We11come Research laboratories (Research 

Triangle park, NC). The peptide antagonist was synthesized as previously 

described (Pelton et al., 1986). Somatostatin and DPDPE were purchased 

form Peninsula Laboratories (Belmont, CA). Naloxone HCl and U50,4888H 

were purchased from Sigma (ST. Louis, MO) and Upjohn Diagnostics 

(Kalamazoo, MI), respectively. The delta receptor selective antagonist 

ICI 174,864 was purchased from Cambridge Reasearch Biochemicals (Atlantic 

Beach, NY). 

Data Analysis. All statistical calculations were carried out as 

described by Tallarida and Murray (1981). Test for statistical 

significance included the analysis of variance, followed by a Student's 

t-test for grouped data where significance was indicated. 
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Section 1.2 Results and Discussion 

To develop peptide analogues containing photoaffinity groups and 

still retain selectivity for the ~ and 6 receptors, we have synthesiszed 

p-azidophenylalanine analogues of the ~ opioid receptor selective 

somatostatin-related compound, H-n-Phe-Cys-Tyr-n-Trp-Lys-Thr-Pen-Thr-NH2 

(CTP) , and the 6 opioid receptor selective enkephalin-like compound, H

Tyr-n-Pen-Gly-Phe-n-Pen-OH (DPDPE). A major synthetic problem is evident 

when trying to synthesized these compounds. Most photoreactive petides 

are made utilizing Na-t-Boc-p-nitrophenylalanine, which requires catalytic 

hydrogenation to form the amine, the precursor to the azido group. In the 

presence of cystine, cysteine, penicillamine, methionine or other sulfur 

containing compounds, this can lead to the poisoning of the catalysts and 

desulfation, consequently increasing reaction times and descreasing 

yields. The synthesis of Boc-L-p-NH-Z-phenylalanine (Fahrenholz, 1980) 

facilitated the synthesis of these sulfur-containing peptides by solid 

phase methodology. This protected derivative of phenylalanine did not 

require catalytic reduction and could be directly converted into p-azido

phenylalanine when incorporated into disulfide-containing peptides. 

These peptides were prepared by the solid phase method of peptide 

synthesis utilizing either a p-methylbenzhydryl resin for carboxamide 

terminal peptides or a standard chloromethylated Merrifield resin for 

carboxylate terminal peptides. Preformed symmetrical anhydrides (Wieland 

et al., 1971) of the ~-protected amno acids were employed for most of the 
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coupling reactions. Peptides were cyc1ized to their disulfide form under 

high dilution using K3Fe(CN)6 at pH 8.4 as the oxidizing agent. 

Purification was accomplished by gel filtration followed by reverse phase 

high-performance liquid chromatography (RP-HPLC) using a Vydac ClS reverse-

phase semi-preparative column. Purity was assessed by thin layer 

chromatography, analytical RP-HPLC, amino acid analysis, and fast atom 

bombardment mass spectrometry (FAB-MS). See the Experminental Section for 

details. 

The enkepha1in analogue 1 demonstrated a 2.2 fold selectivity for 

the 6 recetor on the rat brain membranes. The p-amino group in the 4 

position significantly decreased both the potency and the selectivity of 

DPDPE at the 6 opioid receptors (Table 19). This was not a result of the 

steric reguirements of the 6 receptor site, since the pseudoisoster [p

MePhe" ] DPDPE has high potency at this receptor. Rather, this effect seems 

to be electronic in that the amino group is basic with non-bonding 

electrons leading to an analogue in which the binding potency decreases 

over 300 times at the 6 receptor and about 6 fold at the I' receptor, 

relative to the binding potencies of DPDPE. The analogues 1 was a weak 

agonist on the MVD with an ICso of 138 nM and appeared to be inactive in 

the GPI assay (ICso » 10,000 nM). The I' antagonist [p-NH2Phe3 ]CTP 

demostrated weak binding potency and poor se1ecivity in the rat brain 

binding assay. This may reflect the importance of the para position of 

the phenyl ring in position three of the peptide chain. This compound 

demonstrated no intrinsic inhibition in the MVD or GPI bioassay 
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preparations (Table 20). The para-aminophenylalanyl peptides were the 

synthetic precursers to the para-azidophenylalanyl peptides and were not 

expectd to demonstrate increased potency or greater selectivity at the ~ 

and 6 opioid receptors. 

The [p-N3Phe3 ]CTP demonstrated a 412 fold selelctiviy for the ~ 

receptor over the 6 receptor and the [p-N3Phe4]DPDPE showed a 110 fold 

selectivity for the 6 receptor over the ~ receptor in the rat brain 

binding assays. In the mouse vas deferens (MVD) and guinea pig ileum 

(GPI) smooth muscle assays, [p-N3Phe4 ]DPDPE demostrated a greater than 

1,000 fold selectivity for the 6 receptor Table 19. Binding Potencies 

and Selectivities fo DPDPE and CTP over the ~ receptor. Further evidence 

for the 6 receptor selectivity and reversibility was provided by the 

ability of the selective 6 antagonist ICI 174,864 to abolish completely 

the inhibition of contractions by [p-N3Phe4 ]DPDPE in the MVD assay, whereas 

the ~ selective antagonist, H-Q-Phe-Cys-Tyr-n-Trp-Lys-Thr-Pen-Thr-NH2 

(CTP) , had no significant effect. The ~ antagonist analogues [p

NH2Phe3 ]CTP and [p-NH2Phe3 ]CTP were inactive in these bioassays. The 

reason for its inactivity in the MVD and GPI is not understood at this 

time. These analogues bind well to rat brain membranes and this might 

suggest that they would be active in the in vitro MVD and GPI assays, but 

this was not observed. One possible explanation is a differenece between 

rat brain membrane (CNS) ~ receptors and guinea pig ileum (peripheral) ~ 

receptors in their structural requirements. 



115 

Table 20. Biological Potencies of DPDE and eTP Photoaffinity Analogues. 
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Although the p-azido-substituted analgues of DPDPE and CTP are 

somewhat less potent than their parent analogues, they do retain 

highreceptor selectivity, suggesting that they will be very usefull in the 

labeling of 0 and ~ receptors, respectively, by photochemical methods. 

The photo-reactivity of the analogue [p-N3Phe4 jDPDPE was examined by 

irradiating the sample and following the disappearance of the parent peak 

by HPLC (Table 21). A GE 250 W sunlamp at a distance of 5 cm from the 

sample was the most effecti ve. A mineral amp at % cm was the least 

effective. These preliminary photoreactivity values are necessary when 

initiating an investigation of photoreactive analgues in vitro since the 

opioid receptors are very sensitive to light with a tl/2 - 7.5 min (Glasel 

and Venn, 1981). This is most likely due to the many amino acid side 

chains in the receptor (i.e., possibly tryptophan, histidine, cystine, 

etc.) that can be sensitive to irradiation. Therefore these results can 

be used when determining the irradiation times necessary to photolyze the 

azido group yet maintain the biological integrity of the receptor. The 

irradiation times should be long enough to photolyze the azido group but 

short enough not to affect the receptor. 



Table 21. Photoreactivity Study of [p-N3Phe4]DPDPE. 
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Section 2.0 Enkephalin Analogs Containing Constrained Phenylalanine Amino 

Acids 

The etiology of pain has been the subject of extensive study by 

chemists, biochemists, pharmacologists and physicians for many decades 

(Palmer and Strauss, 1977; Porreca et al., 1984; Olson et al., 1985). The 

possibility of substituting enkephalins for alkaloid opiate drugs as 

natural analgesics has led to widespread interests in these neuroactive 

peptides. Much of the recent chemistry of enkepha1ins has been directed 

toward the elucidation of the conformation(s) necessary for receptor 

activation (Mosberg et al., 1983; DiMaio et al., 1982; Morley, 1980). 

The elucidation of the correct conformation has been complicated by 

the suggestion of different classes of opioid receptors (i.e., ~ (mu) , 

S (delta), k (kappa), ! (epsilon), and u (simga» (Lord et al., 1977; 

Wolozin and Pasternak, 1981; Martin et al., 1976; Tyers, 1980; Iwamoto and 

Martin, 1980). In order to make potent and selective enkephalins the 

active conformers at each of the different classes of receptors needs to 

be elucidated. There are several ways to investigate the active 

conformation of the peptide at its receptor, and this is done by 

appropriate structural modifications of the peptide, which can be listed 

as follows: (1) the shortening or lengthening of the pentapeptide chain 

(Terenius et al., 1976; Agarwal et al., 1977); (2) the substitution of the 

individual amino acids (Bedell et al., 1977; Coy et a1., 1976; Shawet 

al., 1978; Wei et al., 1977); (3) the chemical modification of individual 
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amino acids (Dutta et al., 1977; Schiller et al., 1977; Chang et al., 

1976); and (4) the incorporation of cyclic constraints (Hruby, 1982; Hruby 

and Hadley, 1987; Hruby, 1985). 

Numerous conformational studies have been carried out that proposed 

particular "active" conformations for enkephalins at opioids receptors 

(Fournier-Zaluski et al., 1981; Roques et a1., 1976; Jones et a1., 1976; 

Khaled et a1., 1977; Schiller, 1984; Manava1an and Mom~ny, 1981; 

Comgrisson et al., 1976; B1uck et a1., 1976; Bleich et al., 1976; de Loen 

et a1., 1977; Go1t, 1977; Maryonoff and Zelecko, 1978; Stimson et a1., 

1979; Blundell et al., 1979) [and the stuctural analogy between 

enkephalins and morphin has also been discussed (Ramakrishnan and 

Portoghese, 1982; Deeks et a1., 1983; Deeks et a1., 1984; Horn and 

Rodgers, 1976; DiMaio and Schiller, 1980)]. Yet, because of the problem 

of multiple opioid receptors and nonselective ligands, it is difficult to 

understand which proposed conformer of the opioid ligand corresponds to 

which class of opioid receptors. 

Recently, Hruby et a1. (Hruby et a1., 1987; Hruby et a1., 1988) have 

described a conformer of NH2 -Tyr-Q-Pen-Gly-Phe-Q-Pen-OH, (DPDPE,I), that 

is suggested to duplicate the 'active' conformer of the 0 opioid receptor 

ligand at the binding site of the 0 opioid receptor. The structure 

obtained has a highly compact conformation with close transannular 

interactions between the Tyr1 and Phe4 aromatic rings and Q-Pen2 E-methyl 

groups. When observing this 6-conformer from the side of the 14-membered 

ring containing the disulfide group (Please refer to Fig. 8 in Hruby et 
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al., 1988), the Tyrl and Phe4 side chains are positioned on the same side 

of the plane of the ring. This is the hydrophobic side, whereas the 

opposite side, due to the positioning of the carbonyls of the amide bonds, 

is the hydrophilic side (for a more definitive description please refer 

to page 3358 of Hruby et a1., 1988). 

Goodman and co-workers have described (Mierke et al., 1987) a ~ 

opioid receptor conformer of H-Tyr-c[-~-A2bu-G1y-Phe-~-Leul, (II). This 

peptide contains a 14-membered ring and is stabilized by an amide bond 

formed by the C-termina1 COOH and the r-amino group of A2bu. This 

stab1ized structure forces the Tyrl aromatic ring and the Phe4 aromatic 

ring into a fully extended structure, 1800 apart along the backbone. In 

addition to the amide bond stabilization of the ring, three hydrogen bonds 

stabilize the Tyrl carbonyl group and other specific groups within the 

ring. This JI-conformer does not exhibit any obvious amphiphilic 

characteristics. 

In order to investigate these two models we decided to focus on the 

conformational effects produced by the Phe4 position. This position was 

chosen for the following reasons: (1) it plays significant role in the 

activation of the opioid receptors, and small conformational or structural 

changes should be readily apparent in biological assays; (2) it is 

situated in the stabilized ring of both I and II, and therefore, it is 

assumed that these side-chain modifications would have a minor effect on 

the overall ring stabilized conformation; (3) many unusual amino acids 

can be synthesized that will limit the Xl and X2 angles and still retain 
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the aromatic ring extended by one methylene group from the a-carbon; (4) 

in Hruby's 0 -conformer model the Phe4 aromatic ring plays an important role 

in the stabilization by close transannu1ar interactions with the Tyrl 

aromatic ring; and (5) in Goodman's ~-conformer model the Phe4 aromatic 

ring apparant1y does not contribute significantly to the stabilization of 

the ~-conformer. The phenyl ring must be positioned adjacent to the plane 

of the ring for optimum ~ opioid receptor activation. 

Therefore, in order to explore the effects of spatially positioning 

the benzyl side chain of Phe4 relative to the plane of the 14-membered ring 

we chose to substitute the following amino acids into the fourth position 

of DPDPE: (1) 2-amino-indane-2-carboxy1ic acid (Aic); (2) (2R)-2-amino

tetralin-2-carboxy1ic acid (Atc); and (3) (2S)-2-amino-tetra1in-2-

carboxylic acid (Q-Atc). 

Our results indicate the suggested 6 -conformer model describes 

specific topological characteristics of the Phe4 side chain that 

contributes to the high 0 opioid receptor selectivity of DPDPE, and the 

suggested ~-conformer model describes specific topological characteristics 

of the Phe4 side chain that contributes to the I-' opioid receptor 

selectivity of 11. 

SECTION 2.1 METHODOLOGY. 

[D-Pen2 ,D.L-Tnc4 .D-Pen51enkepha1in (MW: 676) [2 (Isomer A) and 4 (Isomer 

~. Starting with 0.64 g of NQ -Boc-Q-Pen(4-S-Bz1)-Merrified resin (0.64 

mM amino acid/g resin), the protected peptide resin to the title peptide 
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was obtained after stepwise coupling of the ~-Boc-protected amino acids 

(in order of addition): 2-~-tert-butyloxycarbony1-D,L-tetrahydronaphthy1-

2-carboxylic acid (0.87 g); ~-Boc-G1y (0.53 g); ~-n-Pen(4-S-pMeBz1); 

(1.06 g), and ~-Boc-Tyr(2,4-C12-Bzl) (0.84 g). The product, ~-Boc

Tyr(2,4-C12-Bzl)-n-Pen(2,4-C12-Bzl)-Gly-D,L-Tna-n-Pen(4-S-Bzl)-Merrified 

resin, was dried in~. Then 0.93 g of the protected peptide was 

cleaved from the resin along with all the protecting groups by treatment 

with anhydrous HF, anisole, and 1,2-dithioethane at 4°C for 45 min. after 

evaporation fo HF, anisole, and 1,2-dithioethane in Y2£1!Q, the dried 

product was washed with ether and extracted with glacial HOAc, 30% HOAc, 

10% HOAc, and distilled water. All solvents were purged with nitrogen. 

The combined extracts were lyophylyzed to a white powder. Then this 

material was cyclized by diluting the powder in 1000 mL of distilled water 

and adjusting the pH to 8.4 with 20% NH40H. Then 0.01 N K3Fe(CN)6 was 

added until a yellow color was maintained in solution. After 4 hours of 

stirring the excess ferro- and ferricyanate was removed by the addition 

of 40 mL syspension of Bio-Rad AG3-X4A for 20 min followed by suction 

filtration. The solution was lyophilized to give a white compound. This 

material was then desalted by gel filtration (Bio-Rad GlO in 15% HOAc), 

and the fraction collected was lyophylized and then purified by an 

isocratic run (0.1% TFA (aq)/CH3CN (75:25» on a Perkin E1emer Series 3L 

solvent delivery system using a Perkin-Elmer LC-75 UV spectrophotometer 

detector and laborator computer integrator LCI-lOO with a Vydac CIS RP

HPLC column (25 em x 2.5 rnm). Isomer A (cpd 2). TLC R,:(A) ;(B) ;(C) 
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; (D) . Amino acid analysis: Tyr( ); 2 .Q-Pen( ); Gly( ) ;Atc( ) . 

(same conditions as above). FAB-MS calc.: 671; found: 672. Isomer B (R) 

(cpd 4) has the same results as for Isomer A (S) (cpd 2). 

