
SYNTHESIS AND COMPARATIVE BIOLOGICAL ACTIVITIES OF
CONFORMATIONALLY RESTRICTED ENKEPHALIN ANALOGS.

Item Type text; Thesis-Reproduction (electronic)

Authors Hurst, Robin.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:57:43

Link to Item http://hdl.handle.net/10150/275222

http://hdl.handle.net/10150/275222


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Microfilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





1324681 

HURST, ROBIN 

SYNTHESIS AND COMPARATIVE BIOLOGICAL ACTIVITIES OF CONFORMATIONALLY 
RESTRICTED ENKEPHALIN ANALOGS 

THE UNIVERSITY OF ARIZONA M.S. 1984 

University 
Microfilms 

International 300 N, Zeeb Road, Ann Arbor. Ml 48106 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark V . 

1. Glossy photographs or pages 

2. Colored illustrations, paper or print 

3. Photographs with dark background 

4. Illustrations are poor copy 

5. Pages with black marks, not original copy 

6. Print shows through as there is text on both sides of page 

7. Indistinct, broken or small print on several pages 

8. Print exceeds margin requirements 

9. Tightly bound copy with print lost in spine 

10. Computer printout pages with indistinct print 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages 

15. Other 

University 
Microfilms 

international 





SYNTHESIS AND COMPARATIVE BIOLOGICAL ACTIVITIES OF CONFORMATIONALLY 

RESTRICTED ENKEPHALIN ANALOGS 

by 

Robin Hurst 

A Thesis Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 

For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 8 A 



STATEMENT BY AUTHOR 

This thesis has been submitted In partial fulfillment of 
requirements for an advanced degree at The University of Arizona and is 
deposited In the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this thesis are allowable without 
special permission, provided that accurate acknowledgment of source is 
made. Requests for permission for extended quotation from or 
reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his or her judgment the proposed use of the material is in the 
interests of scholarship. In all other instances, however, permission 
must be obtained from the author. 

SIGNED t ff 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

"ViC^ Ck ^Ux/rw l, K,, 
Victor ti. Hruby, Jr. ° 

Professor of Chemistry 
Date 



ACKNOWLEDGMENTS 

The author wishes to express a special gratitude to Dr. Henry I. 

Mosberg for his friendship, encouragement, and keen insights which have 

contributed immensely to this research project. 

The author wishes to express a special gratitude to Dr. Victor 

J. Hruby for his enthusiatic support and guidance. 

The author thanks Dr. Henry I. Yaraamura, Dr. Tom F. Burks, Dr. 

Jim J. Galligan, Dr. Kelvin Gee, Dr. K. Akiyama and Dr. Frank Porreca 

for their excellent research collaboration and scientific expertise. 

The author thanks the Graduate College of the University of Ari

zona for the Research Support Award (1984) granted to her. The author 

thanks Ms. Kathy Madril and Ms. Rita Little for the excellent typing of 

this thesis. Finally the author expresses a special gratitude to her 

parents, Mr. and Mrs. Phil S. Hurst for their understanding and encoura

gement. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF TABLES vl 

LIST OF ILLUSTRATIONS v 

ABSTRACT vli 

1 INTRODUCTION 1 

2 RESULTS AND DISCUSSION 13 

3 CONCLUSIONS AND FUTURE PERSPECTIVES 28 

4 EXPERIMENTAL METHODS 32 

General Synthetic Methods 32 

Preparation of Amino-Acid Derivatives 34 
Synthesis of S-4-Methylbenzylcystiene 34 

Synthesis of S-4-Methylbenzylpenicillamine 34 
General procedure for synthesis of N°HBoc 
amino acids 35 

Solid Phase Synthesis of Enkephalin Analogs 35 

General Scheme • • 35 
Cleavage of the Peptide from the Solid Support .... * 37 
Cyclization of the Enkephalin and 
Enkephalinamlde Analogs * 38 

Purification of Enkephalin and Enkephalinamlde 
Analogs 39 

Developement of a New Solvent System for 
Purification of [D-Pen^, L-(or D-) Pen^] 
enkephalin by Partition 40 

Chromatography 

REFERENCES CITED 50 

iv 



LIST OF ILLUSTRATIONS 

Figure Page 

I. Morphine 11 

II. Leucine enkephalin 11 

III. Methionine enkephalin 11 

IV. H-Tyr-cyclo [-N®-DrA2bu-Gly-Phe-Leu-] 
enkephalin analog and derivatives 12 

V. Azo-enkephalin analog. 12 

VI. [D-Cys2, Dj-(or L_-) Cys^] enkephalinamide analog 20 

VII. [I^-Pen2, D^(or IJ-) Cys^] enkephalinamide analog 20 

VIII. [D-Pen2, I)-(or _L-) Cys^] enkephalin analog 21 

IX. [I^-Pen2, L^Cys^, Thr^] enkephalin analog 21 

X. [D^Cys2, D^(or L_-) Pen^] enkephalin analog 22 

XI. [DHPen2, D^(or jL-) Pen^] enkephalin analog 22 

XII. [1D-Thr2, Asp5] enkephalin analog 30 

XIII. H-Tyr-cyclo [D^Thr-Gly-Phe-Val-] enkephalin analog .... 30 

XIV. [D-Aspr2, AspS] enkephalin analog 31 

v 



LIST OF TABLES 

Table Page 

I. Inhibitory Potencies (ICBO) of Enkephalin 
Analogs In Guinea Pig Ileum (GPI) and Mouse Vas 
Deferens (MVD) Assays .... 23 

II. Receptor Binding Affinities of Enkephalin 
Analogs for Rat Brain Preparations 24 

III. Inhibitory Potencies (IC50) of Enkephalin 
Analogs in Guinea Pig Ileum (GPI) and Mouse 
Vas Deferens (MVD) Assays 25 

IV. Receptor Binding Affinities of Enkephalin 
Analogs for Rat Brain Preparations 26 

V. Receptor Binding Affinities of Enkephalin 

Analogs for NG 108-15 Membrane Preparations 27 

VI. Cyclic Enkephalin Analogs Guinea Pig Ileum, 
Mouse Vas Deferens, and Rat Brain Binding Assays 27 

VII. Solid-phase Peptide Synthesis Experimental 
Protocol for Coupling with dicyclohexylcarbodiimide ...» A3 

VIII. Solid-phase Peptide Synthesis Experimental 
Protocol for Coupling with Symmetrical Anhydride 45 

IX. Partition Chromatography Systems and the 
Expected RFRange for [£-Pen^, iL -Pen^] Enkephalin 47 

X. Analytical Data for the Enkephalin Analogs 48 

vi 



ABSTRACT 

Several conformationally restricted enkephalin analogs were pre

pared by solid-phase peptide synthesis and their opioid activity was 

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

binding assays. All the analogs synthesized exhibited moderate 6-

receptor selectivity, except the p-Pen^, D-(or L-) Pen^] enkephalin 

analogs which possess extraordinary 6-receptor selectivity. These bis-

penicillamine enkephalin analogs provide an order of magnitude inprove-

ment over previously reported 5-selctive analogs. These analogs will 

not only be helpful in determining the physiological role of the 5-

opioid receptor, but will be valuable for elucidating the conformational 

properties of the enkephalins required for 6-receptor binding and trans

duction. 

vii 



CHAPTER 1 

INTRODUCTION 

Morphine (figure I) the major active constituent of opium was 

isolated in 1806 by a German pharmacist. The physiological effects of 

morphine such as, analgesia, respiratory depression, behavioral changes 

and constipating effects were known long before it was isolated. The 

demonstration (Pert and Snyder, 1973; Simon et al., 1973; Terenius, 

1973) in the early 70's of stereospecific binding of morphine and its 

synthetic analogs to receptors in the brain suggested the presence of 

endogenous ligands for these receptors. Subsequently In 1975, John 

Hughes and Hans Kosterlitz Isolated an endogenous morphine-like compound 

from porcine brain, which consisted of two peptides, [Leu]5-enkephalin 

(figure II) and [Met]5-enkephalin (figure III) (Hughes, 1975; Hughes et 

al., 1975). This unique situation In which peptides (e.g., enkephalin) 

and nonpeptides (e.g., morphine) interact with the same receptor(s) has 

demanded an explanation of the structural and conformational similari

ties between peptide and nonpeptide receptor ligands. But the first 

goal in this structure-activity relationship was to identify the chemi

cal moieties or structural requirements essential for enkephalin acti

vity. The effect of structural change at each amino acid position on 

biological activity in the two most commonly used preparations i.e. the 

1 
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electrically stimulated mouse vas deferens (MVD) or guinea pig ileum 

(GPI) assays has been studied using either Met-enkephalin, Leu-enke-

phalin, or a more stable analog as reference compounds. 