[D-Pen2 . Aic4 • D-Penslenkepha1in (MW:657) (3). Compound 1 was synthesized 

according to the sane methodology as described above. TLC Rf : (A) ; (B) 

;(C) ;(D) . Amino acid analysis: Tyr( );2.Q-Pen( );Gly( );Atc( 

). (same conditions as above). FAB-MS calc.: 657; found: 658 

Resolution of Methyl 1.2.3,4-tetrahydro-2-acetamido-2-naphthoate. A 100 

mg (0.41 mmoles) of the methyl ester of the N-acetyl tetrahydronaphthoate 

is dissolved in 20 mL of MeOH and 80 mL of water and the pH was adjusted 

to 7.9 with 0.1 M sodium hydroxide. a-Chymotrypsin (13.0 mg, Sigma) was 

added to the stirring solution. During 15 h, 1.5 mL of base was consumed 

and the reaction stopped. The chloroform extracts were washed with water, 

dried over MgS04' filtered, and evaporated at reduced pressure to afford 

58 mg of (-) ester, mp l46-l47°C, [lit. mp l48-l50°C] after a single 

crystallization from chloroform/hexane. The aqueous layer was reduced in 

volume and 7.7 mg of (+) l,2,3,4-tetrahydro-2-acetamido-2-napthoate was 

recovered. Both samples were hydrolyzed in 6N HCl overnight and R/ s 

determined (Table 22). The isomer A (S) (cpd 2) and Isomer B (R) (cpd 4) 

were also hydrolyzed overnight and the Rf's for its constituent amino acids 

were determined (Table 22) (modified from Matta and Rohde, 1972). 
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SECTION 2.2 RESULTS AND DISCUSSION 

The constrained amino acids used for this study are shown in Figure 

8. The 2-amino-tetralin-2-carboxylic acid (Q,L-Atc) was incorporated into 

the peptide as a racemic mixture and then the two peptidic configurational 

isomers were isolated by HPLC. The isolated isomers were hydrolyzed by 

6 N HC1 (2 N mercaptomethanesulfonic acid was inadaquate for the chira1 

plates) run on chira1 plates. The Rf's for each standard amino acid were 

determined and compared to the isomers a (Table 22). Once the 

configurational isomers of the [Atc4 ]DPDPE and [Q-Atc4 ]DPDPE were separated 

the in vitro biological activities of each were determined. 

This study was prompted by the desire to compare the 'active' 

conformer model proposed for the a opioid receptor ligand and the 'active' 

conformer model proposed for the ~ opioid receptor ligand. We used the 

constrained amino acid Atc and Aic to investigate the topological 

characteristics of the Phe4 of each model. The relationship between the 

plane of the ring and the phenyl ring can be seen in Figure 9. 

The conformation of the benzyl side-chain of (S)-2-amino-3-pheny1 

propanoic acid can be considered to extend towards the lipophilic side of 

the plane of the ring of DPDPE. There would be free rotation around the 

Xl and X2 angles unless inhibited by molecular collisions. This amino acid 

will be flexible enough to adopt the necessary conformation (within the 

rotational barriers allowed) imposed on it by the a or ~ opioid receptor. 

According to the a-conformer model the Phe4 benzyl group would have 



PHENYLALAN1NE 2-AMINO-TETRALIN-2-
CARBOXYUC ACID 
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2-AMINO-INDANE-2-
CARBOXYLIC ACID 

Figure 8. Constrained phenylalanine amino acids. These structures 
illustrate the amino acids used in this study to position the phenyl side 
chain at different spatial positions in DPDPE. The phenylalanine and 2-
aminotetra1in-2-carboxy1ic acid have a chira1 carbon, which places the 
phenyl ring above or below the plane of the 14 membered ring. The 2-
aminoindane-2-carboxy1ic acid is symmetrical and therefore does not 
contain a chira1 center. This places the phenyl ring adjacent to the 
plane of the 14 membered ring. See the text for discussion. 
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Figure 9. The relationship between the restricted phenyl side chain in 
positions four, the Tyrl side chain, and the plane of the ring. The large 
oval represents the 14 membered backbone ring of H-Tyr-D-Pen-Gly-Phe-n
Pen-OH and/or H-Tyr-c[-D-A2bu-Gly-Phe-n-Leu). The carboxylic acid group 
is presented to indicate the relative position of the C-terminus. See the 
text for details. 
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Table 22. The Capacity Factors (k') and Thin Layer Chromatographic values 
for the Amino Acids in the Constrained DPDPE Analogues and Standard Amino 
Acids. 

Standard RB 
f Isomer A Rf Isomer B Rf 

ComI!ound 2 ComI!ound 4 
k,b 1.77 1.83 

(R) -Atc 0.52 (R)-Atc 0.52 

(S) -Atc 0.58 (S)-Atc 0.58 

Gly 0.52 Gly 0.52 G1y 0.52 

(S) _Penc 0.39 (S)-Pen 0.39 (S)-Pen 0.39 

(S) -Tyr 0.72 (S) -Tyr 0.72 (S)-Tyr 0.72 

aThese values were determined on Macherey-Nage1 Chira1plates (0.25mm silica 

gel RP coated with Cu2+ and chira1 reagent) with Acetonitrile/MeOH/H20 

(4:1:1) as the eluent. 

bThe capacity factor (k') for Isomer A and Isomer B were determined by 

HPLC-RP: 

1) flow rate - 3 mL/min; 2) separated on a Vydac C218TP15-C1SRP column (25 

cm x 4.6 mm) using a Perkin-Elmer Series 3B solvent delivery system, 

Perkin-Elmer LC-75 UV-spectrophotomer detector and Perkin-Elmer LeI-lOO 

laboratory computer integrator. 

CThe oxidation state of the sulfure in Q-Pen was not determined after acid 

hydrolysis. 
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a transannular interaction with the aromatic ring of the Tyrl. If there 

is also a topochemical site located in the receptor that complements the 

steric bulk and electronic characteristics of these interactions then it 

must be located above the lipophilic side of the ring. Therefore, for 

maximum interactions between the 6-Phe4 topochemical site the Phe 4 benzyl 

group, the 6-Phe4 topochemical site should be on the lipophilic side of the 

14-membered ring of DPDPE. 

The next amino acid used to compare these two models is the (2S)-2-

amino-tetralin-2-carboxylic acid (Atc). This amino acid is similar to 

phenylalanine yet the aromatic ring is constrained by an ethylene bridge 

connecting the Q-carbon to the C-2 atom of the aromatic ring. The 

conformation of (2S)-2-amino-tetralin-2-carboxyilic acid has been 

determined to exist as a slightly distorted chair (Cannon et al., 1982) 

(Figure lOA). This distorted chair when incorporated into the DPDPE would 

position the benzyl group on the lipophilic side of the ring. This amino 

acid would not have the flexibility of (S)-2-amino-3-pheny1-propanoic 

acid, because both of its Xl and X2 angles are restricted by an ethylene 

bridge. These constraints would most likely prevent transannular 

interactions between the Atc4 benzyl group and the Tyrl aromatic ring. 

Since transannular interactions may be a stabilizing feature in the 6-

conformer, this analog we would be expected to have low 6 opioid receptor 

potency and selectivity; this corresponds to the in vito results obtained 

(Table 23). 
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In the p-conformer model the benzyl side-chain of Phe4 appears to be 

located very close to the plane of the ring from visual inspection of the 

model. The (S) -Atc" would appear to duplicated the suggested conformation 

of the sidechain. If this is true, than the [Atc4 ]DPDPE would be expected 

to demonstrate increased selectivity at the p opioid receptor vs the 5 

opioid receptor. This results is observed from the in vitro biological 

assays. DPDPE, which has been designed for 5-receptor potency and 

selectivity has now been modified to prefer the p opioid receptor and not 

the S - receptor. A1 though the p potency is low, this analogue has 

increased in p potency over 28 times and decreased potency by 210 times 

at the 5 receptor relative to DPDPE. This would imply that the p-Phe 4 

topochemica1 site is located adjacent to and slightly above the lipophilic 

side of the ring for maximum interaction with the receptor. 

The next analog [Aic4]DPDPE has the 2-amino-indane-2-carboxy1ic acid 

incorporated into the peptide backbone. The benzyl ring of Aic is 

constrained by a methylene bridge linking the a-carbon and C-2 carbon of 

the aromatic ring. The cyc10pentane ring of the in dane system is proposed 

to exist as an equilibrium of two puckered conformational isomers (Cannon 

et a1., 1982) (Figure lOB). The eclipsing interactions and steric strain 

will make the planar conformation unfavorable. This forces the aromatic 

group level to the plane of the ring allowing very little rotation around 

the Xl and X2 angles. This constrained amino acid prevents the aromatic 

ring from any movement above or below the plane of the ring. This 

analogue, which would be unable to interact with the S-Phe4 topographical 
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Table 23. The Potencies of constrained DPDPE8 analogues in the Guinea
Pig I1euim (GPI) and Rat Vas Deferens (RVD). 

Analog GPI(nM)b references 

1. DPDPE 16,244 4.26 (Mosberg et 

a1., 1983) 

2. [Atc4 ] DPDPE 566 7468 

Isomer A 

3. [Aic4 ] DPDPE 6% at 10,000 11% at 30,000 

4. [Q-Atc4 ] DPDPE inactive 12% at 10,000 

Isomer B 

> 48,000 48 (Hurst, 

1983) 

8DPDPE - NH2-Tyr-~-Pen-G1y-Phe-~-Pen-OH, [~-Pen2.5]enkepha1in. 

bSee page 108 and 109 for smooth muscle methodo1gy. 
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b -

A 

b 

-

B. 

Figure 10. The conformational isomers of 2-aminotetralin-2-carboxylic 
acid and 2-aminoindane-2-carboxylic acid. The 2-aminotetralin-2-
carboxylic acid has been described as remaining primarily in the boat 
conformation (Figure lOA). The 2-aminoindane-2-carboxylic acid has been 
described to remain primarily in a puckered conformation (Figure lOB). 
See the text for details. 
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site or p-Phe4 topographical site, would presumably be inactive. This was 

observed from the biological data and the analogue was inactive at boththe 

0- and p-receptor biological assays. 

The remaining two analogues, [Q-Atc4]DPDPE and [Q-Phe4]DPDPE, both 

have the Phe4 benzyl ring positioned below the plane of the ring. These 

analogues are inactive as expected. The slight biological activity 

observed is possibly a result of the binding at auxilIary topochemica1 

sites (sites maintaining complementary characteristics of the Phe4 benzyl 

side-chain but cannot be considered a primary binding site to Phe4). 

Investigators have theorized that the phenyl ring of Phe4 needs to 

be able to freely rotate around the X2 bond (the receptor class not 

defined), and the Xl bond may remain rigid (Do et a1., 1981). These 

theories may explain the low activity of [Atc4 ] DPDPE at the p opioid 

receptor, or the low activity may be due to the presence of the COOH 

terminal group in DPDPE, which is known from previous SAR studies to be 

incompatible with optimum p opioid receptor activation Hansen and Morgan, 

1984). 

In solution, the 14-membered ring, stabilized by a disulfide bridge, 

adopts the preferred 0 -conformation before the peptide reaches the 6-

receptor. Whether the peptide is oriented by intermolecular forces to 

position the lipophilic side of the molecule towards the active 

topographical regions of the receptor or other effects (e.g., thermal 

motion or hydrophobic forces), is only conjecture at this time. However, 

once the peptide has interacted with the receptor, DPDPE's hydrophobic 
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surface would be expected to orient towards the surface of the receptor 

and its hydrohiphilic surface would be exposed to the aqueous environment. 

The 6-Phe4 topographical region in the receptor will then be able to non

covalently bind to the Phe4 benzyl side chain due to the stabilization of 

the transannular interactions between the Tyr1 and Phe4 aromatic rings. 

The results of this study indicate that the 6-conformer requires a 

transannular interaction which may be necessary to maintain the Phe4 side 

chain on the lipophilic side of the ring for optimal interaction with the 

6-topochmecial site. These trans annular interations are not necessary for 

the ~-conformer, and this allows the Phe4 side chain to become level with 

the plane of the ring, which is suggested to be the optimum position for 

the ~ topographical site. 
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Chaper 4 

New Nonnatural Amino Acids for Constraining Peptides 

A major problem to be confronted in peptide design is the fact that 

many peptide hormones and peptide neurotransmitters are small 

conformationally flexible molecules with many conformations that are 

highly environment dependent. There has been a considerable amount of 

success in limiting the number of conformations the molecule can posses 

by inserting the appropriated conformational restrictions (DiMaio et al., 

1982; Mosberg et al., 1983; Pelton et al., 1985; Sawyer et al., 1982, 

Hruby, 1982). 

The modification of naturally occurring small peptides has lead to 

the development of synthetic peptides having greater potencies, prolonged 

activities, receptor-selective agonist activities and receptor-selective 

antagonistic activities (Sawyer et a1., 1982; Mosberg et al., 1983; Pelton 

et al., 1985). These synthetic peptides have been designed from naturally 

occuring amino acids and modified amino acids. The modification of the 

amino acid can limit the rotation of various torsional angles (bond 

lengths and bond angles are usually unaffected). Consequently, once these 

constraints are built into the amino acid side chain to limit the 

torsional angles, these constraints should be maintained in the geometry 

of the peptide. This would allow us to infer structural characteristics 
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about the peptide from the geometry of the side chain and the effects that 

the constrained side chain has on the recognition of the ligand by the 

receptor. These modified amino acids can limit the possible conformations 

and topological variations that naturally occuring peptides can assume in 

three dimensional Euclidean space (Hruby, 1982; Hruby, 1985). 

This approach seeks to reduce the very large number of possible 

conformation to a limited number, which can then be analyzed by 

spectroscopic methods and theoretical computational calculations. From 

the standpoint of peptide hormone receptors, there is evidence which 

suggests that the side chain groups on the peptide provide the major loci 

for recognition (binding) and transduction (biological activity) (Hruby, 

1982). From this point of view, it is the three dimensional 

re1ationship(s) of the side chain groups in the peptide to one another 

(topography) that determines the binding message and biological activity 

message for the hormones or neurotransmitters. The backbone serves 

primarily as an structural matrix for the side-chain groups. 

Indeed as Ramachandran and others showed many years ago, it is the 

properties of the side chain groups that primarily determine the 

conformational space generally available to an amino acid residue in a 

peptide (Ramachandran and Sasisekaran, 1968). Most approaches at 

conformational restriction to date have utilized changes which are meant 

to have their primarly effect on the conformation of the backbone. This 

is concluded from the conformational studies of pep tides by biophysical 

and theoretical methods which has defined the backbone angles. 
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Section 1.0 Pictorial Representation of i-Methyltyrosine. 

The are several suggested conventions for pictorial representation 

of the amino acids, the Fischer projection formula, the sawhorse diagrams, 

and the Newman projection formulas. The diastereomers of l(2E,3E)-B-methyl 

tyrosine will be used as an example to demonstrate these conventions. The 

configuration of each chiral carbon will be described by the Cahn-Ingold

Pre log convention (R,S: sequence rules) and the Fischer convention (Q,1 

in paranthesis) when appropriate. 

In Figure 11 the Fischer projection formula (where the vertical line 

intersects with the two horizontal lines are considered the second (top) 

and third (lower) carbon atoms) are drawn for each quadrant of the page. 

In the upper-left-quadrant side of the page the -COOH group (the most 

highly oxidized carbon of the main chain) is written at the top of the 

projection formula. The NHz group is then drawn on the left-hand side of 

the second carbon. This is for most of the S(L)-amino acids (there are 

exceptions, i.e., R(L)-cysteine). The a-substituted amino acids should 

have the modified a-substituent drawn on the right-hand side of the second 

carbon and the naturally occuring side-chain drawn at the bottom (when the 

amino acid is void of any naturally occuring side-chain then the largest 

group should be positioned at the bottom of the projection 

1 E - episilon represents a chiral center that has an undefined absolute 

configuration (IUPAC nomenclature) 
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formula) . The &-substituted amino acids should have the naturally 

occuring side-chain drawn at the bottom of the projection formula (similar 

to the -DH in threonine) and the second highest priority group drawn on 

the left-hand side of the third carbon (again, if no naturally occuring 

side-chain exists then the largest group is drawn at the bottom of the 

projection formula). The configuration at the third carbon is maintained 

for the projection formulas in the left hand side of the page and only the 

positions of the -NH2 and the a-substituent is exchanged. The right-hand 

side should contain the mirror images. Now all four Fischer projection 

formulas are completed. These 2conventions allow for the rapid 

representation of the individual diastereoisomers and enantiomers of the 

amino acid and the rapid recognition of the configurations at the second 

and third carbon atoms. This Fischer projection formula can be used for 

amino acids containing more than two chira1 atoms. 

The number of blocks (2 x 2 matrix of amino acid diastereomers) of 

four stereoisomers can be described by the following equation: 

the number of blocks of (eq. 1) 

four stereo isomers 

(where n - the number of chira1 centers). An example can be demonstrated 

with n - 3. According to eq. 1, this should give us 2 blocks with four 

Fischer projection formulas in each block (Figure 12). In the first 

projection formula in block 1 the upper-left quadrant should have all the 

2This convention is a result of the designation for D-(+)-glydera1dehyde. 
an arbitrary designation. 
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B-..... -HH .. 

B--+--11112 1012--+--11 

CH,.-..... -B II-..... -CH, 

Figure 11. Fischer Projection Formulas of B-Methy1tyrosine. 
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chira1 carbons designated S. The first projection formula in the upper

left quadrant of block 2 should have the third carbon rotated to the R 

configuration and all other atoms remain S. The lower-left quadrant of 

each block has the chirality of the a-carbon reversed. Then the remaining 

mirror images (right-hand side) of each block of four are then drawn. 

In each block there will be two pairs of enantiomers (mirror images). 

The number of enantiomers is given by the following equation; 

The number of enatiomers 2n/2 (equation 2) 

The skeleton of the sawhorse diagrams can be drawn in the four 

quadrants of the page (Figure 13). In the upper-left quadrant the -GOOH 

group can then be drawn on the rear-lower-right bond of the diagram and 

the largest group (or naturally occuring side chain) on the front-lower

right bond of the diagram. The remaining functional groups can then be 

placed on each carbon atom relative to these two groups. The -GOOH group 

is always placed at the rear-lower-right bond as a common reference. Once 

the sawhorse structures have been drawn than the Neuman projection (Figure 

14) formulas can be drawn. 

First, draw the ba11-and-stick backbone structure (looking down the 

third to second carbon atom bond) of the Neuman projection figures in each 

quadrant of the page. Then in the upper-left quadrant place the -GOOH at 

the bond in the back directed towards the bottom of the page. The 

remaining groups on the second carbon can then be designated. The groups 

of the front carbon (third carbon) can then be place accordingly. 
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Figure 13. Sawhorse Diagrams of A-Methytyrosine. 
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2S,3S 
DYIHltO 

Figure 14. Newman Projection Formulas of A-Methyltyrosine. 
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These conventions allow the drawing of the Fischer proj ection 

formula, the sawhorse diagram, and the Newman projection formula of amino 

acids, where each formula and diagram are related to each other (Figure 

15). Once the Newman projection formula is drawn the rotamers can be 

drawn and analyzed for various steric or electronic interactions from the 

side groups (or drawn to represent the experimental results and/or 

empirical results). 
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Figure 15. Fischer Projections, Sawhorse Diagrams, and 

Newman Projections of &-Methyltyrosine. 
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Section 2.0 Tetralin Amino Acids 

In order to investigate the topology of the aromatic side chain in 

DPDPE and SP analogues tetralin amino acids were synthesized. These amino 

acids have only been considered for their similarity to the aromatic rings 

in morphine and were not considered for their conformationally 

constraining characteristics (Deeks et al., 1983; Deeks et al., 1984). 

Therefore, in anticipation of incorporating these amino acids into 

peptides to determine their conformationally constraining characteristics, 

we decided to synthesized the 2- amino-7-hydroxy-tetra1in-2-carboxylic 

acid, and 2-amino-l,2,3,4-tetralin-2-carboxylic acid (Figure 16). 



Figure 16. Tetra1in amino acid derivatives of tyrosine 
and phenylalanine. These modified amino acids both 
contain an ethylene bridge which limits the rotation around 
the side chain torsional angles. 
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Section 2.1 Methodology. 

2.6-Dimethoxy-E.-tetralone (MW:188.227) (1). Purchased from Aldrich. 

C12H1202 IH-NMR (CDC13 ) 6: 3.86 (s,6H); 7.11 (m,4H), 7.65 (d,2H). 

3.4-Dihydro-2. 6-dimethoxytetralone(MW:190. 243) (1) An 11 g sample 

of 2, 6-dimethoxynaphthylene is added to 29 g of sodium in 300 ml of 

anhydrous ethanol and ref1uxed for 7 hr (Cornforth et al., 1942). The 

yield obtained was 9 gm (87%) after neutralization, filtration and 

rectrystallization from 95% EtOH. C12H1402 IH-NMR (DMSO-D6 ) 6: 2.27 (t,lH); 

2.77 (t,lH); 3.60 (s,3H); 3.68 (s,3H); 6.65 (m,2H); 6.87 (d,lH); m.p. 79-

80°C (lit. m.p. 83-84oC, Cornforth et al., 1942). 

6-Methoxy-2-tetralone (MW:176.2l6)(2). A 9 g sample of 1 was 

dissolved in EtOH (60 mL), dil HCL (57.1 mL of 2 N HCl), and stirred at 

room temperature for 5 min and under gentle reflux for 10 min (Rastogi et 

al., 1972). The solution was extracted with ether and the aqueous layer 

discarded. The ether layer was reduced and then washed 3 x 10 ml H20, 2 

x 10 mL brine, and dried over MgS04 and dried in~. The deep red oil 

obtained was then placed in the freezer and 7.4 g (89%) of pale red 

crystalls were obtained. m.p. 33-34°C [lit. m.p. 36.5°C (Cornforth et al., 

1942)]. IH-NMR (CDC13 ) 6: 2.46 (t,lH); 2.95 (t,lH); 3.44 (s,2H); 3.72 

(s,2H); 6.71 (m,2H); 6.96 (d, lH). 
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7.8-Benzo-1.3-diazaspiro[4.51decane-6-methoxy-2.4-dione 

(3)(MW:246.265)(3) A mixture of 7.4 g of l (0.042 moles), ethanol (50 

mL), water (50 mL), sodium cyanide (4.12 g, 0.084 moles) and ammonium 

carbonate (33.5 g, 0.42 moles) was stirred at room temperature for 60 min 

and then heated to 550 C for 7 h (Mauger and Ross, 1962). The reaction 

mixture was poured into 100 mL of water and filtered. The filtrate 

(violet color) was lowered to pH 8 with cone. HCl, and a brown precipitate 

appeared. The solids were collected and boiled (not everything dissolved) 

in 300 mL of EtOH and 50 mL water and cooled, filtered and the solid 

dried. The filtrate was reduced and the solid that precipitated was 

filtered and dried to give a combined yield of 9.7 g (89%). m.p. 247-248 0 

C [lit m.p. 2920 C (Rastogi et a1., 1971)]. C13H14N2 lH-NMR 5: 

1.80(m,2H); 2.68(d,lH); 2.87(m,2H); 3.02(d,lH); 3.4l(bs,2H); 3.70(s,3H); 

6.69(m,2H); 6.98(d,lH); 8.29(s,lH). 

2-Arnino-6-methoxytetra1one-2-carboxy1ic acid (MW: 209.44)(4). A 9 

g sample of 1 was dissolved in 50 mL of 40 % NaOH and 80 mL of propylene 

glycol and ref1uxed for 24 hr. The material was then poured into a 300 

mL of water and worked up according to Mauger and Ross (1962). This 

procedure yields 6.69 g of a light brown crystal. m.p. 298-300° C [lit. 

m. p. 2870 C (Rastogi et a1., 1972)]. lH-NMR (DMSO-Ds/TFA) 5: 2.00 (m, 

1H); 2.13 (m, 1H); 2.83 (m, 3H); 3.19 (d, 1H); 3.61 (s, 3H); 6.64 (m, 2H); 

6.96 (d, 1H). 
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2-Amino-7-hydroxy-tetra1in-2-carbozylic acid (MY: 195.218) (5). A 

sample of 6.7 g of ~ was placed in a 250 mL r.b. flask and 90 mL of 

48%'HOAc/H20 (2:1) added (bubbled under N2 ) and refluxed for 12 h. The 

volume of the reaction as reduced and 50 mL of water added twice and then 

reduced again (Slater and Sommerville, 1967). Then solid NaHC03 was added 

to the neutralize the solution to p 6.4 (2 N HCl added if necessary). The 

precipitate was filtered and dried in vacuo to 5.8 g of an off white 

material. This material was put in 95% EtOH and heated, the addition a 

aqueous ammonia to dissolve the material was necessary. The solution was 

then neutralized to pH - 6.4 and cooled yielding 5.4 g of a white 

material. m.p. 296-298° C [lit m.p. 275° c, HBr salt, (Rastogi et a1., 

1972)]. lH-NMR (DMSO-D6/TFA) S: 2.00 (m,lH); 2.13 (m, lH); 3.19 (d, 1H); 

2.83 (m, 3H); 6.64 (m, 2H); 6.69 (d, lH). 

N"-t-Boc-2-amino-7-hydroxy-2-tetralone-3-carboxylic acid (MW: 

295.336) (6). Compound ~ was made from 2 according to standard procedures 

(Stewart and Young, 1984). m.p. 150-151° C. lH-NMR (DMSO-D6/TMS) 6: 1.34 

(s, 9H); 1.86 (m, 1H); 2.23 (m, IH); 2.61 (m, 2H); 3.37 (bs, IH); 6.49 (m, 

2H); 6.77 (d, 1H); 6.90 (s, 1H). 

2-amino-1.2.3.4-tetrahydronaphthy1ene-2-carboxy1ic acid(MW: 

179.218)(7), A mixture of 20 g of the hydantoin of 2-tetralone (Aldrich) 

was placed in 50 mL of a 40% sodium hydroxide solution and 150 m1 of 

propylene glycol and refluxed for 24 hr (Mauger and Ross, 1962), Then the 



150 

solid was scraped from the sides of the flask and poured into 400 mL of 

water in a 100 mL Erlenemeyer flask. Almost all of the material dissolved 

upon boiling, 1-2 g of Norite was slowly (to prevent foaming) added and 

the material filtered through a glass fritted funnel (150 mL, C) with a 

1 cm thick celite pad. The filtrate was acidified (be carefull of 

foaming) to ph - 2 and filtered again. The solution was neutralized and 

the ppt filtered and dried yielding 17.15 g. m.p. >280° C [lit. m.p. 300-

303° C (Matta and Rohde, 1978)]. lH-NMR (DMSO-Ds) 6: 2.91 (m,2H); 3.46 (m, 

2H); 3.72 (d, lH); 4.00 (d, lH), 7.57 (s,4H). 

Na -Boc-2-amino-tetralin-2-carboxylic acid (MW: 279.335) (8). 

Synthesized from 1 according to standard procedures (Stewart and Young, 

1984). m.p. 182-1840C. 

Section 2.2 Discussion 

The synthetic method for the synthesis of 2-amino-7-hydroxy

tetralin-2-carboxylic acid is shown in Figure 17. The synthetic method for 

preparing 6-methoxy-2-tetralone was modified because it was found that 

higher yields could be obtained simply by extracting the material into 

ether, washing with various aqueous solvents, drying over MgS04 and then 

cooling overnight in the refrigerator. The only problem with synthesis 

of ~ is a thick cake (due to 40% NaOH mixture) adheres strongly to the 

r.b. flask and should be prevented if possible by vigorously stirring the 
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reaction solution. The cake is very difficult to remove and contained 

some of the product, but only a small percentage (concluded from the 

overall yield). The next step, the removal of the methyl ether group from 

the aromatic oxygen atom was difficult under the conditions used. When 

HI and P(red) were used for 20 h, the CH3 - group was completely removed. 

If the removal of the methyl group was incomplete the NMR spectra gives 

a doubling of the spectra, demonstrating that two seperate compounds are 

present, the O-methyl compound and the free hydroxy compound. But once 2 

was obtained it is readily protected by the BOC group. 
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Figure 17. The synthesis of 2-amino-7-hydroxytetralin-2-carboxylic acid. 
The reagents for each step are as follows: Step 1. Na, EtOH, reflux for 
7 hr (87, yield); Step 2. EtOH, dil HCl (84% yield); Step 3. 
Ethanol/water (9:1), NaCN, NH.C03 , 55°C for 7 hr (89% yield); Step 4. 40% 
NaOH in propylene glycol, reflux for 24 hr: and Step 5. 48% HBr'HOAc/water 
(1:1), reflux for 24 hr. 



153 

Section 3.0 i-Alkylthio Substituted Amino Acids 

A series of E.-para-methy1benzy1thio amino acids (Figure 18) were 

synthesized by the conjugate addition of sodium para-methy1benzy1thio1oate 

to 2-phenyl-4-a1ky1(or ary1)-y1idine-5(4H)-oxazolones (Figure 19). The 

products of the reaction, an N-benzy1 E.-para-methy1benzy1thio amino acid 

methyl ester was hydrolyzed to form the hydrochloride salts of E.-S-para-

methylbenzyl-E.,E.-dia1ky1cysteines and then neutralized. This 

synthetically useful method enables the preparation of a large number of 

synthetically useful analogues of the Q-amino acids that have a E.-S-para

methy1benzy1 group that can be used in the synthesis of constrained 

peptides retaining the amino acid side chain. This procedure allows the 

synthesis of many of the amino acids on a large scale necessary for 

optical resolution. 

These new sulfur containing amino acids can be used in the synthesis 

of pep tides restricted in the number of conformations possible by the 

formation of a disulfide linkage. This method allows the natural side 

chain of the amino acid to be present on the same amino acid residues that 

are forming the disulfide linkage. 

The synthesis of conformationally restricted amino acids is of 

increasing interest with respect to the developement of peptide hormones 

with specific biological properties (for example, receptor specific 

hormones, hormone antagonists, and hormones or increasing potency of 

prolonged activity). Previous reports on the synthesis of &-a1kylsulfide 

amino acids have been limited in the possible compounds, and generally 
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Figure 18. S·p-Kethy1benzylthio Amino Acids. 
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have required many steps (Stanfield et a1., 1986), leading to poor overall 

yields. The synthesis of these J?,J?-disubstituted amino acid by the 

Michael addition of a sulfur nuc1eophile to a 4-(./?"./?,-disubstituted-2-

phenyl-5(4H) -oxazolone system was seen as a simple approach to these 

compounds. The starting materials are plentiful, inexpensive and the 

reaction steps are few with good yields. We report results from studies 

of the conjugate additon of para-methylbenzy1 mercaptan to 4-(./?"./?,-disu

bstituted-2-phenyl-5(4H)-oxazo10nes. 

Since the Erlenmeyer synthesis of azlactones has some difficulties 

a representative reaction was done from the condensation between an aryl 

aldehyde, aliphatic aldehyde and aliphatic ketone (aromatic ketones have 

also been used) to demonstrate the versitility of the procedure. The 

sulfur nucleophi1e is used because the alkyl protecting group is readily 

stable to solid phase peptide synthesis conditions and can be readily 

cleaved by hydrogen fluoride or Na/NH3 (1) at the end of the synthesis. 

The synthesis of the oxazolones proceeded in greater than 50% yields, as 

expected. The conjugate addition of the para-methylbenzylrnercapton used 

here eliminates a seperate reaction for protection of the sulfhydryl 

group. This reaction is done at room temperature under basic conditions 

for 1 hr. The product was isolated in greater than 60% yields as the N

benzoy1-B-a1ky(ary1)-beta-[(para-methy1benzyl)sulfide]-amino-acid ester. 

This product can then be hydrolyzed in greater than 40% yields to obtain 

the B-substituted amino acid hydrochlorides. 
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Since we were interested in synthesizing synthetically mu1tigram 

quantities of the B-substituted amino acids for peptide synthesis, this 

method is very usefu11, as the number steps are few and the yields of each 

step are good. Also, the synthetic versatility and substantial background 

literature to reference for possible problems which might arise, 

contributes to its useful1ness. 

Section 3.1 Methodology 

Synthesis of 2-phenyl-4-a1kyl(ary1)-5(4H)-oxazolones (la,lb, and 

~ General procedure: A dry THF solution of 50 gm of hippuric acid, 

21 g PbOAc, and 61 mL acetic anhydride was warmed under nitrogen in a 3 

neck r.b. equiped with drying tube and reflux condensor (Baltazzi and 

Robinson, 1954). The aldehyde (or ketone) (1 equivalent) is added slowly 

over 1 hr with constant stirring and then reacted for several hr at room 

temperature depending on the aldehyde (or ketone) used. The reaction 

mixture was then cooled to 4°0 C and the solvent removed in vacuo to give 

a thick sludge. This material was dissolved in ethanol and slowly poured 

into 600 mL of stirred ice water. The product will then begin to 

precipitate out. This material is filtered and then dissolved in ethyl 

acetate and extracted twice with 10 mL 10% HC1, filtered and then 

dissolved in ethy acetate, dried over MgS04 and reduced to a solid. The 

solid is recrystallized from 95% ethanol. 
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N-Benzoyl-&-[(para-methylbenzyl)su1fidel-&-alkyl (aryl) a1anate 

methyl esters (2a. 2b. and 2c.). General Procedure: A mixture of 200 mL 

of absolute MeOH and 0.5 g of sodium was stirred until dissolved (Carter 

et al. 1948). Then 1 equivalent of para-methylbenzylmercaptan was 

added. The 2-benzoyl-4-a1ky(aryl)-5(4)-oxazolone (1 equivalent) was added 

slowly over twenty min at room temperature. The reaction continued for 

another 40 min (total of 1 hr). The solution was then reduced in volume 

(in some cases precipitation occured) and neutralized to pH 7 with cone. 

HCl. A precipitate occurs after refrigeration. This material was then 

placed on a silica gel column (100 g silica/l g of material) and eluted 

with EtOAc:hexane (1:9) to isolate the final product (optional, depending 

on the purity of the product), which can then be recrystallized from ethyl 

acetate/petroleum ether. 

&-[(para-methylbenzyl)sulfideJ-&-alkyl(aryl) amino acid 

hydrochloride (3a. 3b.and 3c). General Procedure: The method of Slater 

and Sommervill (1967) was used with slight modification. The products lb-

3b were placed in 100 mL cone. HCl and heated to reflux. Then enough 

acetic acid was added to dissolve the compounds. This reflux was done 

after 11-15 hr depending on the compound. The solution was then cooled 

and reduced to dryness and this was repeated three times after 10 mL H20 

was added each time. The material was redissolved in a minimal amount of 

water and extracted three times with ether. The aqueous layer was then 

heated with Norite, filtered and neurtralized to pH - 6.4. The volume of 
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the liquid was reduced to yield the desired compound. 