The structural requirements at the Tyr1 position are explicit 

for biological activity in both assays. The removal of the p-OH group 

(Phe-analog) (Morgan et al., 1976) and O-methylation (Beddell et al., 

1977; Schiller et al., 1977) of the tyrosine hydroxyl group results in a 

large drop of potency. Replacement of the p-OH group by a p-amino, 

nitro, -chloro, or -iodo group [Phe(p-NH2) etc...], likewise results in 

loss of activity (Ling, 1978). Removal of the amino group (des-NH2-Tyr 

analog) (Morgan, 1976; Dutta et al., 1977a) and complete removal of the 

Tyr residue leads to inactive analogs (Ling, 1978; Dutta et al., 1977a). 

Replacement of Tyr by other amino acids (Gly, Ala, D-Ala, His, Trp, Sar) 

also yields inactive analogs (Ling, 1978; Dutta et al, 1977a, Chang, et 

al., 1976). Contraction of the side chain of Tyr by omission of the 

methylene group [Gly(p-OH-phenyl)analog] (Dutta et al., 1977a) and 

extension of the peptide chain by means of a further methylene group 

(p-homo-Tyr analog) (Beddell et al., 1977) leads to a loss of activity. 

Configurational requirements for activity are also precise, since ana

logs with D-Tyr and a-Aztyr (a-CH replaced by N) show no activity 

(Beddell et al., 1977, Ling, Coy et al., 1976; Dutta et al., 1977a). 

The introduction of D^amino acid residues (D^Ser, 1)-Ala, !D-Thr, 

D_-Met, Azala) in place of Gly2 causes a marked increase (15-55 times) in 

potency with Leu-enkephalin methyl ester as a reference compound in both 
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assays (Beddell et al., 1977; Dutta et al., 1977a; Shaw and Turnbull, 

1978; Dutta et al, 1979). The effect of ^-substitution is less pro

nounced with Met-enkephalin as the reference compound. Only the D.-Ala 

is reported to be more potent than Met-enkephalin (Beddell et al., 

1977), and this is thought to be partly due to enhanced resistance to 

aminopeptidase degradation. The introduction of L^-Ala or of Lj- or D_-

proline in place of Gly2 causes a marked fall in potency relative to all 

reference compounds (Beddell et al., 1977; Ling, 1978; Dutta et al., 

1977a). Replacement of the CH2 of Gly2 by NH(Azgly2 analog), internal 

extension of the residue by CK2 (fJ-Ala analog), or methylation of the 

NH (Sar analog), likewise causes a drastic reduction in potency, whereas 

the disubstitution on the CH2 by methyl (Alb analog) results in a small 

drop (Dutta et al., 1977a). 

With one exception, structural changes at the Gly3 residue leads 

to a drop in potency, and in most cases completely inactive analogs 

result. For instance, when Gly3 is replace with Ala or I)-Ala the ana

logs are weakly active (Beddell et al., 1977). Other changes which pro

duce weakly active or inactive are methylation of the NH (Sar analog), 

L- or D-Pro replacement (Beddell, et al., 1977), elimination of the 

residue (des-Gly analog), and extension of the residue by inserting an 

additional CH2 (B-Ala analog) (Dutta et al., 1977a) or by intercalating 

Gly (Gly-Gly analog) (Anton et al., 1979). The exception is the change 

of CH2 by NH (Azgly3) which results in an analog which Is 4X more potent 

than the parent in the GPI assay (Dutta et al., 1977a). 
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When Phe4 is replaced with Gly1*, Ala1*, IJ-Ala1*, IJ-Phe1*, Tyr1* and 

Dj-Trp1* the resulting Met-enkephalin analogs are virtually inactive, but 

the Trp*1 analog has appreciable activity (Ling, 1978; Beddell et al., 

1977; Schiller and Yam, 1978). The AzPhe1* (a-CH of Phe replaced by N) 

and MePhe1* (NH of Phe methylated) analogs of Leu-enkephalln are also 

highly active (Dutta et al., 1977a). However, it is incorrect to assume 

that the aromatic ring is responsible for the display of activity, since 

the hexahydro-Phe (aromatic ring is fully saturated) derivatives of 

[IV-Ala]2-Leu-enkephalin methyl ester are active (Dutta et al., 1979, 

Dutta et al., 1977b). Apparently p-substitution of the aromatic ring 

affords active analogs, which is documented in the D-Ala2 series. The 

order of potency being -NO2, -CI, -Br (very effective) > -CH3, -S02Me, 

-SOMe, SMe (moderately effective) > NH2, OH (inactive) (Pless et al., 

1979; Castell et al., 1979). One last change which results in increased 

potency (5X) in the GPI assay is the introduction of unsaturation at the 

a-carbon atom (Z-isomer) which is also documented only in the D^Ala2 

series (English and Stammer, 1978). 

While only modest increases in potency have been reported as a 

result of structural changes at the fifth position, most analogs are 

active. In the GPI assay the order of potency is approximately the 

following: Met-NH2 > MeLeu-NH2 > Met-NHEt > Met-OH > Leu-NH2 = MeLeu-OH 

- Azleu-NH2 > Leu—NHEt > Leu—OH = LeuOMe - Met (0)-OH > D_—Met-NH2 = ID-Met 

= D-Leu = J5-Leu-NH2 (Morley, 1980). When the side chain is contracted 

[Cys(Me) analog] or redisposition of the S atom [Cys(Et) analog] the 
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analogs are less potent than Met-enkephalin (Reig et al., 1979). Remo

val of the C-terminal carboxy group [NH(CH2)2-SMe (Fredrlckson et al., 

1976) and NH-(CH2)2CHMe2 (Dutta et al., 1977a) analogs] yields weakly 

active analogs, whereas the des-carboxy Azleu analog [-NH-NHCH2CHMe2] is 

as potent as Leu-enkephalin which is 0.2 times as potent as Met-

enkephalin in the GPI assay (Dutta et al., 1977a). In the MVD assay, 

Leu-enkephalin is reported to be more active than Met-enkephalin. The 

approximate order of potency in the MVD is Leu =* ID-Leu > Met > He > 

Met-NH2, Met(0) > Leu-OMe > Met-NHMe > Nle > Met-OMe > leucinol > Phe > 

Leu-NH2 > descarboxy-Met > Val > Gly, Ala > D.-Met (Morley, 1980). 

N-terminal substitutions are generally allowed, but usually this 

results in a decrease in potency. In the GPI assay, the hexapeptide 

esters derived by addition of Phe or I)-Asp to the N-terminus of Leu-

enkephalin methyl ester are less active than the parent compound, while 

ester analogs involving addition of Lys, Arg or Gly are more active than 

the parent compound (Dutta et al., 1977a). The addition of Arg, Gly, 

Phe or Tyr to the N-terminus of Met-enkphalin causes a small loss of 

activity (Chang et al., 1976; Gacel et al., 1979). Met-enkephalins 

extended by more than one amino acid residue are generally weakly 

active. In the GPI assay methylation of the terminal (Tyr) amino group 

of Met-enkephalin has little effect on potency, whereas methylation of 

Leu-enkephalin increases potency by a factor of 3.8. A more drastic 

effect is seen with Leu-enkephalin methyl ester, where methylation 

yields an analog that is 13 times more potent than the parent compound 
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(Dutta et al., 1977a). Dimethylation of the terminal amino group of 

Leu-enkephalin methyl ester causes a drastic drop in potency (Beddell et 

al., 1977). In the MVD assay all monomethylated analogs are less potent 

than the parent compound (by a factor of 2-5) (Dutta et al., 1977a). 