2-Phenyl-4-cyclohexylene-5(4H)-oxazolone (MW:241.289) (la). A 30 g sample 

of hippuric acid was dissolved in 37 mL of acetic anhydride, 12.6 g PdOAc, 

100 mL of dry THF, and warmed under N2 • Then cyc1opentanone was added and 

the solution ref1uxed for 1 h. The material was then cooled and stirred 

for 20 h. The solution was reuced and dissolved in EtOAc and washed with 

3 x 10 mL 10% HC1 to remove the lead. The material was then crystallized 

from EtOAc/Hexane to yield 20.2 g of 1a (50%). m.p. 1340 C [lit. 1380 C 

(Baltazzi and Robinson, 1954), Calculated for C16HllN02 : C, 74.67;H, 6.26;N, 

5.80. Found: C, 74.36;H, 6.25;N, 5.65. 

2-Phenyl-4-benzy1idene-5(4H)-oxazolone (MW:249.268) (lb). Same procedure 

as for 1a using 16.8 mL of benzaldehyde to yield 25 g (60%). m.p. 164-

1650 C [lit. 165-1660 C (Carter and Risser, 1941), Calculated for C16HllN02 : 

C,77.l0;H, 4.4;N, 5.62. Found: C, 75.02;H, 6.31;N, 5.89. 

2-Phenyl-4-propy1idene-5(4H)-oxazolone (MW:201.224) (Ie). Same procedure 

as for la using propanealdehyde to yield 18.2 g (54%), m.p. 78-80° C [Lit. 

m.p. 84° C (Ba1tazzi and Robinson, 1954). Calculated for C12HllN02 : C, 

71.63;H, 5.51;N, 6.96. Found: C, 73.41;H, 5.89;N, 6.50. 

Methyl-2-benzamide-3-[(para-methylbenzyl)thio]-3-cyclopentylpropanoate 

(MW:399.547) (2a). A 3.4 g sample of 1a was added to 200 mL of MeOH in 
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a 500 mL r.b. flask and 1.2 g of p-methylbenzy1thio1 added. Then 0.04 

g of Na was added and the mixture stirred for 1 h. The mixture was 

neutralized by 2 N HC1 to pH - 6.4 and enough water added to precipitate 

the desired product to yield 3.9 g (70%); m.p. 99-102oC. Calculated for 

C23H29N03S: C, 69.14;H, 7.32;N, 3.50. Found: C, 70.19;H, 7.13;N, 3.32. 

Methyl-2-benzamide-3-[(para-methy1benzy1)thiol-3-pheny1propanoate 

(MW:419.537) (2b). Same procedure as for 2a to yield 4.3 g (72);m.p. 

279°c, Calculated for C2sH2SN03S: C, 71.57;H, 6.01;N, 3.34. 

71.29;H, 5.92;N, 3.35. 

Found: C, 

Methyl-2-benzamide-3-[(para-methy1benzy1)thiolpentanoate (MW:347.471) 

!l£l. Same procedure as for 2a to yield 4.2 g (68%);m.p 267°C, Calculated 

for ClsH2SN03S: C, 67.90;H, 6.78;N, 3.77. Found: C, 67.76;H, 6.9l;N, 3.63. 

2-Amino-3-[(para-methy1benzyl)thio)-3-cyc1openty1propanoic acid 

(MW:291.407) (3a). A 1.25 g sample of 2a was dissolved in 100 mL of 6 

N HC1/HOAc (1:1) and refluxed for 20 h. The volume was reduced and 3 x 

20 mL H20 added and the volume reduced again. Then 20-40 mL of H20 was 

added, extracted with ether and the solution neutralized with 2 N NaOH to 

pH - 6.4. The material was left overnight in the refrigerator and the 

solid filtered. The solid was redissolved in 40 mL MeOH/H20 (1:1) and 

crystallized to yield 724.8 mg of a white solid (80%). m. p. 163-164° 

Calculated for C16H21N02S: C, 70.04;H, 7 .lO;N, 3.40. Found: C, 70.19 ;H, 
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7.13;N, 3.32. 

2-Amino-3-[(para-methy1benzyl)thio)-3-phenylpropanoic acid HzQ 

(MW;319.4lB) (3b). Same procedure as for 3a to yield 1.35 g (90%). m.p. 

172-174° C. Calculated for C17H19NOzS; C, 63.92;H, 6.63;N, 4.39. Found: C, 

63.98;H, 6.4. 

2-Amino-3- [(para-methy1benzy1)thio lpentanoic acid (MW: 253.359) (3c). Same 

procedure as for 3a. Yield 435 mg (84%). m.p. 166-176° C. Calculated for 

C13H19NOzS: C, 61.63;H, 7.56;N, 5.53. Found: C, 60.63;H, 7.40;N, 5.42. 

SECTION 3.2 DISCUSSION 

After formation of the az1actone (Figure 19, step 1) the sulfur 

anion was generated by adding 1 equivalent of the mercaptan to a 0.2 

equivave1ent sodiurn-methano1ic solution at room temperature. The 2-

phenyl-4-a1ky1(ary1)-5(4H)-oxazo1one (Figure 19, step 2) is added to this 

solution and the reaction stopped after 1 hr. The addition of the sulfur 

anion was monitored by thin layer chromatography in ethyl acetatefhexane 

(1:1). This reaction occurs very quickly at room temperture. In some 

cases the product precipitates out of solution. In other cases, if lead 

acetate is present a grey material will form clouding the solution. An 

acid extraction will remove the lead. When using &,&-disubstituted bulky 
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groups the Michal addition does not occur as rapidly and the N-benzoyl 

amino acid thio ester predominates. l'his problem can be corrected by the 

isolation of the product and the addition KOH instead of sodium hydroxide 

(or trying another strong base). 

The crude organic products, a mixture of para-methylbenzylmercaptan 

N-benzyl amino acid thio ester and the desired product was purified by 

silcia gel with pet. ether/EtOAc (4:1). The sulfur containing product 

eluted first and then the desired product. The fully protected compounds 

were hydrolyzed in 6 N HCl/H20/HOAc (1:1:1) (Figure 19, step 3) for 

approximately 11 hr. The acidic aqueous solution was then evaporated in 

~ and the residue dissolved in H20 and extracted with ether to remove 

the benzoic acid. The aqueous portion was reduced, neutralized (Figure 

19, step 4) and precipitated from ethanol/water to form the free amino 

acids. 

The lH-NMR was complicated for lb, Ie, 2b, 2c, 3b and 3c due to the 

prescence of four diastereomers. This doubled all of the peaks in the 

spectrum. Since the enantiomeric pairs were not resolved the lH-NMR peaks 

could not be accurately assigned. 
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Figure 19. General synthesis of &-p-methy1benzy1thio amino acids. The 
amino acids were synthesized according to the following steps: Step 1. 
dry THF. hippuric acid, PdOAc, acetic anhydride, carbonyl compound, heated 
for 4-24 hr; Step 2. Absolute KeOH, Na and stirred at r.t. for 1 hr; 
Step 3. 6 N HC1/HOAc (1:1) refluxed for 4-24 hr; and Step 4. 
Neutralization with 2 N NaOH in a 701 HeOH/water solution. 
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Section 4.0 a-Alkylthiomethyl Amino Acids 

Although many modified amino acids have been synthesized to induce 

the appropriate conformational restriction in peptides, these amino acid 

replacements are still inadequate in many cases because they lack the 

naturally occurring side-chain for most of the amino acids. For this 

reason we have designed the synthesis of a-substituted amino acids that 

can form a disulfide linkage, therefore constraining the peptide, yet 

still retain the naturally occuring side chain of the amino acid. We have 

selected three naturally accuring amino acids to test this new 

synthetically usefu11 method: phenylalanine, methionine, and leucine. The 

following compounds were synthesized (Figure 20): (1) (R,S)-2-amino-2-

([(para-methy1benzy1)thiomethy1}-3-pheny1propanoic acid (~a); (2) (R,S)-

2-amino-4-methyl-2-[(para-methy1benzy1)thiomethy1]pentanoicacid(Sb);and 

(3) (R,S)-2-amino-4-methy1thio-2-[(para-methy1benzy1)thiomethy1]butanoic 

acid (5c). These amino acids were chosen so that the a-substituted amino 

acid can be inserted into the naturally occuring peptide to test the 

interaction of the side chains with the receptor. 

The change of an a-CH to a-C-CH2 -R restricts both. the phi,psi and 

chi torsional angles (Hruby, 1982) by increasing the steric bulk around 

these bonds. The synthesis of the disulfide in a medium size ring will 

also restrict the spatial relationship of other atoms in the molecule. 

These a-substituted amino acids will also maintain their characteristic 

side chain. 
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2-Amioo-2-[(p-MClhylbcm:yJ)- 2-Amin04Melhyl-2-
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Figure 20. a-[(p-Kethy1benzy1)thiomethy1ene] Amino Acids. . 
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Therefore, since insufficient attention has been paid to retaining the 

natural side-chain of the amino acid while introducing an a1ky1thiomethy1 

group to fix peptide conformation and topology via side-chain disulfide 

groups, we decided to investigate this new area by designing a 

synthetically usefu1l method that will allow the synthesis of amino acids 

that can be cyclized to form a disulfide bond yet retain the naturally 

occuring amino acid side-chain. 

Section 4.1 Methodology 

para-methylbenzy1mercaptan (MW:138.228). Lancaster Synthesis. 

lH-NMR (CDC13/TMS) 6: 1.71 (t, 1H); 2.31 (s, 3H); 3.68 (d,2H); 7.14 

(dd,4H). 

4-p-Methy1benzylbromomethy1su1fide (MW:231.150)(A). Anhydrous 

hydrogen bromide was bubbled through a magnetically stirred in a cooled 

(-10°C) solution of 3.26 g of S-trioxane (36.2 mmoles, F.W. 90.08), 25 mL 

anhydrous ether, and 15 g (10.9 mmo1es, F.W. 138.23) of para-methy1benzy1-

mercaptan until saturated (ca. 1 hr.). After an additional period of 12 

hr at room temperature, the reaction mixture was dried over anhydrous 

calcium chloride. The product was decanted from the calcium chloride and 

distilled through a KugelRohr distillation apparatus to afford 16.4 g 

(80%) of la (Figure 21, scheme II) as a colorless liquid: lH-NMR 

(CDC13/TMS) 6: 2.32 (s,3H); 3.82 (s,2H); 4.33 (s,2H); 7.17 (dd,4H). 
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N-Benzoyl-L-Phenylalanine (MW;269.30l) (la). Method 1 (Figure 22, 

step 2); A solution of phenylalanine (0.1 moles, FW. 165.19, 16.5 g) in 

60 mL of 2 N NaOH is chilled in an ice bath and treated with a total of 

15 g (0.11 moles, FW 140.57) of benzoyl chloride and 60 mL of 2 N NaOH, 

in 10 equal and alternate portions, with vigorous intermittant shaking and 

cooling in an ice bath, the solution was continually maintained at an 

alkaline pH by the addition of extra alkali when necessary. Upon 

completion of the addition of reagents the reaction mixture is shaken for 

15 min at room temperature, cooled and acidified to pH - 2.5, with cooling 

by dropwise treatment with cone. HCl. The volume of liquid is reduced 

and layered with ethyl acetate. The aqueous layer is then extracted 3 X 

60 mL of ethyl acetate and the organic layer reduced. It is the extracted 

with 10% HCl and water and dried over MgSOa. The material is then 

precipitated from ethyl acetate and pet. ether. to afford 13 g (48% 

yield). ClsHlsNOa. lH_NMR (CDCla/TMS) 6; 3.28 (m,2H); 4.68 (m,lH); 7.12 

(s,5H). 

N-Benzoyl-L-Leucine (MW;235.284) (Ib), Same procedure as for la. 

An oil was obtained. lH-NMR (CDCla/TMS) 6: 0.95 (d,6H); 1.75 (m,3H); 4.84 

(m, lH); 7.2 (d, lH); 7,55 (m, 3H); 7.78 (d, 2H). C1aH17NOa 
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N-Benzoyl-L-Methionine (MW:253.317) (lc). Same procedure as for 1a. 

An oil was obtained. C12H1SN03S, IH-NMR (CDC13/TMS) 6: 2.07(s, 3H); 2.15 

(m, lH); 2.28(m, lH); 2.60(t, 2H); 4.90(m,lH); 7.49{m,3H); 7.80(d,2H). 

2-Phenyl-4-benzyl-5(4H)-oxazolone (MW:25l.286)(2a). Synthesis 

according to standard procedures (Vandeberg et a1., 1976). C16H13N02' 1H_ 

NMR (CDCL3/TMS) 6: 3.22(dq,2H); 4.80(m,lH); 7.28(m,5H); 7.45(m,3H); 

8.06(d,2H). Mass spec: 251. 

4-Isopropyl-2-phenyl-5(4H> -oxazolone(MW: 217.267) (2b). Method 2 

(Figure 22, step 3): A 4°C solution of 13.1 g of leucine in 60 mL of 2 N 

sodium hydro,tide is chilled in an ice bath and treated with a total of 15 

g of benzoyl chloride and 60 mL of 2 N sodium hydroxide in 10 equal and 

alternate portions, with vigorous intermittent shaking and cooling. The 

solution should be continually maintained at an alkaline pH by the 

addition of extra alkali. The solution is then stirred for 2 hr at room 

temperature and the volume of solution is reduced. The solution is then 

layered with 150 mL EtOAc and the pH lowered to 2.5 with cone. HCI. The 

aqueous layer is then extracted 3 x 50 mL EtOAc. The organic layers are 

combined and then reduced to 100 mL and extracted with 3 x 10 mL 1 N HCI, 

3 x 10 mL water, 2 X 10 mL brine, and dried over MgS04 • The EtOAc is then 

removed yielding an oil. This oil was then dissolved in 40 mL Ac20 and 

refluxed for 45 min at 75°C. The AC20 was removed and dissolved in 120 mL 

of EtOAc and extracted with 2 x 10 mL 10 % NaHC02, 2 x 10 mL 10 % HCI 
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(watchout for the buildup of pressure), 3 x 10 m1 brine (all solutins at 

4 C) and dried over MgS04 and place in vacuo to dry. The solid obtained 

was 16.7 g (0.0769, 77% yield), mp 149-151° C. C13H15N02 

lH-NMR (CDCla/TMS) 6 1.02 (dd,6H); 1.69 (m,lh); 1.82 (m,lH); 2.07 (m,lHO; 

4.40 (m,lH); 7.54 (m,3H); 8.01 (d,2H). 13C-NMR{CDC13) 6 22.0, 22.5, 25.2, 

40.7, 63.9, 126.1, 127.7, 128.6, 132.4, 161.3, 178.7. mass spec: 

Calculated. 217.3; Found: 218.2. 

4-(2'-thiomethy1-ethy1)-2-phenyl-5(4H)-oxazoline (MW:235.300)(2c). 

Same procedure as for 2d. An oil was obtained. lH-NMR (CDC13/TMS) 6: 

2.13{s,3H); 2.10-2.14{m, 2H); 2.76{t,2H); 4.61{q, 1H); 7.51{m, 3H); 8.0 

(d, 2H). Calculated for C12H13N02S:C, 61.25; H, 5.57;. Found:C, 63.48; H, 

5.69. 

4-Benzyl-4-[(para-methylbenzy1)thiomethy11-2-phenyl-5(4H}-oxazo1one 

(MW:401.52)(3a). A suspension of 1.7 g 2a (1 equiv) in dry DMF (10 mL) 

was treated with acetic anhydride (0.01 equiv) in one portion. The 

resulting mixture was cooled to 20DC and triethylamine (1 equiv) was added 

slowly over 10 min. The reaction was kept at 20DC for 0.5 hr (Figure 22, 

step 4). Then A (1 equiv) was added over 15 min to the reaction mixture. 

During the course of the addition, the reaction mixture became a solution 

and shortly thereafter crystallization of triethylamine hydrobromide 

occured. The reaction was then warmed to 50DC for 0.5 hr to insure 

completion. Toluene (100 mL) and water (20 mL) were added to the cooled 
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reation mixture and the layers were seperated. The organic were washed 

with 5% NaHC03 (2 x 20 mL), 10% HCl (2 x 10 mL), water (2 x 10 mL) and 

dried over MgS03 Evaporation of the solvent gave 2.0 g of 1 as an amber oil 

in 75% yield. lH-NMR(CDC13/TMS) 6; 2.30(s,3H); 3.l5(q,2H); 3.67(q,2H); 

3.89(q,2H); 7.06 (m,4H); 7.15(s, 5H); 7.43(m, 3H); 7.70(d, 2H). 

Calculated for C2sH23N02S: C, 74.78; H, 5.77; N, 3.49. Found. e, 75.60; H, 

5.49; N, 3.60. 