Dimethylation causes an even more marked drop in potency (Beddell et 

al., 1977). 

Extending the carboxy terminals also results in less active ana

logs than the parent compounds. The Met-Thr analog has the highest 

potency (0.69 times that of Met-enkephalin) of the C-terminally extended 

analogs (Beddell et al., 1977). 

The N-tertninal tripeptide segment of enkephalin H-Tyr-Gly-Gly-OH 

is inactive, whereas the tetrapeptide H-Tyr-Gly-Gly-Phe-OH has signifi

cant (albeit weak) activity in both assays (Morley, 1980). 

The main feature deduced from these classical structure-activity 

studies is that the structural and configurational requirements at Tyr1, 

Gly3, and Phe*4 (in this order) are less amenable to substitutions than 

positions two and five* 

The situation described above has been rendered more complicated 

by the considerable evidence reported in recent years for the existence 

of multiple, distinct, opioid receptors presumably mediating distinct 

physiological functions. The work of Martin and colleagues led them to 

propose the existence of separate opioid receptors designated y, a, and 

K (Martin et al., 1976; Gilbert and Martin, 1976). Studies by 

Kosterlitz and coworkers strongly suggested the existence of different 



7 

classes of predominant opioid receptors in the GPI (y-receptors) and in 

the MVD (6-receptors) (Lord et al., 1977; Waterfield et al., 1979). The 

natural enkephalins bind preferentially to the 6-receptors and show 

somewhat reduced but still significant affinity to y-receptors, while 

morphine and its synthetic analogs have a high affinity towards the y-

receptor and a lower affinity for the 6-receptor. Because of this cross 

reactivity, it has been difficult to define the pharmacological role of 

the different classes of the opioid receptor, and this has also compli

cated the identification of the details of the peptide-receptor interac

tion, e.g. the conformation of the receptor-bound peptide, the groups 

involved in binding, and the Important dynamic, conformation, or other 

features that initiate transduction. 

Our main interest is to uncover the details of the peptide-

receptor interaction, which has proven to be difficult, due partly to 

the unavailability of purified active opioid receptors, thus requiring 

that much of the evidence be obtained indirectly. Therefore, our 

approach to elucidating the conformational properties of the enkephalins 

required for receptor binding and transduction is to design analogs that 

are conformationally restricted and will selectively bind to one subtype 

of opioid receptor. 

Conformational studies are usually performed in receptor-free 

solutions and the results are extrapolated to the receptor-bound confor

mation. Small, linear, flexible analogs possess numerous conformations 

depending on their environment and as a consequence of dynamic averaging 
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such an extrapolation is generally invalid. Since the receptor may 

favor a different conformation than the average solution conformation, 

employing conformationally rigid analogs is advantageous in that the 

constrained analogs will have fewer possible solution conformations and 

if adequately rigid must maintain a similar conformation when bound to 

the receptor. The receptor bound conformation can, therefore, be 

indirectly deduced by spectroscopic techniques. 

Conformational restrictions can be achieved by two methods: (1) 

modification at the a-carbon atom, the amide nitrogens of the peptide 

backbone, or the side chain moiety to yield a local rigidity, and/or (2) 

cyclizatlon of the peptide via side chain groups which produces a 

constraint of the peptide backbone and side chain groups. 

There have been many enkephalin analogs that incorporate confor

mational restrictions to yield a local rigidity, but few analogs exist 

that involve cyclizatlon of the side chains to produce constraints on 

the peptide backbone and side chains. 

Several side chain cyclic enkephalin analogs have been obtained 

through covalent linkage of the side chain of the I)-amino acid residues 

substituted in position 2 either with the terminal carboxyl group or 

with the side-chain of the 5-positlon residue. The prototype of this 

class of analogs H-Tyr-cyclo[-N"M)-A2bu-Gly-Phe-Leu-] (figure IV, nB2) 

was obtained by substitution of D^diaminobutyric acid (A£bu) in position 

2 and cyclizatlon of Y-amino group to the C-terminal carboxyl group 

(DiMaio and Schiller, 1980). In comparison to Leu-enkephalin this 



analog was shown to be 17-times more potent in the GPI assay and 7-tlmes 

less potent in the MVD assay. This preference for y-receptors over 6-

receptors was also confirmed with y- and 6-receptor selective binding 

assays (DiMaio and Schiller, 1980). When the cyclic compound was com

pared with the corresponding open-chain analog [D^-A2bu2, Leu5]-

enkephalin amide, the y-receptor selectivity of H-Tyr-cyclo[-N"M)-A2bu-

Gly-Phe-Leu] seemed to be a direct and exclusive consequence of the 

conformational constraint introduced through the ring closure (Schiller 

and DiMaio, 1982). Furthermore, these resultB permitted the unambiguous 

conclusion that y- and 6-opioid receptors differ in their conformational 

requirements. A variation in conformational restriction of the analog, 

H-Tyr-cyclo[-N"lf-0-A2bu-Gly-Phe-Leu-] (figure IV, n=l-4) was achieved by 

varying the number of methylene groups in the side chain at position 

two, thus the ring size ranges from a 13- to a 16-membered ring. All 

members of this series showed y-receptor selectivity and the IC50 

(GPI)/IC50 (MVD) ratio increased gradually as the ring size increased, 

reaching a ratio of 29.4 with H-Tyr-cyclo[-Ne-D-Lys-Gly-Phe-Leu-] 

(figure IV, n=4). When this analog is compared with Leu-enkephalin, the 

analog is 51 times more potent on the GPI and 12 times less potent on 

the MVD (DiMaio et al., 1982). 

Another type of side chain cyclic enkephalin analog is achieved 

by an azo-bridge between Tyr1 and Phe4 residues, forming a 21-membered 

ring (figure V). Unfortunately, the analog was only tested In vivo 

employing the rat hot plate assay, where the analog exhibited approxima

tely the same analgesia properties as morphine (Siemlon et al., 1981). 
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A third class of side chain cyclic enkephalin analogs were 

obtained by substitution of D^-cysteine in positions two and of D_- or L-

cysteine in position five and subsequent oxidation of the free 

suflhydryls to form a 14-membered rlng(Sarantakls, Patent 1979). The 

resulting analogs [DHSys2, D^(or I/-)Cys5]enkephaHnaniide (figure VI) 

were found to be non-selective with regard to p- and 6- receptors, but 

exhibited high potency (Schiller et al., 1981). These analogs, along 

with classical structure-activity data and the approach of employing 

conformational restrictions to produce selective analogs, lead us to 

design and synthesize analogs which possess extraordinary 6-receptor 

selectivity. 
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CHAPTER 2 

RESULTS AND DISCUSSION 

Opioid activity was evaluated in the mouse vas deferens (MVD) and 

guinea pig ileum (GPI) assays and in rat brain binding assays. A 6-

receptor is apparently primarily responsible for mediating the observed 

Inhibition of muscle contraction in the MVD preparation, while a p-

receptor apparently serves a similar function In the GPI assay (Lord et 

al., 1977; Waterfield et al., 1979). The potency ratios IC50 (GPI)/IC50 

(MVD) thus can be taken as a measure of 6- (vs. JJ-) receptor selectivity 

in these bioassays. An estimate of receptor binding selectivity can be 

obtained by the ratio of IC50 values for displacement of [3H]naloxone 

(NAL), the prototypical y- receptor ligand, and for displacement of 

[ 3H] [D^-Ala2, D^-Leu5]enkephalin (DADLE), the prototypical 6 receptor 

ligand from rat brain membrane preparations. Since both NAL (Gillan et 

al., 1980) and DADLE (Lahti et al., 1982) exhibit significant cross 

reactivity, the receptor selectivities determined in this fashion cannot 

be considered rigorously accurate. However, comparisons between test 

compounds are valid. 