4-Isopropyl-2-phenyl-4-[(para-methy1benzy1)thiomethy1]-5(4H)

oxazo10ne ·H20 (MW:385.522) (3b). R,S-l (5 g, 0.023 moles) was dissolved 

in 10 mL dry DMF and cooled to 100 e (Figure 22, step 4). Then 5.85 g (1.0 

equiv, 0.023 moles) of p-methy1benzy1 bromomethy1 sulfide was added and 

allowed to cool for 5 min. Then triethylamine (1.0 equiv) was slowly 

added over 10 min (a yellow color was observed). Then another 8 mL of DMF 

was added and the reaction stirred for 15 min at 10°C, 30 min at room temp 

and then warmed to 55°C for 20 min. Then 100 mL of toluene was added and 

extracted 2 x 10 mL 5% NaHC03, 2 x 10 m1 10% HC1(watchout for the buildup 

of pressure), 2 x 10 mL brine, dried over MgS04 and dried in ~ to give 

3.0 g of a clear oil. lH-NMR (CDC13/TMS) 6: 0.89(m,6H); 1.64(m,lH); 

1.88(dq, 2H); 2.30(s, 3H); 2.85(q, 2H); 3.64(s,2H); 7.08(q, 4H); 7.52(m, 

3H); 8.08(d,2H). Calculated for C22H2SN02S: C, 68.54; H, 7.06; N, 3.81. 

Found. C, 66.97; H, 6.88; N, 3.57. 
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4-[(2-methylthio)ethyll-4-[(para-methylbenzyl)thiomethy11-2-phenyl-

5(4H)-oxazo1one (MWj353.480)(3c). Then 0.45 g of 2c was placed in a 100 

mL beaker and 5 mL DMF added and cooled to 4°C (Figure 22, step 4). Then 

0.46 gm (1 equiv, 2.0 mmoles) of A and 21.2 mg (0.2 mmoles, 0.1 equiv) of 

acetic anhydride was aded and stirred for 5 min. Then 0.14 gm of TEA was 

added (1 equiv, 2.0 mmoles) and the reaction mixture stirred for 10 min. 

The material was stirred at room temperature for another 10 min and then 

heated to 40°C for 10 min. The material was coIled in a ice bath and 50 

mL EtOAc added to the cooled material. The solid preciptate was filtered 

off (Et3N'HBR, 160 mg, 63%) the organic solution extracted 2 x 10 mL of 

H20, and dried over MgS04 to yield and 500 mg of an amber colored oil. 1H_ 

NMR (CDC13/TMS) S: 2.04(5,3H): 2.l0(s,3H); 2.24(m,3H); 2.89(m,lH); 

3.10(d,lH); 3.61(5,2H); 7.09(q, 4H); 7.49(m,3H); 7.82(d,2H). Calculated 

for C21H23N02S: C, 65.42; H, 6.01; N, 3.63. Found. C, 64.89; H, 5.91. 

2-Benzamide-2-[(para-methylbenzy1)thiomethy11-3-phenyl-propanoate. 

methyl ester (MWj433.564)(4a). A 1.5 g sample of rac-l is added to a 

mixture of 50 mL MeOH and 0.02 equiv of Na is added and the reaction 

stirred 1 hr at room temperature to yield 1.4 g of 4a as an oil. 1H_ 

NMR(CDC13/TMS) S: 2.31 (s,3H): 3.15 (dd,2H): 3.67 (dd,2H): 3.89 (dd,2H); 

7.06-7.50 (m, 3H); 7.70 (d, 2H). Calculated for C2sH2SN03S: C, 72".03; H, 

6.28; N, 3.23. Found. C, 71.86; H, 6.49; N, 3.22. 
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4-Methyl-2-benzamido-4-[(para-methy1benzy1)thiomethy11pentanoate. 

methyl ester (MW:399,s47)(4b) The oil from rac-3b (2.1 g) was then 

dissolved in 50 mL MeOH and 0,02 equiv of Na is added to the solution and 

stirred at room temperature for 1 hr, The solution was reduced to dryness 

and precipitated from EtOH/water to yield 2 g of rac-l as an oil, lH_ 

NMR(DMSO-D6/TFA) 6: 0,83 (D,6H); 1,53 (d,2H); 1,71 (m,lH); 2.56 (s,3HO; 

2.75 (dd,2H); 3,71 (dd,2H); 7,15 (dd,4H). m.p. 122°C. Calculated for 

CZZHZ7N03S: C, 69.14; H, 7.32; N, 3.50. Found. C, 69.28; H, 7.36; N, 

3.45. 

4-Methylthio-2-benzamido-2-[(para-methylbenzyl)thiomethyllbutanoic 

~zO (MW;404.s62) (4c). Same procedure as for 4b and an amber oil was 

obtained (Figure 22, step 5), Yield 230 mg (80%). TLC IH-NMR (CDC13/TMS) 

6: 2. 04(s, 3H); 2. 30(s ,3H) ; 2. 24(m,2H) ; 2 .40(m, 2H); 2.88 (dd, 2H) ; 

3.68(s,2HO; 7.l2(q,4H); 7.47(m,3H); 8.l0(d,2H). Calc. C, 661.35; H, 6.44; 

N, 3.5S. Found. C, 60.32; H, 6.24. 

2-Amino-2-[(para-methylbenzyl)thiomethyll-3-phenylpropanoic acid 

(MW;3l5.429)(sa). Same procedure as for 5b. Yield SOl mg. m.p. 224° C, 

mass spec. 270 (compound readily decarboxy1ates). IH-NMR (DMSO-D6/TFA) 6: 

2,26(s,3H); 2.S2(d,lH); 3,13(m,3H); 3.7S(s,2H); 7.30(m,9H); Calculated for 

C18HzINOzS: C, 6S.s4; H, 6,71; N, 4.44. Found. C, 67.14; H, 6.55; N, 4.30. 
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2-Amino-4-methyl-2-[(para-methy1benzy1)thiomethy11pentanoic acid 

(MW:282.423) (5b). In a 250 mL r.b. flask 1.0 g of rac-l was placed in 80 

mL 48% HBr.HOAc/H20(3:l) and ref1uxed for 20 hr (Figure 22, stpe 6). The 

solution was reduced to dryness and 3 x 50 mL of water was added and 

emoved. The dry material was dissolved in 40 mL water (heating if 

necessary) and the neutralized by adding dry NaHC02 until pH 6.4 is 

maintained. The light brown precipitate is then filtered to yield 927 

mg of crude product. The material is recrystallized from EtOH/H20. m.p. 

2180 C. mass spec: 236 (the compound readily decarboxy1ates). 13C-NMR(DMSO

Ds) 6: 20.4, 22.5, 22.6, 24.2, 36.5, 37.5,43.8,62.4,128.5,134.7, 135.8, 

171.0. lH_NMR (DMSO-Ds/TFA) 6: 0.82(d,6H); 1.56(m,2H); 1.74(m,lH); 

2.24(s,3H); 2.81(dd,2H); 3.72(q,2H); 7.11(q,4H). Calculated for ClsH23N02S: 

C, 64.02; H, 8.24; N, 4.98. Found. C, 64.37; H, 8.08. 

2-amino-2-[(para-methy1benzy1)thiomethy11-4-thiomethy1butanoicacid 

(MW:299.445) (5c). Product was not isolated. 

~-t-Boc-racemic-2-amino-4-methyl-2-[(para-mthy1)benzy1thiomethy11-

pentanoic acid (MW:381.529) (6b). The compound 5b (0.82 g) was N

protected according to standard procedures to 1 g of 6b as a clear oil. 

C20H33NOsS. lH-NMR (CDC13/TMS) 6: 0.93 (dd,6H); 1.44 (s,9H); 1.62 (m,3H); 

2.31 (s,3H); 2.52 (d,lH);2.91 (d,lHO;3.67 (q,2H); 5.82 (s,lHO;7.14 

(dd,4H). lH-NMR (CDC13/TMS) 6: 3.28 (d1,2H); 4.68 (m,lH); 7.25 (s,5H); 

7.47 (m,3H); 7.92 (d,2H). Calc. C, 60.12; H, 8.32; N, 3.51. Found. C, 
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60.90; H, 8.27; N, s.lS. 

l.l-di-(para-methylbenzyl)thiomethane (MW;288.465) (side product). mass 

spec. 288. m.p. 79-aooC. lH_NMR (CDCLa/TMS) 6: 2.29 (s,6H); 3.42 (s,2H); 

3.80 (s, 4H); 7.14 (dd, SH). 

Section 4.2 Discussion 

Disulfide bridges have been useful1 conformational constraints used 

both by nature and by synthetic organic chemists. Information may be 

obtained about the bioactive conformation, biological activity may be 

increased and receptor selectivity may be increased by incorporation of 

a disulfide bridge into the backbone of a peptide (Sawyer et al., 1982; 

Mosberg et a1., 1983; Pelton et a1., 1986). Not only does this 

restriction limit the conformation fo the backbone into a cyclic structure 

but it can also introduce constraints which limit the phi, psi, and omega 

angles of the amino acids containing the disulfide bridge in their side 

chain (Hruby, 1982). Therefore, we present a new methodology that allows 

the synthesis of amino acids containing both its nature side chain and a 

thiomethylene group which will allow for backbone restrictions (Figure 

20). 

Several criteria had to be met in order for the use of these 

compounds in peptide synthesis to be practical. These structures should 
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be obtainable in small number of steps and in a protected form. The 

protecting groups should be of a type that allows incorporation of these 

cysteine-like compounds into peptides by using standard solution- or 

solid-phase peptide synthesis. 

Our strategy was based on the retrosynthetic analysis shown in 

Figure 21, scheme I. 

be reacted with an 

This scheme requires a glycine nucleophile which can 

alkyl sulfide electrophile by a nucleophilic 

displacement mechanism. The most challenging step in this strategy was 

the intermolecular carbanionic alkylation. The chemistry of amino acid 

a-anions has been an area of great interest recently. The successful 

methods must provide for protection of both functional groups, the amino 

acid and carboxylic acid group, as well as enhancing the acidity of the 

a-proton. Often imine derivatives of the nitrogen have been used, but 

most require strong bases for the generation of the a-anion and low 

temperature. Our substrates had an additional complications in that 

protection and activation of the amino acid moiety had to be done in the 

prescence of the alky1ating group. Evans et a1. (1985) showed that 

bromoa1kanes reacted better than any of the other halides (Figure 21, 

Scheme II). Dirlam et a1. (1987) also demonstrated that bromoalkanes 

reacted much better than the other halides, and under conditions of 

organic bases (i.e., triethylamine). 

Dirlam et al. (1987) demonstrated that these organic bases can be 

used for the intramolecular nucleophilic displacement to obtain their 

desired product. We tried to duplicate their conditions but we were 
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unsuccessful (Figure 21, Scheme III). Since our reaction was an 

intermolecular reaction and theirs was a intramolecular reaction, this 

might be the reason why our product did not form under their conditions. 

We then decided to synthesize the saturated oxazolidines; eliminating the 

cyclization step that is probably causing the occurance of undesirable 

side products. This method increased the yields of the desired product 

(Figure 21, Scheme IV) . The complete synthesis of Ct- [(p

methylbenzyl)thiomethylene] amino acids is shown in Figure 22. 

The yields for 2-amino-4-methylthio-2- [(para-methylbenzyl)

thiomethyl]butanoic acid (5c) after acid hydrolysis were very low. And 

a major product could not be isolated(Figure 23). A push-pull mechanism 

has been theorized for some organic reactions (Kiso et al., 1980). 

Under acidic conditions the thio group adjacent to the benzyl group 

can be protonated (Figure 23). This would make the methylene of the 

benzyl group susceptible to nucleophilic attack, causing the sulfur-carbon 

bond to cleave. The benzyl group could then be attacked by a water 

molecule to give the p-methylbenzyl alcohol and the a-thiomethylmethionine 

amino acid (which was observed by NMR but not isolated). 
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Figure 21. The retrosynthesis and synthesis of a-alkylthiomethylene amino 
acids. Scheme I: The retrosynthesis of a-[(p-methylbenzyl)-thiomethyl] 
amino acids. A anionic glycine reagent is reacted with an elect~ophile 
to form the desired product. Scheme II: The synthesis of p-
methylbenzylbromomethylsulfide !A) from trioxane and p-
methylbenzylmercaptan in an ether solution sat'd with HBR. Scheme III: 
The reaction conditions used Dirlam et al.. (1987) for their 
intramolecular alkylation of azlactones. This methodology did not work 
for an intermolecular reaction. Scheme IV: the modified procedure using 
the 2-phenyl-5(4H)-oxazolidine instead of N-benzoyl amino acids. [Rl_ 
CHZCIIH5 • CHzCH(CH3hl 
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Figure 22. The synthesis of a-[(p-methylbenzyl)thiomethyl) amino acids. 
The following reagents were used in the above scheme: 1. Step 1. Ether 
saturated with anbydrous HBr, -10°C (1 hr), r.t. (24 hr) (80%); 2. Step 2. 
Amino acid, benzoyl chloride, 2 N NaOH, r.t. (24 hr) (70%); 3. Step 3. 4-
Substituted amino acid azlactone is synthesized fromN-benzoyl amino acids 
by refluxing in acetic anhydride for 45 min at 75°C; 4. Step 4. The 2-
phenyl-4-substituted oxazolidine is reacted with p-methylbenzyl
bromomethylsulfide in DMF and TEA to give the 4,4-disubstituted 
oxazolidine; 5. Step 5. The ring is open by either hydrolysis [2 N NaOH 
in a dioxane/wat~r (1:1) mixture) or by methanolysis [Na, Methanol (anb)]; 
and 6. Step 6. Acid hydrolysis of the N-benzoyl protecting group [6 N 
HC1/HOAc (1:1), 4 hr) and neutralization (2 N NaOH/Methanol). [Rl 
CHZC6Hs, CH2CH(CHa)z)' 
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Figure 23. The Push-pull mechanism to account for the ability to isolate 
the 2-amino-2-[(p-methylbenzyl)thiomethyl]-4-thiomethy1butanoic acid .. 
This hypothetical reaction scheme may explai~ why 2-amino-2-[(p
methylbenzyl)thiomethyl]-4-thiomethylbutanoic-acid was not isolated. In 
the chair conformation, because of the close proximity between the sulfur 
of the methionine side chain and the benzyl CH2 (reactivity due to the 
electron-withdrawing effects of the benzene ring and protonated sulfur), 
the sulfur can easily nucleophilically attack the benzyl CH2 causing the 
sulfur carbon bond to break. This reaction scheme can then be described 
by a push-pull mechanism 
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Section 5.0 Introduction to i-Methyltyrosine 

Previous reports in the literature have demonstrated the importance 

of &-methyl aromatic amino acids in improving receptor potancy and/or 

selectivity in opioid peptides (Hruby, V.J., Toth, G. et a1., 1988). The 

synthesis of &-methyl phenylalanine (Kataoka et al., 1976) is relatively 

straightforward, yet problems are encounted in the synthesis of &-methy1-

tyrosine. 

There have been reports on the synthesis of &-methyltyrosine under 

basic conditions (Clemo and Duxbury, 1952) but these results could not be 

duplicated in our laboratory. A paper pu1ished in 1956 by O'Brien and 

Niemann (1956) described the formation of certain oxazolonium ions under 

strongly acidic conditions. This cryoscopic investigation showed that a

acylamino acids may undergo complex ionization in sulfuric acid to form 

the corresponding oxazolonium ion. The azlactonization of a-acylamino 

acids in acetic acid is catalyzed by sulfuric acid. We decided to use 

this methodology and obtained &-methyltyrosine in modest yields. 

SECTION 5.1 METHODOLOGY. 

2-Phenyl-4-[a-Z.E-(para-methoxypheny1lethylene]-S{4H)-oxazo1one(l) 

In a 400 mL beaker 30 g of hippuric acid and 46 mL of AC20 were added 

together and cooled to 10°C. Then 18 mL of sulfuric acid was slowly added 

maintaining the solution below 10°C. The beaker was allowed to warm to 

room temperature over 45 min and then heated to 60°C for 15 min. The 
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beaker was removed from the hot plate and the material was allowed to stir 

for 24 hr. The solid material was broken up and slowly added to 300 mL 

of ice-water, crushing the material with a stirring rod as it stirred. 

This material was then filtered and the solid dissolved in water and 

neutralized (pH - 6) with 4 N NaHC03 , the solid was filtered and dried. The 

dried material was recrystallized from EtOH yielding 35 g of crude 1. The 

lH-NMR showed a 7:3 ratio of the (E) to (Z) isomers. lH-NMR(CDCL3 ) ,5: (Z

isomer) 2.67 (s,3H); 3,82 (S,3H), 7.04 (d,2H), 7.54 (m,5H), 8.0 (d,2H); 

(E-isomer) 2.56 (s,3H), 3.80 (s,3H), 6.96 (d,2H), 7.54 (m,5H). 7.93 (d, 

2H). lit. for Z-isomer (CDC~) 5: 2.73 (s,3H), 3.83 (s,3H), 6.9-7.1 (m,2H), 

7.9-8.2 (m,4H), 7.4-7.6 (m,3H). m.p. 118-124° C. lH-NMR (DMSOO-d6 ) 5: 

2.12 (s,3H); 3.37 (s, 3H); 3.75 (s,3H); 6.92 (d,2H); 7.14 (d,2H); 7.53 

(m,5H); 7.98 (d,2H); 10.03 (s,lH). 