Since cyclization alone Is insufficient criterion for confor

mational rigidity and increasing the rigidity on disulfIde-containing 

peptides can be conferred by replacing half-cystine by half-

penicillamine (f}f}-dimethyl half-cystine), due to the effect of gem 

13 
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dimethyl substitution In medium sized rings, the following analogs were 

synthesized, [DHPen2, D^Cys®] and [10-Pen2, L^-Cys®] enkephalinamide 

(figure VII). These analogs were designed to incorporate the additional 

conformational constraint Imposed by half-penicillamine for the purpose 

of elucidating the 3-dimensional features necessary for receptor binding 

and transduction. 

The [D_-Pen2, I^-(or I)-) Cys®]enkephalinamides (Mosberg et al., 

1982) were effective at inhibiting electrically evoked muscle contrac

tions in both the GPI and MVD assays (Table I). The I)-Pen2 analogs 

exhibited an unusual activity profile for enkephalinamide derivatives in 

that they are considerably more potent in the MVD assay than in the GPI 

assay. Since the MVD preparation contains largely 6-receptors and the 

GPI preparation largely y-receptors these results indicate a preference 

for the 6 receptor. This 6-receptor selectivity is also reflected in 

the results of the rat brain receptor binding assays (Table II)* Both 

IM?en2 enkephalinamide analogs are considerably more effective at 

displacing [3H]DADLE, the prototypical ligand for 6-receptors, than at 

displacing [3H]NAL, a prototypical ligand for y-receptors. The two ana

logs are equipotent in the GPI assay, but the L-Cys^ derivative is ca. 

2-5 times more potent than the D^Cys5 derivative in the MVD and the rat 

brain receptor assays. When these analogs are compared to the [IHCys2, 

D^-(or Lj-)Cys5]enkephalinamide analogs, which exhibited no preference In 

regard to 6- and y-receptors, the results suggest that the additional 

conformational restrictions Imposed by the penicillamine gem dimethyl 
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groups lead to a conformation more favorable for binding to the 6 recep

tors. 

Because of the unusual selectivity exhibited by the ID-Pen2 

enkephallnamides the corresponding carboxylic acid terminal compounds, 

[IV-Pen2, DH3ys®] and [DHPen2, L-Cyss]enkephalin (figure VIII) (Mosberg 

et al., 1983a), were synthesized. Both analogs possess weak activity in 

the GPI assay which contains largely y-receptors, while it exhibits a 

high potency in the MVD assay which contains largely 6-receptors as 

shown in Table I. The L-Cys5 dlastereolsomer was more potent in both 

the GPI and MVD assay, particularly so in the MVD assay where it was 

approximately 20-fold more potent than the D-Cys5 dlastereolsomer. The 

L^-Cys5 dlastereolsomer exhibited 666 times higher potency in the MVD 

assay than the GPI assay. Compared with the corresponding enkephalina-

mlde (Table I) [DHPen2, I^-(or IJ-) Cys5]enkephalins were less potent in the 

GPI assay and more potent in the MVD assay. 

In the rat brain receptor binding assay a somewhat different pic

ture emerges. The cyclic D-Pen2 enkephalin analogs exhibited weak 

binding to the y-receptors as determined by displacement of [3H]Nal and 

a somewhat higher affinity for 6-receptors as measured by displacement 

of [3H]DADLE. The Iz-Cys^ enkephalin analog showed higher 6-receptor 

affinity and slightly lower p-receptor affinity than the D^Cys5 

dlastereolsomer. Neither analog exhibited a pronounced 6-receptor 

selectivity as measured by these binding assays. Surprisingly, the 

corresponding enkephallnamides show a 3.5-fold higher affinity for the 
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6- receptor and higher 6-receptor selectivity than do the enkephalin 

analogs. 

Because of the the reported 6-selective analogs [I)-Ser2, Leu^, 

Thr®]enkephalin (DSTLE) (Gacel et al., 1980) and [EKThr2, Leu^, 

Thr6]enkephalin (DTTLE) (Zajac et al., 1983) and other classical 

structure-activity data that suggested that linear hexapeptlde enkepha

lin analogs containing a carboxy terminal threonine increases 6-receptor 

selectivity, the following cyclic analog was synthesized [D^-Pen2, Cys5, 

Thr®]enkephalin (figure IX). When the [I^-Pen2, CyB®, Threnkephalin is 

compared with [D_-Pen2, L^Cys®]enkephalin, the Thr® enkephalin is equipo-

tent in the GPI assay and less potent in the MVD assay, thus the 6-

receptor selectivity is decreased, which is opposite of what was shown 

with the linear peptides. Comparison with {DHPen2, L^Cys^Jenkephalin 

analog, in the rat brain binding assay, the Thr® enkephalin analog has a 

slightly higher affinity for the 6-receptor as measured by displacement 

of [3H]DADLE and a somewhat higher 6-selectivity, which is in agreement 

with the activity of the linear hexapeptldes with threonine as the car-

boxy terminal. 

Extension of the [D^-Pen2, L(or D-) Cys ̂enkephalin analogs lead to 

transposing the positions of the penicillamine and cystiene residues to 

yield the analogs, IjQ-Cys2, D_-(or L-)Pens]enkephalin (figure X) 

(Mosberg et al., 1983b). These analogs retain the 6 receptor selec

tivity in all assays (Table III and IV). Interestingly, the lDK3ys2, 

D-Pen5]enkephalin is more potent In the MVD assay and more 5-selective 
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than its L^Pen^ diastereoisomer, while the reverse relationship is seen 

between the diastereoisomers, [D^-Pen2, L^Cys®] and [D-Pen2, 13-Cys5] 

enkephalin. 

Once again a lack of quantitative agreement between the inhibi

tion of muBcle contraction assays and the receptor binding assays is 

observed. This lack of agreement between results may be due to species 

differences and different assay conditions. For example, the receptor 

binding data is derived from experiments done in the absence of sodium, 

while the muscle contraction inhibition assays were performed in the 

presence of sodium. Sodium ions have been shown by Pert and Snyder to 

reduce the binding affinity of opiate agonists to the opioid receptor 

(Pert and Synder, 1974). 

Further conformational restriction via bis-penicillamine in the 

analogs [D-Pen2, D^Pen^] and [D^Pen2, L^-Pen 5 ] enkephalin (figure XI) 

(Mosberg et al., 1983b,c,d) results in extraordinary 6-receptor selec

tivity, exhibiting IC50 ratios of 3,164 and 1,088, respectively. In the 

case of [DHPen2, D^Pen^Jenkephalin, this represents 9.5 and 18 times the 

6-receptor selectivity that we find for the recently reported 6-receptor 

selective analogs [D^-Ser2, Leu®, Thr®] (DSTLE) (Gacel et al., 1980) and 

[D^-Thr2, Leu®, ThrG] (DTTLE) (Zajac et al., 1983) enkephalin, respec

tively (Table III). 

With the exception of the bis-penicillamine enkephalins, all the 

analogs tested displayed only modest 6-receptor binding selectivities. 

The very high 6 binding selectivities determined for [D^Pen2, D-Pen5]-
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and [D^Pen^, Iv-Pen5]enkephalin (175 and 371, respectively) provide an 

order of magnitude improvement over the previously reported putative 6-

receptor ligands, DADLE, DSTLE, and DTTLE. 