Methyl-2-Benzamido-2-E.Z-ene-3-para-methoxyphenylbutanoate 

(MW;313.355) (2) Thirty-five g of 1 was added to 200 mL of dry MeOH and 

0.5 g of sodium added in small slices over 10 min. The solution was 

stirred for 2 h and then neutralized with cone. HCl and the volume 

reduced. The solid was redissolved in hot ethanol and enough water added 

to precipitate a white crystalline solid, a yield of 34 g. The product 

was a 1: 1 mixture of Z, E-2,. ClsH1SN04' No analytical data given because 

of wide m.p. ranges and NMR spectra complicated by the presence of two 

geometrical isomers. 



181 

2(e.e)-benzamide-3(e.e)-para-methoxyphenylbutanoate. methyl ester 

(MW: 315.371) (3). In a 500 mL Parr hydrogenation vessel 10 gm of rac

Z,E-l was added to 200 mL of HOAc/EtOH (1:5) and 4 gm of 3% Pd/C 

(Aldrich), the mixture was shaken for 3 days at 45-50 psi. The solutions 

was then filtered through a 1 em celite pad and reduced to dryness. The 

material was then recrystallized from EtOH to 10 g. (95% yield). m.p. 

l30-l50oC. No analytical results because diastereomers are described later 

after resolution. Calculated for ClsH21N04: C, 77.10; H, 4.45; N, 5.62. 

Found:C, 76.02; H, 4.80; N, 5.73. 

Resolution of the two pairs of enantiomers of (3a.b). 32 g of the 

diastereomeric mixture of 1 was dissovled in 400 mL of EtOH and left in 

the freezer overnight. The 13.5 g of a distereomeric solid was collected 

and dissolved in 200 mL of ethanol and placed in the refrigerator 

overnight. The 5.6 g of the solid collected was only 1 pair of the rac

threo enatiomers as shown by the NMR spectrum. Then water was added to 

the mother liquor to give 5.7 g the other pair of R,S-erythro enatiomers 

(with 5% contamination of the threo enatiomer). The procedure was repeated 

to give a total of 7.5 g (3a) of the rac-threo enatiomers and the 

remaining R,S-erythro enatiomers only precipitated out of solution with 

at least a 20% contamination of the threo. It was difficult to resolve 

the remaining enantiomers from the mother liquor. 
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rac-Erythro-N-benzoyl-O-methyl-beta-methyl-tyrosinate. methyl ester 

~ m.p. 86-88°C. NMR (see Table 25). calculated for ClsH21N04: C, 70.14; 

H, 5.88; N, 4.30. Found: C, 70.26; H, 5.78; 4.34. 

rac-Threo-N-benzoyl-O-methyl-beta-methyl-tyrosinate. methyl ester 

.LThl.... m.p 126-128°C. NMR(see Table 25). Calculated for ClsH21N04: C, 70.14; 

H, 5.88; N, 4.30. Found: C, 70.09; H, 5.74; N, 4.38. 

rac-Erythro-beta-methyltyrosine (MW: 195.218) (4a). 5.7 g (17.4 

mmol) of the rac-erythro 3a was placed in 75 mL 48% HBr'HOAc/H20 (2: 1) and 

refluxed for 20 hr. The purple liquid was reduced and 2 X 50 mL of H20 was 

added and removed. Then 30 mL of water was added and the material 

refrigerated. The material was filtered (1.6 g of purple colored benzoic 

acid was obtained) and then reduced and 95% ethanol added and then boiled, 

Norite was added and the material filtered over a 1 cm celite pad. The 

filtrate was then neutralized to pH - 6.5 with 4 N NaOH and left overnight 

to precipitate. The material was then recrystallized from 95% EtOH to 

yield 3.0 g. CloH13N03' lH-NMR (D20/TFA) 6: 0.99 (d,3H); 2.95 (m,lH); 3.71 

(d,lH); 6.48 (d,2H); 6.80 (d,2H). 

(+.-)-Threo-beta-methyltryosine (MW:195.218) (4b). 7.5 g of rac

threo 3a was placed in 100 mL of 48% HBr-HOAC/H20 (1:1) and refluxed for 

20 hr. The material was reduced and evaporated again after the addition 
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of 30 mL of H20. Another 30 mL of H20 was added and the undissolved 

material was filtered. This material (1.83 g) was benzoic acid (an light

purple color). The filtrate was then dissolved in 100 mL of 95% ethanol 

and heated, Norite added and filtered through a celite pad. The solution 

was reduced and then refrigerated and a white powder (1.5 g) was obtained. 

TI1e remaining material that precipitated out was determined to contain a 

l: 1 mixture of the -OH and methoxy tyrosine. This material was then 

hydrolyzed again in a mixture of 30 mL 48% HBR·HOAc/H20 (2:1) for 4 hr. 

The workup was the same as that already described. The yield was 2.1 g. 

m.p. 274°C .CloH13N03. IH-NMR (D20/TFA(1-2 drops) S: 1.04 (d,3H); 3.11 

(m,lH); 3.85 (d,lH); 6.52 (d, 2H); 6.85 (d,2H). (see Table 25 for NMR 

results). 

Na-t-Boc-rac-Erythro-F.,-methyltyrosine (Sa). 2.7 g of the rac-erythro 

4a was protected according to standard procedures (Stewart and Young, 

1984) to yield 3.0 g of Sa. m.p. 138-140° C. IH-NMR (DMSO-D6 ) 6: 1.11 (d, 

3H); 1.27 (s, 9H); 2.94 (m, 1H); 3.35 (bs, 1H); 3.97 (m, lH); 6.56 (d, 

1H); 6.64 (d, 1H); 7.0 (d, 2H). 

~-t-Boe-rac-threo-F.,-rnethy1tyrosine (MW;29s.33s) (sb). 2.0 g of the 

rae-threo 4a was N-proteeted according to standard procedures to yield 1.5 

g. m.p. 100-102° C. IH-NMR DMSO-D6 ) S: 1.27 (d, 3H); 1.39 (s, 9H); 3.16 

(m, 1H); 4.28 (m, 1H); 5.62 (d, 1H); 6.72 (d, 2H); 6.03 (d, 2H). 
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Table 24. The Chemical Shifts (6), Coupling Constants (J),and Calculated 
Angles of Erythro and Threo Methyl N-Benzoyl B-Methy1-p-Methoxytyrosinate 
in Three Different Solvents. 
A. Chemical Shifts. 

Erytho Threo Erythro Threo Erythro Threo 
in DMSO-Ds in Acetone-D6 in CDC13 

ATOM 6 (ppm) §(ppm) 6 (ppm) §(ppm) §(ppm) [)(ppm) 

B- CH3 1.20 1.30 1.31 1.39 1.39 1.45 

B-H 3.26 3.28 3.38 3.32 3.48 3.29 

a-H 4.57 4.61 4.85 4.85 5.03 4.97 

-C02Me 3.36 3.35 3.70 3.46 3.74 3.62 

-OCH3 3.75 3.71 3.73 3.75 3.79 3.78 

Tyr3 •5 6.82 6.85 6.86 6.86 6.89 6.84 

Tyr2.s 7.27 7.18 7.28 7.22 7.13 7.12 

NH- 8.58 8.81 * 7.83 6.36 6.62 

B. Coupling Constants and Calculated Angles for Methyl B-Methy1-
tyrosinate. 

Coupling Erythro Threo Erythro Threo Erythro Threo 
in DMSO-Ds in Acetone-Ds in CDC13 

Atoms J(HZ) J(Hz) J(Hz) J(Hz) J(Hz) J(Hz) 

J (HC¥-HP) 10.1 8.8 8.4 8.5 5.2 6.5 

angle 142.1° 140.1° 132.1 ° 

J(NH-HC¥) 8.5 8.5 8.4 8.5 8.5 8.4 

J (CHC¥-HP) 7.1 7.1 7.1 7.1 7.2 7.2 

* - peak buried under benzoyl multiplet. 
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Table 25 The Chemical Shifts (6) and Coupling Constants of Threo and 

Erythro &-Methyltyrosines (D20/ 1 drop TFA). 

Threo Erythro Threo Erythro 
ATOM(s} ~(EEm} 6 (EEm} J(Hz) J(Hz} 

- CH3 1. 04(d) O.99(d) 7.2 (CHD) 7.2 (CH13 ) 

CH13 3.11(m) 2.95(m) 7.2 (CH"') 
7.2 (CHaD) 

CH'" 3.85(d) 3.71(d) 5.6 (CHD) 7.3 (CH13 ) 

Tyr 3,S 6.52(d) 6.48(d) 8.3 8.5 

Tyr2 ,6 6.85(d) 6.80(d) 8.4 8.5 

" 
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SECTION 5.2 DISCUSSION 

The synthesis of B-methy1tyrosine was attempted by four different 

methods: (1) Strecker synthesis; (2) Grignard reaction; (3) acidic 

az1actone synthesis; and (4) basic az1actone synthesis. Of all the 

methods, the acidic azlactone method worked the best. The other methods 

did not produce a product that could be isolated. Although the acidic 

az1actone method had a low yield (40-50%) (Figure 24), it was still the 

only method that produced the desired product. 

Determination of the erythro and threo diastereomers was 

accomplished by comparing the erythro NMR and mp data with the results of 

erythro B-methyl tyrosine made from erythro B-methy1 phenylalanine (G. 

Toth, private communication). The two results were identical. Also the 

coupling constants (CQ!H-NQ!H) erythro was greater than the threo. And these 

results were similar to the coupling constants for B-methyl-Phe obtained 

by Kataoka et al. (1976). 
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Figure 24. The Synthesis of i-Methyltyrosine. The reaction steps are 
described as follows: Step 1. (Condensation reaction) hippuric acid, 
acetic anhydride, sulfuric acid are combined and stirred for 24 hr at 
r.t.; Step 2. (Methanolysis) MeOH (anh.) and Na at r.t. for 1 hr; Step 
3. (Hydrogenation) HzlPd/C, 3 days (40-45 p.s.i.), in HOAc/EtOH (1:4); 
Step 4. (Hydrolysis) 48% HBr'HOAc/water (1:1) reflux for 24 hr; and Step 
5. (Neutralization) 2 N NaOH in a 70% MeOH solution. 
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CHAPl'ER 5 

EXAMINATION OF SMOOTH MUSCLE PHARMACOLOGY 

The tackykinins contract smooth muscle in the guinea-pig ileum and 

transmit neural signals throughout its nervous system. A pharmacological 

effect of SP is its desensitization of the whole quinea-pig ileum when 

applied in large doses. We wanted to investigate the time dependence of 

this desensitization phenomena. Since this had not been done before we 

devised a new protocol in order to accomplish this goal. Apparently there 

is a recovery period necessary for receptor reactivation. 

We also wanted to investigate the smooth muscle and neural effects 

of tachykinins. SP has been suggested to act on both neural and muscle 

receptors while NKA has only been suggested to act on muscle receptors. 

We used temperature in order to determine the contribution each peptide 

was making to the contraction of the smooth muscle of 'the guinea-pig 

ileum. Our results suggest that SP has a greater neural component than 

NKA. 
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Section 1.0 Temperature-Dependence of Substance P's and Neurokinin A's 

Activation of Guinea-Pig Ileum Smooth Muscle. 

The tachykinins substance P (SP) and neurkinin A (NKA) have been 

shown to stimulate different receptor types in contracting the smooth 

muscle of the guinea-pig ileum (Bartho and Holzer, 1985; Buck et al., 

1986; Kilbinger et al., 1986). The neurotransmitter SP is reported to be 

selective agonist for NK-l receptors (Buck et a1., 1986). The NK-l 

receptors are postulated to be present on neural sites as well as muscle 

sites of the ileum (Bartho and Holzer, 1985; Lee et a1., 1982). The 

neurotransmitter NKA is reported to be a selective agonist for the NK-2 

receptor type (Buck et al., 1986). The NK-2 receptor is postulated to be 

located primarily on smooth muscle (Buck et al., 1986). These postulated 

receptor types for the tachykinins have been investigate in several ways: 

1. by the rank order of potencies (Buck and Burcher, 1984; Lee et al. I 

1982); 2. by using selective agonists (Laufer et al., 1986; Regoli et al., 

1985); 3. by using selective antagonists (Regoli et al., 1985); and 4. by 

applying desensitization methods (Lee et a1., 1982). 

methods has its advantages and disadvantages. 

Each of these 

In intestinal preparations made up of enteric nerves and smooth 

muscle, one way to separate the neural component of activation from the 

smooth muscle component is to apply neurotoxins. Another way to separate 

the neural from the smooth muscle component is to exploit their different 

sensitivity to temperature. Using the latter method Innes et al. (1957) 

found that the neurally-mediated maximal response was deccreased and the 

latency to onset of contraction was increased at lower temperatures. Thus 
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agents acting on nerves were affected more by lower temperature than those 

acting on smooth muscle. Therrfore, on the premise that temperature 

affects neural conduction of impulses to a greater extent than muscle 

contraction, we used temperature to separat4e the neural and smooth muscle 

components of activation of the ileum by SP and NKA. 

Section 1.1 Methodology 

Segments of ileum (1 cm) were removed from guinea pigs and mounted 

in the organ baths. The segments were stretched to a baseline force of 

1 g and equilibrated at each temperature (40°C, 37°C, 20°C, and 10°C) for 

45 min. The tachykinins were applied as 10 ~l a1iquots to give the final 

concentrations in the 10 mL tissue baths. 

The two variables measured in this study wer~ the initial maximal 

response and the latent period. The initial maximal contraction was 

expressed as a percent of the contraction produced by tachykinin (10-6 M) 

at 37°C. The latent periods for onset of contraction for all 

concentrations at each temperature were normalized to the average latent 

periods of the response at 37°C. The average latent period at 37°C for SP 

was 7.4 sec, and average latent period at 37°C for NKA was 7.6 sec. 

The latent periods for concentration at each temperature were 

normalixed to the latent period at 37°C according to the following 

equation: 



(Normalized average latent 

period at concentration M 

Section 1.2 Results 
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(Average latent period at concentration 

M and temperature T) 

(Average latent period at concentra

tion M and temperature 37°C.) 

The contractile effects of SP were more sensitive to lower 

temperatures that the effects of NKA. Figure 25A and Figure 25B present 

the results in a three dimensional plot of the temperature, dose and 

percent maximal response. A decreasing response with decreasing 

temperature indicates a neural component. The effect of temperature on 

the response of the ileum to SP and NKA can be understood by comparing the 

respnse at the lower doses and temperatures (Figure 25). The response to 

SP (Figure 25) at 10-6 M was 38%, 52%, and 83% at 10°C, 20°C and 30oe, 

respectively compared to control response at 37°e. The maximum response 

to SP (10-6 M) is less at 100 e than at 300 e or 40oe. In addition, at lOoe 

the responses to SP (10-6 M, 10-7 M, and 10-8 M) were not different fro one 

another; that is the response plateaued for SP (10-6 M to 10-5 M). In 

contrast, at 30°C and 40°C the responses increase with increasing sp 

concetration. The effect of temperature on the response of the ileum to 

NKA (10-6 M) (Figure 25B) was 58%, 86% and 64% at 10°C, 20oe, and 30oe, 

respectively compared to the control response at 37°C. Also, the NKA 

contraction of the GPI at the lower temperature does not level off. 

Another interesting observation is that the latent periods remained 
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Figure 25. Effects of temperature and dose on the percent maximal 
response for substance P and for Neurokinin A onl the guinea pig ileum. 
The x-axis represents the temperature changed from 400e to 10oe. The y
axis represents the dose change from 10-0 H to 10-6 H. The z-axis 
represents the percent maximal response. The percent maximal responses 
at all concentrations and temperatures are relative to the response to 
each tachykinin (10-8 M) at 37°e. 
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constant over the dose range and varied only when the temperature was 

changed. Furthermore, the latent periods of SF were more sensitive to 

lower temperatures than were the latent periods of NKA. The relationship 

between temperature, dose and latent period is represented in Figure 26. 

An increase in the latent period with a decreasing temperature indicates 

a neural component in involved in contration of the smooth muscle. The 

effect of temperature on the latent period of SF and NKA can be understood 

by comparing the latent periods at the different temperatures. For SP (10-

6 M) the latent periods at lOoe, 20oe, and 300 e were 7X, 3X and 2x the 

latent period at 37°e, respectively. 