Results of the binding assays in the 6 receptor membrane pre

paration of the neuroblastoma-glioma cells are shown in Table V (Mosberg 

et al.,1983b). The bis-penicillamine analogs display similar potencies 

in displaying [3H]DADLE as DADLE, DSTLE, and DTTLE. Therefore the 

increase selectivity of the bis-penicillamine is attained without an 

appreciable reduction in 6-opioid receptor potency. 

Since these bis-penicillamine enkephalin analogs provide an 

order of magnitude improvement over previously reported 6-selective ana

logs, they will prove valuable for determining the physiological role of 

the 6-opioid receptor. Furthermore, the conformationally restricted 

nature of these analogs renders them amenable to conformational analysis 

in solu-tion because they are less subject to dynamic averaging than are 

more flexible compounds. The conformational restrictions imposed on a 

14-membered ring system by the bis-penicillamine substitution require 

that the three-dimensional structures of these analogs when bound to the 

receptor must closely approximate those observed in solution. Thus 

careful conformational analysis of the bis-penicillamine analogs in 

aqueous solution should provide important insights into the confor

mational requirements for 6-receptor-ligand binding and transduction. 

The analog [D^-Pen2, Leu5, I^-Pen6] enkephalin in Table VI is 

nearly isosterlc to the previously reported 6-selectlve analog DTTLE, 
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but the data indicates that the conformational restriction imposed by 

the disulfides is such that the analog cannot assume an active confor

mation. 

The next three analogs in Table VI confirms previously reported 

classical structure/activity data in the [D^-Pen2, L-Cys^]enkephalin ana

log. Results show that by substituting D^amino acids in positions one 

and four yield inactive analogs. Increasing the 14-membered disulfide 

containing ring to a 15-membered ring by substituting g-Ala for Gly in 

position three also yields inactive analogs. All of the analogs in 

Table VI are uninteresting pharmacologically, but can be used as power

ful tools in elucidating the conformation of the peptide at the recep

tor. 
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Table I 

Inhibitory Potencies (IC50) °f Enkephalin Analogs in 

Guinea Pig Ileum (GPI) and Mouse Vas Deferens (MVD) Assays 

Analog 
IC50 

GPI 

(nM)* 

MVD 
IC50 (GPI) 

IC50 (MVD) 

[D^-Pen2, IJ-Cys^ Jenkephalinamide 117 ± 21.4 16.8 ± 3.1 6.9 

[D^Pen2, LH2ys5]enkephalinaraide 118 ± 18.6 3.6 ± 0.67 32.4 

[ID-Pen2, DK3ys ® ]enkephalin 1350 ± 340 6.27 ± 1.2 215 

p-Pen2, I^-Cys 5 ] enkephalin 213 ± 63 0.32 ± 0.03 666 

[D^-Pen2, L^-Cys5, Thr6]enkephalin 228 ± 52 0.60 ± 0.06 380 

[D-Ala2, D^-Leu^] enkephalin 24.3 ± 5.3 0.27 + 0.06 90 

[D-Ala2, Met^]enkephalinamide 2.20 ± 0.4 3.75 ± 0.04 0.59 

Normorphine 91 + 19 540 ± 113 0.17 

*Values are the mean (± s.e.m.) of 3-4 determinations. 
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Table IX 

Receptor Binding Affinities of Enkephalin Analogs for 

Rat Brain Preparations 

Analog 
IC5Q 

[3H]NAL 

(nM)* 

[3H]DADLE 
1C50(NAL) 

IC5q(DADLE) 

[D-Pen2, D^-Cys 5]enkephalinamide 16.2 ± 34.{ 7.20 ± 1.8 22.6 

[D-Pen2, L-Cys 5 ]enkephalinand.de 73.4 ± 14.< 3.35 ± O.lf 21.9 

[DHPen2, IM3ys 5]enkephalin 156.8 ± 73.( 26.0 ± 0.5 6.0 

[D-Pen2, L^-Cys5]enkephalin 177.9 ± 15.t 11.7 ± 1.2 15.2 

[ID-Pen 2, IfCys5, Thr 6 ] enkephalin 146.4 ± 25 5.2 ± 0.7 28.2 

Morphine«HC1 23.3 + 2.4 27.2 ± 1.2 0.9 

[Leu5]enkephalin 35.0 + l.S 1.15 ± 0.1! 30.4 

[Met5]enkephalin 27.0 ± 6A 1.75 ± 0.01 15.4 

*Values are the mean (±s.e.m.) of 3-6 preparations, each done in 
triplicate. 
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Table III 

Inhibitory Potencies (IC50) of Enkephalin Analogs 

in Guinea Pig Ileum (GPI) and Mouse Vas Deferens (MVD) Assays 

Analog 
IC50 (nM)* 

GPI MVD 
IC50(GPI) 

IC50(MVD) 

[EH-Cys2, IL-Pen5 ] enkephalin 40 ± 1.5 0.75 + 0.05 53 

[DKIys2, D^Pen®]enkephalin 67 ± 1.3 0.13 ± 0.06 515 

[Dj-Pen2, 1^-Pen 5 ] enkephalin 2720 ± 50.1 2.50 ± 0.03 1088 

[D^Pen2, D^-Pen®]enkephalin 6930 ± 124 2.19 ± 0.30 3164 

[DrAla 2, Dj-Leu 5 ]enkephalin 24.3 ± 5.3 0.27 ± 0.06 90 

[IJ-Ser2, Leu®, Thr^]enkephalin 234.4 ± 85.6 0.70 ± 0.08 333 

[D^-Thr2, Leu®, Thr^]enkephalin 100.2 + 19.6 0.58 ± 0.06 173 

Normorphine 91 ± 19 540 ± 113 0.17 

*Values are the mean (is.e.ra.) of 3-4 determinations. 
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Table IV 

Receptor Binding Affinities of Enkephalin Analogs for 

Rat Brain Preparations 

Analog 
Ic50 

[3]NAL 

(nM)* 

[3H]DADLE 
IC50(NAL) 

IC50(DADLE) 

[I)-Cys2, JL-Pen®] enkephalin 53 ± 2.3 5.4 ± 0.1 9.8 

[D^Cys2, D^-Pen 5 ] enkephalin 22 ± 2.8 3.5 ± 0.8 6.3 

[D^Pen2, I^-Pen 5 ] enkephalin 3710 + 740 10.0 + 2.2 371 

[D^-Pen2, D^Penenkephalin 2840 ± 670 16.2 ± 0.9 175 

[D^Ala2, D~Leu®]enkephalin 16 ± 5.0 3.9 ± 0.7 4.1 

[IJ-Ser2, Leu®, Thr6]enkephalin 88 ± 6.0 5.7 + 0.4 15.4 

[I)-Thr2, Leu®, Thr^]enkephalin 36.3 ± 3.8 6.4 ± 0.6 5.7 

Morphine 23.3 ± 2.4 27.2 ± 1.2 0.9 

*Values are the mean (±s.e.m.) of 3-6 preparations, each done in 
triplicate. 
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Table V 

Receptor Binding Affinities of Enkephalin Analogs for NG 108-15 

Membrane Preparations 

Analog (n) (nM) Hill Coefficient 

[I£-Pen2, L^Pen^jE (5) 1.95 ± 0.65 1.00 + 0.08 

[D-Pen2, D-Pen5]E (5) 1.78 + 0.58 1.01 + 0.06 

DADLE (6) 0.91 + 0.29 1.00 + 0.06 

DSTLE (3) 1.59 + 0.20 1.01 ± 0.06 

DTTLE (3) 1.42 + 0.33 1.03 ± 0.04 

Table VI 

Cyclic Enkephalin Analogs 

Guinea Fig Ileum, Mouse Vas Deferens, and Rat Brain Binding Assays 

Analog 
GPI 

IC50 (nM) 

MVD [3H]NAL [3H]DADLE 

[D-Pen2, Leu5, L-Pen6]E >30,000 1550 ± 470 >10,000 550 

[D-Tyr1, D-Pen2, L-Cys5]E 960 ± 140 >10,00 >1000 

[D-Pen2, D-Phe", L-Cys5]E >40,000 84 ± 24 >10,000 282 

[D-Pen2, &-Ala3, L-Cyss]E -8,000 



CHAPTER 3 

CONCLUSIONS! AND FUTURE PERSPECTIVES 

The [IHCys2, D^(or I/-)Cys5]enkephalinaraide analogs (Schiller et 

al., 1981) exhibited no selectivity with regard to the y- and 6-

receptor, but when ̂ -cysteine in position two is replaced with D-

penicillamine, the analog becomes moderately 5-receptor selective 

(Mosberg et al., 1982). By substituting the IHcysteine with D_-

penicillamine, not only does the topology of the molecule change, but 

the lipophilicity is increased. 

When the carboxamide terminal is replaced with a carboxyllc acid 

terminal yielding the following analogs, [D-Pen2, Ir-Cys^] and [EM?en2, 

D-Cys5]enkephalin (Mosberg et al., 1983a), the 6-receptor selectivity 

is increased by 20-fold and 30-fold respectively, as evaluated by the 

potency ratios IC5o(GPI)/IC5o(MVD). 

When the penicillamine and cysteine are transposed to give the 

following analogs, [I)-Cys2, D^(or Ij-)Pen5]enkephalin (Mosberg et al., 

1983b), the 6-receptor selectivity is retained and the [I)-Cys2, 

D^Pen5]enkephalin analog is the most potent 5-receptor agonist in this 

series of enkephalin analogs. 

When both cysteines are replaced with penicillamine, once again 

the topology of the molecule is changed and the lipophilicity is 

Increased, and the resulting analogs, [D^Pen2, I)-(or L-)PenS]enkephalin 

(Mosberg, et al., 1983d), possess extraordinary 6-receptor selectivity. 

28 
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But when these analogs are compared to [D^Cys2, I)-(or L-)Pens]enkephalin 

analogs a drastic reduction in potency is observed. Thus at position 

two, when ^-cysteine is substituted with ^-penicillamine the analogs 

lose their potency, but gain 6-receptor selectivity. 

In order to investigate the importance of the disulfides and the 

effect of changes in lipophillcity of positions two and five, the 

following new side chain cyclic enkephalin analogs have been proposed, 

[IHThr2, Asp5] (figure XXI), H-Tyr-cyclo[D-Thr-Gly-Phe-Val-] (figure 

XIII), and [D-AZpr2, Asp5] (figure XIV). 

The first analog p-Thr2, Asp5]enkephalin (figure XII), forms a 

14-merabered ring by esterif ication between the hydroxyl of the D_-

threonine and y-carboxyl group of aspartic acid, thus the disulfide bond 

has been replaced. I)-Serlne can replace I)-threonlne In position two 

thereby alternating the llpophilicity and the ring size can be increased 

by one methylene If aspartic acid is substituted by glutamic acid. 

The second type of side chain cyclic enkephalin analog, H-Tyr-

cyclo [D_-Thr-Gly-Phe-Val-] (figure XIII), is a 13-membered ring and does 

not have the carboxylic acid terminal, but instead has a lipophilic 

valine side chain. If this class of cyclic enkephalin proves to be 

interesting, the analog makes itself amenable to various amino acids in 

the fifth position thereby alternating the llpophilicity and the topo

logy of the molecule. 

The third type of enkephalin analog [D^A2pr2, Asp5] (figure XIV), 

is similar to Schiller's p-selective analogs (DiMaio and Schiller, 1980) 

except they retain the carboxylic acid terminal and do not have the 

llpophilicity of the leucine side chain in the fifth position. 
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Figure XIV. [D-A2pr2,Asp5]enkephalin analog 



CHAPTER 4 

EXPERIMENTAL METHODS 

General Synthetic Methods 

All optically active amino acids are of the L variety unless 

otherwise stated. Symbols and abbreviations are in accord with the 

recommendations of the 1UPAC-XUB Commission on Biochemical Nomenclature 

(Kendrew, 1970). 

Capillary melting points were determined on a Thomas-Hoover 

(Arthur H. Thomas Co.» Philadelphia, PA) melting point apparatus and are 

uncorrected. 

Peptide purity was established by thin-layer chromatography (TLC) 

which was performed on glass-backed Silica Gel G plates (E. M. Science, 

Gibbstown, NJ) using the following solvent systems: 

1. 1-butanol/acetic acid/water (BAW, upper phase only) 

(4:1:5) 

2. 1-butanol/pyridine/acetic acid/water (BPAW) 

(15:10:3:12) 

3. 1-butanol/water (3.5% acetic acid, 1.5% pyridine) 

(BW, upper phase only) (1:1) 

4. amyl alcohol/pyridine/water (APW) 

(7:7:6) 

5. chloroform/methanol/acetic acid (CMA) (65:35:4) 

32 
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Detection was made by iodine and ninhydrin. In all cases single sym

metrical spots were observed for purified materials. High performance 

liquid chromatography (HPLC) was performed on a Spectra Physics Model 

8700 (Spectra Physics Corporation, San Jose, CA) instrument equipped 

with a Spectra Physics Model 8400 variable wavelength detector. The 

column was a Waters RCM-100 Radical Compression Unit (Ci8 column, 

8-mm inside diameter, 10 pm particle size) with isocratic elution by the 

following solvent system: 1% trifluoroacetic acid (aqueous)/acetoni-

trile 76:24 (vol/vol) at a flow rate of 2 ral/tnin with optical detection 

at 280 and 214 nm. The HPLC chromatograms indicated purities in excess 

of 98%. 

Amino acid analyses were obtained by the methods of Spackman et 

al. (1958), on a Beckman Instruments, Inc. (Fullerton, CA) 120C Amino 

Acid Analyzer following hydrolysis. Hydrolysis of purified peptides 

were done in 6N HC1 (0.1% phenol) for 22 hours at 110°C. 

N^Boc amino acids and amino acids were purchased from Vega 

Biotechnologies, Inc., Tucson Arizona; Chemical Dynamics Corporation, 

South Plainfield, New Jersey; and Bachem, Torrance, California. 

Purity was established for each Na-Boc amino acid by the 

ninhydrin test and thin layer chromatography (TLC) which was performed 

on Baker-flex Silica Gel 1B-F plates (J. T. Baker Chemical Co., 

Phillipsburg, NJ) in three solvent systems: 

1. chloroform/methanol (95:5) 

2. chloroform/methanol (65:35) 

3. acetone/acetic acid (98:2) 

Detection was with UV (254 nm), iodine and ninhydrin. 
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Preparation of Amino-Acld Derivatives 

Synthesis of S-4-Methylbenzylcysteine. 

Following the reported procedure by Erickson and Merrifield 

(1973), triethylaraine (55.5 mmol, 775 ml) and 4-methylbenzyl chloride 

(18.5 mmol, 1.7 ml) were added to a solution of cysteine hydrochloride 

monohydrate (18.5 mmol, 3.25 g) in 2:1) (v/v) ethanol/H20 (30 ml). The 

mixture was stirred for 12 hours and filtered. The filtered cake was 

washed well with water and recrystallized from 3:2 (v/v) ethanol/H20 to 

give product; white solid, mp. 209-211° dec; yield 93%; Rf (CM 95:5) = 

0.27, Rf (CM 65:35) = 0.33; Rf (Acetone/Acetic Acid 98:2) = 0.67. 

Synthesis of S-4-Methylbenzylpenicillamine. 