Section 1.3 Discussion 

SP has been shown to act on neurons as well as directly on smooth 

muscle in contracting the ileum (Bartho and Holzer, 1985; Lee et al., 

1982) and NKA is suggested to act primarily on smooth muscle (Buck et al., 

1986). To differentiate between the neurally-mediated and direct effects 

of SP and NKA on the guinea-pig ileum, we measure response to these 

agonists at different temperatures. Our interpretation of the data is 

based on the premise that a lower temperature will affect neurally 

mediated responses more than direct smooth muscle responses. In the 

present studies we measured both the magnitude of the contraction and the 

latency to the onset of contraction. The diminished maximum amplitude and 

plateauing of contractions evoked by SP at decreased temperatures 

indicates a significant neural component in the stimulation of the guinea-
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Figure 26. Effects of temperature and dose on the nomalized latent 
periods for substance P and for neurkinin A on the guinea pig ileum. The 
x-axis represents the temperature change from 40DC to 10DC. the y-axis 
represents the dose change from 10-8 H to 10-& H. The z-axis represents 
the normalized latent periods. One normalized latent unit equals 7.4 ± 
0.52 sec for Figure 26A and 7.65 ± 0.47 sec for Figure 268. All of the 
latent periods for 37DC were normalized to 1 latent period unit. 
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pig ileum by SF. The temperature effects were more pronounced with SP's 

than with NKA's actions, suggesting a greater neural component with SP 

compared to NKA. If we assume that the contraction evoked at lODe is due 

entirely to direct smooth muscle activation, the maximum contraction 

produced by SP (10-6 M) at 37De is made up of 38% direct smooth muscle and 

62% neural. By contrast, the NKA response is 58% direct and 42% neural. 

Therefore, the neural component is greater in SP induced contractions than 

in NKA induced contractions in the guinea-pig ileum. 

The effect of temperature on the latent periods measuered in the 

present experiments supports this conclusion. The latent period (Figure 

26) is increased to a greater extent at lower temperatures for SP than for 

NKA. The increase in the latent periods would suggest to us the 

transmission through neural circuits are slowed down (or inhibited) at 

lower temperatures. We conclude that because SP latent periods were 

increased more than those of NKA, the neural participation must be greater 

in the SP-induced contractions of the ileum than the NKA-induced 

contractions. 
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Section 2.0 Time-Dose-Response Tackykinin Pharmacology 

Pharmacological (von Euler and Gaddum, 1931; Gaddum, 1953; Lembeck 

and Fischer, 1967; Holzer and Lembeck, 1980; Jordan, 1980; Huidabro-Toro 

et al., 1982; Bartho et al., 1982; Lee et al., 1982; Holzer and Petsche, 

1983; Clapham and Heher, 1984) and physiological desensitization (Kreul en 

and Peters, 1986) of the receptor-effector system of substance P (SP) has 

been observed. Also demonstrated was a high degree of specificity in the 

desensitizing action by SP for different tachykinin receptor sUbtypes (Lee 

et a1., 1982; Kreu1en and Peters, 1986; Laufer et a1., 1985; Buck et al., 

1984). Consequently, desensitization can be used to evaluate the 

different action of tachykinins on their receptors (Bartho and Holzer, 

1982; Lee et al., 11982; Buck et al., 1984). Several investigators have 

reported that the exposure time of the tissue to a dose of SP and 

concentration of SP effects the degree of desensitization (Lembeck and 

Fischer, 1967; Holzer and Lembeck, 1980; Jordan, 1980; Monier et a1., 

1980; Huidabro-Toro et a1., 1982). Yet, no thorough analysis of the time 

and concentration dependencoe of desensitization has been investigated. 

Therefore, a new desensitiation protocol was developed to evaluate the 

relationship between time, concetration and desensitization. 

Section 2.1 Methodology 

Guinea-pigs of either sex 200g-400g were killed and segments of whole 

ileum 1 em in length were removed about 10 cm from the ileocecal junction 

and suspended in a 10 mL bath. The bath contained oxygenated Krebs 
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solution. The preparation was maintatined under a resting load of 9.8 x 

10-3 N (N-Newton). Isotonic contractions were recorded by means of a force 

transducer and displayed on a recorder. 

The dose of SP was app10ied to the organ bath free of any other 

drugs. When a maximal contraction was observed (10-20 sec), the solution 

in the organ bath was drained and washed three times the fresh Krebs 

solution. These wash cycles were perforemd at three separate time periods: 

10 min,S min, and 1 min. The 10 min cycle was repeated 7 times, the 5 

min cycle was repeated 5 times and the 1 min cycle was repeated 8 times. 

During the 1 min cycles the contraction were taken as the difference 

between the response to a given dose of SP and the sustained tone of the 

ileal segment. The mean value of a 0.1 pM dose of SP was considered to 

be 100% response. 

The one-way analysis of variance was done at all time intervals and 

least significant difference tests were only done at the 1 min intervals. 

Diferences were considered significat1y differnt if p < 0.05. 

Section 2.2 Results 

The time course of the contractions induced by SP varied with the 

concentration employed and the frequency of drug application (Figure 27). 

At 10 min intervals desensitization did not occur at any concentrations. 

At 5 min intervals only SP (1 pM) showed partial desensitization (a 15% 

reduction in response). All concetrations, except for SP (0.001 pM), 

showed desensitization at 1 min dose intervals. THe higher doses (0.1 pM 

and 1.0 pM) desensitized the tissue completely afer four to five 1 min 
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Figure 27. The time dose-responses of 4 doses of SP (1 pM, 0.1 pH, 0.01 
pM and 0.001 pH) in the whole guinea-pig ileum. The doses were repeated 
sequentially at 10 min, 5 min, and 1 min intervals over a total time 
period of 97 min. The graph is partitioned into the separate t'ime 
intervals. 
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SP (0.01 JIM) decreased the response to 20% (80% 

desensitization after three to four 1 min exposures. The 1 min intervals 

wee statistically different from zero except of the following dses and 

time intervals: (1) at SP (1.0 JIM), interval 93-97 min; (2) at SP (0.1 

JIM), interval 94-97 min; and (3) SP (0.001 JIM), interval 94-97 min. 

Section 2.3 Discussion 

Previously, there have been two methods used to desensitize a tissue 

to a drug: to incubate the tissue with high doses of the drug (Holzer and 

Lembeck, 1980; Holzer and Petsche, 1983); to dose the tissue repeately at 

short time intervals omitting the washout (Monier and Kitabgi, 1980; 

laufer et al., 1985; Chahl, 1983; Chahl, 1984). Our results, with 

washouts in between the doses, still exhibit desensitization as the time 

interval decreased. An assumption by Waud (1969) can be used to evaluate 

these results. He hypothesized that the effect is a function of 

concentration and time [E-F(c, t)] and not just concentration [E=F(c)] . Our 

study supports his assumption by showing the effects are changed by time. 

When the exposure time of the RES to the drug is Changed (either by 

decreasing the time of the dose interval or by increasing the incubation 

time), desensitization develops. Whether the desensitization occurs as 

a direct receptor effect or as a result of biochemical events that follow 

receptor activation is still unknown. But, from our results, we conclude 

that after the stimulus has been removed there is time interval necessary 

for RES reactivation. 

The concentration dependence of desensitization in this study agrees 
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with other investigators (Holzer and Lembeck, 1980; Jordan, 1980; Monier 

and Kitabgi, 1980; Huidabro-Toro et al., 1982; Chahl, 1982) 0 Low 

concentrations (appro 0.001 pM) do not demo strate desensitization, 

possibly due to the large spare receptor population since only 10-20% of 

the receptors have been calculated to occupied at the ECso of SP (205 nM) 0 

The higher doses demostrating desensitization because a large population 

of RES can be assumed deactiveate. An extreme example of his can be 

demonstrated by looking at the partial desensitization that occurs when 

SP (1.0 ~M) is repeated at 5 min intervals. There is a 15% decease in the 

overall response until the 1 min intervals are started. This would 

suggest that a significant number of RES remain inactivated during the 5 

min interval. 

In summary, this study demonstrates the relationship between effect, 

time and concentration of SP on receptor desesitization. these results can 

be used when investigating the effects on SP in the guinea-pig ilwum. At 

high concentrations and short intervals the tissue becomes completely 

desensitized to SP. At moderate concentrations the realtionship between 

SP 'and acetylcholine can be investigated. Finally, when testing 

tachykinin analogues on the guinea-pig ileum, time intervals from 5-10 min 

between doses can be used without interference for desensitization with 

adequate tissue wash-outs in between agonist exposures. 



CHAPTER 6 

PHYSICO-CHEMICAL INVESTIGATIONS OF 

LIGAND-RECEPTOR INTERACTIONS 
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H-Tyr-Q-Pen-Gly-Phe-Q-Pen-OH (DPDPE), was used as a model to investigate 

the physico-chemical properties of the topochemical site of the delta opioid 

receptor. Only the hydrogen at the para position of the Phe4 was modified. The 

hydrogen was exchanged by F, Cl, Br, I, N02 , CH3 • or N3 group to investigate the 

chemical and steric requirements of the receptor site. Biological and 

radioligand binding assays were used to determine if the confomation of DPDPE 

was unaffected by the substituents. The results indicates that the delta 

topochemcial site has positive charge and steric requirements for its interaction 

with the Phe4 side chain and its topochemical site. 
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Section 1.0 Physico-Chemical Investigations into the Phe4 Topochemical Site of 

the Receptor. 

Since the discovery of the endogenous opioid peptides (Hughes et a1., 1975) 

and their physiological role as inhibitors of metabolites that signal pain 

(Hansen and Morgan, 1984; Clement-Jones and Besser, 1984) several hundreds of 

analogues have been synthesized to gain insight into the relationship between 

the functional groups on the peptide and the topochemical sites in the active 

site of the receptors [p (mu) , 6 (delta), k (kappa), and E (epsilon) (Hansen and 

Morgan, 1984) in the hopes of understanding their modus operandi. The mechanism 

of action of these neuropeptides may lead to non-traditional pain killers or 

other important other important pharmaceuticals (Hansen and Morgan, 1984). 

To aid in this process, efforts have been made by several groups to obtain 

receptor selective peptide analogues. In our laboratory, these studies led to 

the developement of the 6 receptor selective enkephalin analogue DPDPE (H-Tyr

D-Pen-Gly-Phe-D-Pen-OH) (6) (Mosberg et al., 1983), which has been extensively 

investigated since 1982. There have been many structural analogues that have 

generated useful information about the interaction between the ligand and the 

receptor but most of these modifications have affected some aspect of the 

structure or conformation of the peptide. The experimental and empirical 

information gained from these analogues has allowed investigators to suggest the 

possibles roles of each residue in the peptide sequence. 

Schwyzer and coworkers (Do et al., 1981) have suggested that the tyrosine 

in position 1 of the enkephalins appears to be the crucial element for triggering 

opiate receptors. Glycine 2. and 1 possibly act as spacers influencing the 

correct 3-dimensional fit of the peptide to the receptor recognition sites. The 
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Phe4 and Leus (or Mets) seem to modulate the activity. The Phe4 residue has been 

investigated to determine whether the effects of electronic, steric and 

hydrophobic properties contributes to its activation of the receptor. Schwyzer 

and coworkers (Do et a1., 1981) concluded the following points about the Phe4 

interaction with its opioid receptor: (A) the e1ectrophi1ic aromatic character 

of the phenyl ring is very important; (B) the steric effects have a minor 

contribution to the activity of the side chain in the fourth position; (C) the 

benzene ring is free to rotate about its 1,4-axis when enkepha1ins are bound to 

the receptor; (D) the topochemical elements would appear not to have very 

stringent requirements with respect to the steric bulk of the inserted side 

chains; and (E) it appears that the amino acids in positions 4 and 5 of the 

enkephalins serve as auxiliary elements optimizing the receptor interaction with 

the message (Tyr in a favorable conformation) and influencing the ~- and 0-

selectivity. We considered this model as the basis for our present work. Since 

the ligands they used were not very receptor selective and the side-chain 

substitutions may have affected the conformation of the peptide we use DPDPE to 

prevent these problems. 

We decided to investigate and analyze the physico-chemical characteristics 

of a single atom replacement, the hydrogen, in the para-position of the 

phenylalanine residue in the fourth position of DPDPE, a semi-rigid cyclic, very 

6-opioid receptor selective neuropeptide. Various functional groups (CI, Br, 

F, I, N02 , CH3 , NH2 , and N3 ) were used to replace this hydrogen. The effects of 

these substitutions on the activity of the peptides were determined by binding 

and smooth muscles bioassays. 
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Section 1.1 Methodology 

SYNTHESIS OF DPDPE ANALOGUES: All of the analogues (1-9) were synthesized 

by the solid-phase method of peptide syntheses similar to those previously 

reported (Mosberg et al., 1983; Hruby et al., 1985; Landis et al., 1989; Toth 

et al., 1989). Chloromethylated (1.4 mmol/g of resin) polystryrene resin 1% 

croslinked with divinylbenzene (Lab. Systems, San Mateo, CA) was used as a solid 

support. ~-tert-butyloxycarbonyl(Boc)-protected amino acids were used 

throughout the synthesis. The amino acids were obtained either from Bachem (San 

Mateo, CA) or Chemical Dynamics Corporation (South Plains, NJ) or were prepared 

using literature (Morodor et al., 1976) procedures. The Boc-S-p-methylbenzyl

D-penicillamine was attached to the resin by using Gisin's method (1979). 

Dicyclohexylcarbodiimide and N-hydroxybenztriazole were used for the coupling 

reactions, which were monitored by the ninhydrin test (Kaiser et al., 1970). 

Cleavage of the peptides from the resin and removal of the protecting groups 

were effected by treatment of the protected peptide resin with anhydrous HF 

(lOml/g of resin) in the presence of anisole (2ml/g of resin) for 60 min at 0° 

C. The extraction of pep tides from the resin and the cyclization of linear 

pep tides was carried out via a manner similar, to those previously published 

(Mosberg et a1., 1983). The analogues were purified by gel filtration on 

Sephadex G-lO, using 15% acetic acid, and partition chromatography 

(butanol/toluene/pyridine/acetic acid/water 6:3:0.134:0.135:8.55 upper phase) 

.on Sephadex G-25 block polymerizate or by HPLC (Perkin Elmer, Vydac 2l8tplOlO 

C18 reversed phase column (25 cm x 1 em» using a linear gradient of 23CN in 0.1% 

trifluoroacetic acid, l%/min at a flow rate of 4 ml/min with UV detection at 214 

or 280 nm. 
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Purity was assessed by TLC in four solvent systems on silica gel and by 

analytical HPLC. The amino acid analyses were performed on Beckman l20C amino 

acid analyzer (Penicilamine could not be determined). The (M+l)+ molecular ions 

and fragmentation patterns obtained by FABMS were in agreement with the amino 

acid sequence and composition of each analogue. 

BIOLOGICAL ASSAYS 

The opioid receptor affinities were evaluated in MVO and in rat brain 

membrane binding assays using 3H-OPDPE (Toth et al., 1989). 

NMR SPECTROSCOPY lH-NMR spectra were obtained for each halide analogue. The 

high-resolution 10 and 2D-COSY proton nmr specrtra were recorded for chemical 

shift assignments and coupling constant studies on a Bruker AM-sOO NMR 

spectrometer equipped with ASPECT-3000 computer using the 5mM lH-probe head for 

a l6mM sample. The 2D-COSY experiments (Aue et al., 1976) used N-type phase 

cycling and a 600 mixing pulse. The free induction decays were acquired over 

2048 data points and 5000 Hz for each of the 512 values of evolution time. The 

second dimension sweep-width was 2500 Hz. The raw data were zero-filled and a 

sin-bell window function was used prior to double Fourier transformation using 

OISR programm (Company version 870101.1). 

Section 1.2 Results 

The conformational properties of the highly potent delta opioid selective, 

cyclic peptide rn-Pen2,n-pen5]enkephalin (DPDPE) in aquieous solution was studied 

in our labortory by the use of one and two-dimensional nuclear magnetic resonance 

(NMR) spectroscopy (COSY, NOESY, etc.). The accurate determination of all 3J and 
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2J coupling constants with the help of computer simulations were used to 

calculate all possible peptide angles, which along with distance constraints 

based upon the observed NOE's provided the basis for molecular mechanic energy 

minimization calculations using the CHARMM computer program. These results led 

to a conformational model for this peptide which is consistant with all the data 

obtained in this laboratory. 

The best fit chemical shif and coupling constants for the side chains of 

Tyr1 and Phe4 in p-F-DPDPE (1), p-Cl-DPDPE (Z), p-Br-DPDPE (1), p-I-DPDPE (2), 

and DPDPE (.2.) are given in Table 1. The side chain rotamer populations have been 

calculated by using the parameters of deLeew and Altona (1982) along with 

coupling constant for Tyrl and Phe4 • The calculated rotamer populations for 

trans and gauch (-) can be reversed since the g and g' protons of methylene in 

Tyrl and Phe4 are not stereochemically assigned. Yet, these results clearly 

indicate that the gauch (+60) conformer is excluded for both Tyrl and Phe4 
Xl 

value in all the para-halogenated DPDPE analogues (1,1,} and 2), which is 

consistant with our previous studies on DPDPE (Hruby et al., 1988). Thus, the 

author feel that conformation of all the halogenated DPDPE analogues have the 

same conformation as DPDPE (and the ofhter p-substituted DPDPE analogues are 

assumed to behave similiarly). 

Consistent with the assumptions that all the forces that govern ligand

receptor interaction can be described by basic chemical theory, we have 

tabularized (Table 2 & 3) some of the important basic physico-chemical 

characteristics of the functional groups: volume (A3); dipole moment (Debye); 

Pauling's electronegativity (EN) values; an experimentally determined Hammett 

factor constant (0), which is a measure of the electronic effects of the 

substituent; and the intrinsic binding energy, which indicate the free energy 
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contribution to binding that each substitution has made to the DPDPE molecule 

(see Appendix A for theory). 

If we first look at the relationship between the biological activity (IC50 ) 

in the MVD and the Hammett factor (a) (Figure 1) we can observe a linear 

relationship between the high positive value of a and the high potency of the 

analogue. This would suggest to us that electronic factors are influencing the 

activity of the para-position of Phe4 • The two compounds, Cl-cmpd 1 and F-cmpd 

1 were the most active and they followed the linear relationship between a and 

IC50 's. The Br atom in 1 has a volume of 31.1 A3 and a dipole moment of 1.70 

D and the nitro group with a large volume, 73.5 A3, plus a large dipole moment, 

4.22 D, are also very potent of all the analogues in the MVD assay (Table 2). 

The N02 -cmpd ~ does cause a discrepancy in the linear relationship between the 

Hammett factor and the IC50 's in the MVD. The p-I-cmpd 2 is also irregular, 

cmpd 2 has a dipole moment similar to the Cl-cmpd 1 and the Br-cmpd 1, yet its 

Van der Waals volume is 41% and 25% greater, respectively. The remaining 

anlogues correlate well between the Hammett factor and the biological activities 

in the MVD. They all have a trend towards diminishing dipole moments, increasing 

Van der Waals volumes, and decreasing potency. 

If we compare the MVD biological activites with the electronegative (EN) 

values for each atom, we can observed that when the EN atoms, like an oxygen or 

halide (as in compounds 1,1,1, ~), is close to the receptor site it has high 

potency. The F-cmpd 1 is the most EN atom and it is the most potent. The 1-

cmpd 2 is a little more EN than the H-cmpd ~ and a little more potent. The N3 -

cmpd 1 has a high EN atom close to the receptor site, but due to the positive 

charge that developes in it resonance forms, the activity is decreased. The 

remaining analogues have hydrogens bonding to electronegative atoms. The NH2 -
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cmpd 2 with a more EN atom attached to the hydrogen atom than the CH3 -cmpd ~ is 

clearly less active. The hydrogens attached to a nitrogen atom would be expected 

to be more electropositive than the hydrogens attached to a carbon atom. 

In an attempt to understand which bond forces might be contributing to the 

non-covalent interactions between the p-substituent on the Phe4 and th~ receptor 

site we decided to compare the contribution each para-substituent makes to the 

free energy of binding (lIGXH). The theory and calculations were done as outlined 

in Appendix A. We considered the H-cmpd Q as the standard and its change in 

free energy of binding (.6.6GXH , where the X is the substituent compared to the H

cpd Q) equal to zero. A negative MGXH adds to the free energy of binding of the 

molecule, whereas, a positive ~lIGXH subtracts from the free energy of binding of 

the molecule. The substituents with large negative dipoles contribute to the 

free energy of binding. Although even the substituents with the most negative 

dipole contributes only about = 4 KJ/mol of intrinsic binding energy (Table 28). 

If we look at Table 30, this indicates to us that the binding forces are very 

similar to Van der Waals binding forces, which contributes 4.18 KJ Imol of 

intrinsic binding energy. 

Now if we look at the rat brain binding (RBB) potencies of the para

substituted DPDPE analogues vs [3Hj-DPDPE and their physico-chemical properties 

(Table 3), we can see that there is a linear relationship between the Hammett 

Factor (a) for most of the p-substituted analogues (l,Z,d,Q,I,~,and 2) except 

for the N02 -cmpd ~, and the I-cmpd ~ (which has maintained the same relative 

position that it had in the MVD rank potencies). The Br-cmpd d has now become 

less potent the Cl-cmpd Z. The N3-cmpd ~ has become less potent than the CH3-

cmpd ~, with the NH3-cmpd 2 now demonstrates very poor binding activity. Many 

of the same comparisons can be made with these analogues when comparing their 
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binding potencies to EN, van der Waals volume, dipole moment, and changes in free 

energy binding as was made with the 6-MVD data. The most potent analogues have 

a large negative dipole with a van der Waals volume approximately 20-30 A. The 

contribution of the intrinsic binding energy is a little less than in the 6-MVD 

data, but not significantly less, still indicates a van der Waals binding 

interactions (Table 4). 

While it is an accepted theory that biological activity is a function of 

the structure of the drug, the nature of this function may be very complex and 

is unknown in the general case. In the case of polypeptide hormones, it is 

generally assumed that they act via a singular conformation, either prefolded 

or induced by the receptor. The ease with which this active conformation is 

reached depends essentially upon the primary structure of the polypeptide. As 

far as the dominating physico-chemical parameters of the side chains that induce 

and promote the correct folding can be identified, biological activity is likely 

to be described by a combination of many different parameters, not just one or 

two. 

Many studies have been done on the side chains of enkephalins to determine 

their role in receptor binding have affected the peptide topology. We felt that 

by concentrating on a single functional group of the Phe4 side chain in DPDPE, 

which would not effect the overall conformation of the peptide, we should be able 

to draw some conclusion about the interactions of this functional group with the 

topochemical site of the receptor. Another advantage of using DPDPE is its 

conformational restriction and high selectivity for the 6 receptor, and therefore 
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conformational variations or preferences for other opioid receptors would not 

complicate the experimental data. 

The 6-MVD-Phe4 topochemical site has the following three characteristics: 

(A) the topochemical site has steric requirements of :::: 30 A3; (B) the 

topochemical site has a partial positive charge; and (C) the binding interactions 

are similar to van der Waals interactions with intrinsic binding energies of = 

4 l{J/mol. 

The size of the topochemical site was estimated from the compounds with 

the greatest potency, which was Br-cmpd d. The halogenated compounds have 

similar dipole moments but different potencies (Table 2 & 3), and this may be 

due to the different volumes of each phenyl halide. The F-cmpd ~ has a small 

volume of 10.3 A, although it is the most electronegative atom with a strong 

dipole, it may not be able to come close enough to the receptor for optimum 

binding. The I-cmpd ~ has a strong dipole moment but its activity is decreased 

greater than the F-cmpd 1. The N02 -cmpd ~ may be able to overcome in part this 

steric requirement due to its very strong dipole moment. The other compounds 

(1, .!! and ,2) have lower potencies due to their increasing volumes in addition 

to their large positive dipole moments. 

The topochemical1 site is considered to have a partial positive charge, or 

have the capacity to have a partial positive charged induced by an 

electronegative substituent. The groups that were electronegative had the 

greatest potencies (1, Z, 1, ~, and ~), the groups that are electropositive had 

the lowest potencies (.!! &,2), and the neutral molecules (Q & 1) had intermediate 

potencies. The electronegativities and the direction of the dipoles (Fiqure 1) 

ITopochemical receptor site - areas involving part of several, not necessary 
adjacent, amino acid residues producing a distinct chemical environment. 
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substantiate these conclusions. 

The type of binding that occurs would be similar to van der Waals 

interactions of induced dipoles. The intrinsic binding energy (Table 4), = 4 

KJ/mol, indicates van der Waals bonding forces. But since the compounds with 

the greater negative dipoles had greater activity than the neutral or positively 

charged dipoles, this would indicate that an induced dipole can be created in 

the topochemical site, and will depend on the negative charge on the para

substituent of Phe4 • We assume that these are partial positive charges an not 

hydrogen bonding. If they were hydrogen bonding than the intrinsic binding 

energies would be greater than 12 KJ/mol, and this was not observed. 

The 6-rat brain binding Phe4 (6-RBB-Phe4 ) topochemical site has the 

following three characteristics: (1) the topochemica1 site has a steric 

requirement of = 24 A3; (2) the topochemica1 site has a partial positive 

charge; and (3) the binding actions are similar to van der Waals interactions 

with and intrinsic binding energy = 3 KJ/mo1. 

The steric requirements of the 6-RBB-Phe4 topochemical site seems to be 

more stringent than the 6-MVD-Phe4 topochemica1 site. The C1-cmpd Z is more 

active than 1, and the N02-cmpd ~ is 7% less potent than 1 in the 6-RBB-Phe 4 site 

and only 1% less potent than 1 in the 6-MVD-Phe4 site. The electropositive NH2-

cmpd ~ has a potency greatly reduced in the 6-RBB-Phe4 site than in the 6-MVD

Phe4 site. 

The 6-RBB-Phe4 topochemica1 site has a partial positive charge due to the 

increased potency of compound with negative charge substituents, indicating 

larger negative dipole moments. The atoms with high EN values have greater 

potencies (1,1, Z, 2, and~) than the electropositive atoms (1, ~ and ~). 

The type of bonding interactions would be van der Waals because the the 
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intrinsic binding energies are = 3 KJ/mol. The interaction may be a little 

stronger than van der Waals interactions since a stronger negative charge can 

increase the activity of the anlogues. 

The electropositive NH2 -cmpd .2" CH3-cmpd .!L and N3 -cmpd 1 have low 

activites, which may be due to repulsion forces and steric effects. Since like 

charges repel 1 each other, then the partial positive region of the topochemical 

site will interact with these compounds by repelling their electropositive 

surfaces (for a discussion of the potential energy fields of nitrobenzene and 

aniline see ref. 21). The azido group has resonance a structure containing a 

positive and negative charge, and this charge distribution most likely influences 

its activity, along with its size. The methyl group has essentially no dipole 

moment and so steric interactions would most likely influence its activities 

at the topochemical sites. 

Therefore, the o-topochemical site has selective potential energy fields 

and steric requirements. The chemical forces are most likely 'induced dipole 

interactions, since the changes in the intrinsic binding energies indicates small 

molecular interaction energies, and these forces appear to be different than 

oscillating weak electronic charges. 

The o-RBB-Phe4 topochemical site appears to have more stringent steric 

requirements than the o-MVD-Phe4 topochemica1 site. The potencies of the N02 -

cmpd Z and the NH2 -cmpd .2. are good examples of the seperate steric requirements 

demonstrated by each receptor. The 0 -RBB-Phe4 topochemical site may have a small 

partial positive charge and is less susceptible to an induced dipole by an 

electronegative substituent than the o-MVD-Phe4 topochemica1 site. They both 

appear to interact with the Phe4 side chain of DPDPE by the same forces. 

Therefore, by using basic chemical properties we were able to suggest some 



213 

of the properties of the 6-MVD-Phe4 and 6-RBB-Phe4 topochemical sites. 

APPENDIX A 

There are also assumptions about the intrinsic free energy of binding that 

must be mentioned before the analysis of these chemical interactions can be 

completely described. We will also try to explain the discrepencies in the free 

energy relationships by showing that there are several other parameters that must 

be taken into account. 

In order to carry out the numerical calculation for this experiment we had 

to make several assumption from classical receptor theory (Clark's Model) (Boeynams 

and Bument, 1980), from enzymology (Page's Anchor Principle) (Page, 1984), and Schwyzer' s 

6 -type receptor (Schwyzer, 1986): (A) the ligand concentration at half-saturation 

of binding sites and half-maximal effects obtained for a ligand-receptor 

interaction is equal to its dissociation constant; (B) when A is a substituent 

in the molecule A-B, most of the entropy loss is accounted for in the binding 

of the B since the loss of entropy upon binding A-B will be much the same as that 

upon binding B, TdSAB = TdSB; (C) the differences in the free energies of binding 

A-B and B therefore approximates the intrinsic binding energy of A. Therefore, 

we have equation 1 and equation 2 

dGAB - dGB - dHAB - TdSAB - dHB + TdSB = dHAB -dHB 

dGAB - dGB = dHA 

1 

2 

Consequently, this difference, dGAB - dGB • is very much greater than the observed 

free energy of binding of A, dGA, since it is free of the unfavorable entropy 
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term. In order to do the calculations in this paper it is also assumed that the 

intrinsic free energy of binding for each functional group can be determined from 

the following relationship described by equation 3 

dGx - -RTlnKo 3 

where Ko is the dissociation constant which is equal to the IC50 of each 

analogue. We have considered the IC50 of the H-cmpd £ the reference which all 

other intrinsic free energies of binding are compared too. (These are relative 

measurements and should not be considered absolute values). 

Therefore, if the intrinsic binding energies of the functional groups are 

compared to the hydrogen atom we arrive at the following equations 4 and 5 (where 

X is the substituent and the H is H-cmpd £) 

dGxa - dGx - dGH - - (RTlnKDx - RTlnKOH ) 

dGxa - RTln(Kox/KoH) 

4 

5 

The dGxa term describes the change in intrinsic binding energies between the 

hydrogen's interaction with a topochemical site of the receptor and another p

substituent interactions with the same topochemical site of the receptor; and 

(D) the G-receptor resides in the aqueous compartment of the membrane surface 

and therefore we can assume direct interactions between the ligand and the 

topochemical site (neglecting the layers of water absorbed to the surface of the 

active site of the receptor). 
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Table 1. NMR and conformational parameters for the side chains of Tyrl and Phe4 

~r~e~s~id~u~e~s~i~n~D~P~D~P~E~a~n~d~i~ts~p~-~h~a~l~o~B~e~n~a~t~e~d~a~n~a~lo~Bu~e~s~.~ ________________ ~ ____________ Peptide 
Tyrl Phe4 

o aromatic 
ortho meta 

3JHa:-H,8 Rotamers Oaromatic 3JHa:-H,8 Rotamers 
(Hz) +60 180 -60 ortho meta (Hz) +60 180 -60 

DPDPE 6.68 7.10 6.20,9.2 73 27 7.25(m) 5.5, 9.0 -- 70 30 

p-F 6.68 7.06 6.03,8.29 62 38 7.28 7.08 3~77,11.30 -- 95 5 

p-C1 6.68 7.08 5.16,8.20 60 40 7.31 7.27 3.44,11.10 -- 93 7 

p-Br 6.68 7.08 6.34,8.72 67 33 7.44 7.21 3.17,11.10 -- 92 7 

p-I 6.68 7.07 6.30,8.40 63 37 7.61 7.09 3.17,11.00 -- 91 6 

BAll NMR values were determined by Dr. o. Prakash (private communication). I 
thank him for making these results available prior to publication. 
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Table 2. MVD Activities of Para-substituted DPDPE Analgous and Their Physical 
Properties (Pauling. 1940; CRC. 1975). 

CMPD Substi Log Vol. Dipole EN MGXH Hammet 
tuent l/ICso (A3) J.' (D) (KJ/m) Factor 

3 Br 

4 

2 Cl 

1 F 

5 I 

6 H 

7 

8 

9 

(X) CsHsX (C1) 

8.82 31.1 1. 70 

8.82 73.5 4.22 

9.05 24.4 1. 69 

9.08 10.3 1. 60 

8.24 41.6 1. 70 

8.24 7.23 0.59 

8.02 

8.00 71.0 0.00 

6.86 1.53 

2.8 -3.45 + 0.23 

3.5(0) -3.45 + 0.78 

3.0(N) 

3.0 -4.80 + 0.23 

4.0 -4.98 + 0.06 

2.1 0.00 + 0.18 

2.0 0.00 0.00 

3.0(N) 1.31 

2.1(H) 1.43 

2.5(C) 

2.1(H) 8.19 

3.0(N) 

+ 0.15 

- 0.17 

- 0.66 
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Table 3. Rat Brain Binding Potencies of Para-substituted DPDPE Ana1gous and 
Their Physical Properties (Pauling. 1940; CRC. 1975). 

CMPD Substi Log Vol. Dipole EN llllGXH Hammet 
tuent l/ICso (A3) JJ (D) (KJ/m) Factor 

(X) CsHsX (0) 

2 C1 8.80 24.4 1.69 3.0 - 3.38 + 0.23 

3 Br 8.73 31.1 1. 70 2.8 - 2.94 + 0.23 

1 F 8.60 10.3 1.60 4.0 - 2.19 + 0.06 

5 I 8.31 41.6 1. 70 2.1 - 0.44 + 0.18 

6 H 8.23 7.23 0.56 2.0 0.00 + 0.00 

4 N02 8.18 73.5 4.~2 3.5(0) 0.32 0.78 

3.0(N) 

8 CH3 7.57 71.0 0.00 2.1(H) 3.95 - 0.17 

2.5(C) 

7 N3 7.48 2.1(H) 4.46 0.15 

2'.5(C) 

9 NH2 5.98 1.53 2.1(H) 13.38 - 0.66 

3.0(N) 



219 

Table 4. Intrinsic binding Energies 

for functional Groups 

Binding Energies 
Atoms (KJ/Mo1) 

Ionic 41.8 
Hydrogen 12.5 
Halogen 5.44 
Van der 

Waals 4.18 

8Page (1984) 
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