S-4-Methylbenzylpenicillamine was prepared according to a procedure 

described by du Vigneaud et al. (1930) with some modifications. The 

penicillamine (42 mmol.) was dissolved in approximately 200 ml of 

anhydrous NH3 (freshly distilled from Na). The solution was treated 

with Na (42 mmol.) that was washed with absolute ether and weighed under 

paraffin oil. The blue color should persist for 10 minutes and then a-

chloro-p-xylene (46 mmol.) was added dropwise via the pressure 

equalizing addition funnel over a 30 minute period once the mixture 

began a gentle reflux. After the a-chloro-p-xylene was added the NH3 

was removed with a nitrogen stream. Once all the NH3 has been removed 

80 ml of H2O was added and the solution was transferred to a separatory 

funnel. The unreacted halide was then extracted with absolute ether (2 



x 40 ml) which was discarded. The aqueous solution was cooled in an Ice 

bath and the pH was reduced to 5.3 with glacial acetic acid. The preci

pitate was filtered and dried under vacuo. The product was 

recrystallized from hot H2O or 20% MeOH; white solid, mp. 202-203; yield 

97%; Rf (CM 95:5) = 0.23; Rf (CM 65:35) = 0.36; Rf (Acetone/Acetic acid 

98:2)= 0.70. 

General procedure for synthesis of Na-Boc amino acids. 

All N'MJoc amino acids were synthesized by the literature procedure of 

Tarbell et al. (1972). To a cold (0°C) solution of 10 mmoles of amino 

acid in 30 ml dioxane/H20 (2:1) was added 10 ml of IN NaOH. Then 11 

moles of Boc-dicarbonate was added and the mixture was stirred overnight 

at room temperature. The dioxane/H20 was removed under vacuo. When all 

the solvent was removed, 20 ml of H2O and 15 ml of ethylacetate were 

added back and cooled in an ice bath. The pH was adjusted to approxima

tely 2.5 with cold IN HC1. All the following extractions were done with 

cold solvents. The aqueous layer was extracted with (5 x 15 ml) ethyl-

acetate. The ethylacetate fractions were pooled and extracted with (2 x 

20 ml) saturated NaCl and (2 x 20 ml) H2O. The ethylacetate layer was 

dried over anhydrous MgS04 at room temperature. The solution was 

filtered and dried in vacuo. Recrystallization was done with 

ethylacetate/hexanes and crystals resulted in all cases except 

Na-Boc-(S-4-Methylbenzyl)peniclllamine, which was an oil. 
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Solid Phase Synthesis of Enkephalin Analogs 

General Scheme. 

Polystrene resin (1% croes-linked with divinylbenzene and chloromethy-

lated to an extent of 1.12 mmol/g resin; Lab Systems, Inc., San Mateo, 

CA) is the solid support employed for all syntheses. The Na-Boc-amino 

acid-resin was prepared by the method of Gisen (1973). The first amino 

acid substitution level was found to be between 0.40-0.60 mmole amino 

acid/g resin determined by either amino acid analyses (hydrolysis of 

sample using 12 M HCl:propionic acid (1:1) for 22 hours at 110°C) or in 

the case of Na-Boc-(S-4-Methylbenzyl)peni-lcillamine-resin by weight 

gain. 

Each protected peptide was prepared on a semiautomated instrument 

designed and built in the chemistry laboratory at the University of Ari

zona (Hruby et al., 1972) or an automated instrument (Model 250, Vega 

Biochemicals, Tucson, Arizona). 

The enkephalin analogs were synthesized by solid-phase methods 

similar to that described by Upson and Hruby (1976) (dlcyclohexylcarbo-

diimide coupling) or by the symmetrical anhydride coupling method 

(Yamashiro and Li, 1974). N^Boc protected amino acids were used 

throughout and para-methylbenzyl protection was utilized for the peni

cillamine and cysteine sulfurs, expect in the case of the enkephalina-

mlde analogs where benzyl protection was employed. Tyrosine was used 

without side chain protection. The protocols followed are shown in 

Tables VII and VIII. Prior to each deprotection step, the extent of 
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coupling was determined using the Kaiser ninhydrin test (Kaiser et al., 

1970). In all cases the test was negative indicating >99.4% coupling. 

For the case of the enkephalinamide analogs the terminal Boc group was 

removed (Table VII, steps 1-6), whereas for the enkephalin analogs the 

tyrosine was not deprotected before removal from the solid support. The 

peptide-resin was filtered, washed with methylene chloride, and dried in 

vacuo. 

Cleavage of the Peptide from the Solid Support 

The enkephalin analogs were cleaved from the solid support by 

anhydrous HF in the following manner. 2.0 g of dried resin was treated 

with 20 ml of anhydrous HF and 6 ml of anisole at 0°C for 45-60 minutes 

(Stewart and Young, 1969a). The following work-up was done with 

deaerated solvents and under a nitrogen tent. The dried mixture of free 

peptide and resin was first washed with 3 x 30 ml of deaerated ethyl 

acetate and discarded. The resin was then stirred for 30-45 minutes in 

50 ml of deaerated glacial acetic acid* The resin was then extracted 

with 3 x 30 ml each of 30% HOAc, 0.2N HOAc, and H2O. The aqueous 

extracts were then lyophilized to a crude powder. 

The enkephalinamide analogs were cleaved from their solid support 

by ammonolysis (Bodanszky and Sheehan, 1964) and then deprotected by 

Na/liquid NH3 (Stewart and Young, 1969b) to yield the carboxyamide ter

minal unprotected peptides. The protected peptide (3-4 g) was cleaved 

from the resin by treatment with 150 mis of freshly distilled methanol 

(distilled from Mg turnings and iodine) (Lund and Bjerrum, 1931) 
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saturated at 5°C with anhydrous NH3; the solution should increase in 

volume by 50-100 ml. The round bottom was then wired shut and stirred 

in a dessicator containing KOH pellets for 4 days at room temperature. 

The solvent was removed by aspiration and rotary evaporation leaving a 

dry resin material. The cleaved protected peptide was extracted from 

the resin by addition of 50-60 ml DMF, and heating the mixture In oil 

bath at 40-50°C for 18 hours, stirring constantly. The resin was 

filtered and extracted again with DMF for 3 hours at 75°C. The DMF 

fractions were pooled and concentrated to approximately 5-10 mis In 

vacuo. H2O (approximately 75 ml) was added dropwise to the DMF con

centrate with swirling, resulting in a white precipitation. The solu

tion was refrigerated overnight to induce further precipitation from the 

solution. The precipitate was then collected by filtration, washed with 

H2O (2 x 20 ml), 75% ethanol (2 x 20 ml), ether (2 x 20 ml) and dried in 

vacuo. The protected pentapeptide was then treated with Na in anhydrous 

NH3 to remove the benzyl protecting of the sulfur containing amino 

acids. A sample of 250 mg of protected peptide was dissolved in 200 ml 

of anhydrous NH3 (freshly distilled from Na). The solution was then 

warmed to boiling point and treated with a sodium stick until a blue 

color persisted for approximately 60 seconds. If the blue color per

sists for longer than 1.5 minutes, a few NH4CI crystals were added to 

quench the sodium. The NH3 was removed by N2 stream until the last 20 

ml which was removed by lyophilization. 



Cyclization of the Enkephalin and Enkephallnamlde Analogs 

The resulting lyophilized white powder from either HF or 

Na/llquid NH3 treatment dissolved in deaerated 0.1% aqueous acetic 

acid to a concentration of approximately 0.2 nM. If the white material 

does not dissolve, 20-30 ml of DMF is added. The pH of the solution was 

adjusted to 8.0 with 4N NH4OH and the peptide was oxidized with 0.01N 

K3Fe(CN)g under a nitrogen atmosphere, to form the disulfide. The 0.01N 

K3Fe(CN)$ solution was added in 8 ml increments and swirled to see if 

the yellow color persists. A 50 ml excess of 0.01N K3Fe(CN)g solution 

was added to the peptide solution. The pH of the solution was rechecked 

and readjusted to 8.0 if necessary. The peptide solution was stirred 

for 1-1.5 hours and then acidified with 20% acetic acid to pH 5.0. Then 

5 - 10 ml (settled volume) of anion exchange resin (Rexyn 203 CI" cycle) 

(Fisher Chemical Co., Pittsburgh, PA) or (BioRad 3-X4A) (BioRad Labora

tories, Richmond, CA) was added and stirred for 20 minutes. The resin 

was removed by filtration and washed with 20% HOAc (3 x 25 ml). The 

aqueous solution was refrigerated in order to cool and approximately 75 

ml of cold 1-butanol was added to reduce bumping. The solution was then 

concentrated in vacuo, starting at 0°C then gradually raising the tem

perature of the water bath to 30°C, to about 200 ml followed by lyophi-

lizatlon. 

Purification of Enkephalin and Enkephallnamlde Analogs 

Solvents for partition chromatography and gel chromatography 

were purified by distillation as previously reported by Hruby and 



40 

Groginsky (1971). The peptides were purified by partition chroma

tography (Yamashiro, 1964) on Sephadex G-25 block polymerizate 

(Pharmacia Fine Chemicals, Piscataway, NJ) using the solvent system 

l-butanol/H0Ac/H20 (4:1:5), except in the case of [JD-Pen2, L^(or 

_D-)Pen®]enkephalin where l-butanol/C&Hg/^O (3.5% HOAc in 1.5% pyridine) 

(2:1:3) the solvent system was employed. The flow rate of the column 

was set at approximately 25 ml/hr and fractions of 5 ml each were 

collected. The fractions were analyzed by UV absorption where A = 278 

nm for the 4:1:5 solvent system, but when the 2:1:3 solvent system is 

used the tubes have to be analyzed by Folin-Lowery (Lowery et al., 1951) 

because the benzene and pyridine absorb in the region above. The frac

tions corresponding to peptide material were pooled. The tubes were 

rinsed with 20% HOAc and 0.2N HOAc. Enough water is added to the pooled 

fraction so that the total volume is 2-3 times the original volume of 

the pooled tubes. The peptide material was cooled and then concentrate 

in vacuo, starting at 0°C then gradually raising the temperature of the 

water bath to 30°C, to about 50 ml or when the organic layer is off, 

followed by lyophilization. The fraction corresponding to monomer was 

further purified by gel chromatography on Sephadex G-15 using either 30% 

HOAc or 0.2N HOAc as the eluent solvent. The fractions corresponding to 

the major peak as measured by UV absorption when X = 278 nm were pooled 

as before and lyophilized. The fractions corresonding to dimers and 

polymers after partition chromatography were saved and some were 

recyclized after Na/liquid NH3 was done to reduce the disulfides. 
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Development of a New Solvent System for Purification of [D-Pen^, L-(or 

D-)Pen ̂ enkephalin by Partition Chromatography 

A new solvent system was developed for partition chromatography 

in order to cleanly separate the [D_-Pen2, L-(or D-)Pen®]enkephalin from 

dimers and polymers, since the 4:1:5 (B:A:W) system proved inadequate. 

Eight different solvent systems were made (Table IX) and the expected Rf 

range of each peptide in each system was calculated according to the 

following relationship (Dixon, 1962), Rf = ^ + (Vg/Vfl) (l"/K) w^ere Vs is 

the volume of the stationary phase, VR is the hold-up volume (the eluent 

volume require for the solvent front to emerge from the column) and K is 

the distribution coefficient. From experiments, Yamashiro et al. (1966) 

showed that for Sephadex G-25 block polymerizate the ratio of Vg/Vn is 

in the range of 1.5-2.0. For the purpose of finding a suitable solvent 

system for partition chromatography K can be estimated as follows (Hruby 

and Groginsky, 1971): 

K = cortcentratl°n solute in upper phase 
concentration of solute in lower phase 

By decreasing the Rf value, the probability of achieving a separ

ation is increased, but Dixon (1962) suggested that no great advantage 

is gained when the Rf is below 0.3. Therefore, from the data in Table 

IX system 2 and system 6 seemed to be the most promising. Both systems 

are expected to retard the peptide more than system 8 (4:1:5, B:A:W), 

yet still permit rapid elution so that diffusion of the peptide on the 

column is minimized. System 2 was chosen and gave a clean separation of 



42 

the monomers from dimers and polymers, eluting the peptide [D^Pen2, 1^*-

Pen^Jenkephalin at Rf*3 0.29 and [D^-Pen2, D^-Pen^]enkephalln at Rf= 0.31. 

The analytic data of each peptide synthesized is listed In Table X. 



43 

Table VII 

Solid-phase Peptide Synthesis Experimental 

Protocol for Coupling with Dicyclohexylcarbodiimide 

Time Repeti-
Step Purpose Solvent or Reagent (min) tion 

1 wash CH2CI2 2 

2 deprotect TFA-CH2Cl2-Anisole 2 
(50:48:2) 

3 deprotect TFA-CH2Cl2-Anisole 20 
(50:48:2) 

4 wash CH2CI2 2 

5 neutralize DIEA-CH2CI2 2 

6 wash CH2CI2 2 

7 analysis ninhydrin test 

8 couple Boc-aminoacid (1.5 eq)/CH2Cl2 2 
HOBt (1.2 eq)/DMF 45-60 
DCC(1.2 eq)/CH2Cl2 

9 analysis ninhydrin test 

10 wash CH2Cl2 2 

11 wash 100% EtOH 2 

4 

1 

3 

2 

4 

3 

4 

—Additional Coupling (if necessary)— 

12 wash 

13 neutralize 

CH2Cl2 

DIEA-CH2CI2 
(10:90) 

2 

2 

4 

2 

14 wash CH2Cl2 



Table VII (continued) 

15 couple 

16 analysis 

17 wash 

18 wash 

Boc-arainoacid (1.5 eq)/CH2Cl2 
HOBt (1.2 eq)/DMF 
DCC (1.2 eq)/CH2Cl2 

ninhydrin test 

CH2Cl2 

100% EtOH 



Table VIII 

Solid-phase Peptide Synthesis Experimental Protocol 

for Coupling with Symmetrical Anhydride 

Step Purpose Solvent or Reagent 
Time 
(min) 

Repeti
tion 

1 wash 

2 deprotect 

3 deprotect 

4 wash 

5 neutralize 

6 wash 

7 analysis 

8 couple 

CH2C12 

TFA-CH2Cl2-Anisole 
(50:48:2) 

TFA-CH2Cl2-Anisole 
(50:48:2) 

CH2C12 

diea-ch2ci2 

CH2Cl2 

ninhydrin test 

9 analysis 

10 wash 

11 wash 

Boc-amino acid (2 eq)/DCC (2:1) were 
reacted at 0°C for 15 minutes in 
CH2C12 or DMF. The precipitate (DCU) 
was filtered off and the anhydride 
solution was used immediately. 

ninhydrin test 

CH2C12 

100% EtOH 

2 

2 

20 

2 

2 

2 

20 

2 

2 

4 

1 

3 

2 

4 

3 

4 

—Additional Coupling (if necessary)— 

12 wash 

13 neutralize 

CH2C12 

DIEA-CH2C12 
(10:90) 

2 

2 

4 

2 

14 wash CH2C12 



Table VIII (continued) 

15 couple Boc~amlno acid (2 eq)/DCC (2:1) were 
reacted at 0°C for 15 minutes in 
CH2CI2 or DMF. The precipitate (DCU) 
was filtered off and the anhydride 
solution was used Immediately. 

16 analysis ninhydrin test 

17 wash CH2CI2 

18 wash 100% EtOH 
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Table IX 

Partition Chromatography Systems and the Expected 

Rf Range for [J)-Pen2, L^-Pen5] Enkephalin 

System Solvent System K = organic/aqueous Expected Rf 
no. Range 

1. 1-BuOH:CgH6:H20 
(3.5% HOAc in 1.5% 
Pyr) (1:1:2) 

2. 1-BuOH: CfcHg^O 
(3.5% HOAc in 1.5% 
Pyr) (2:1:3) 

3. 1-BuOH:C6H6:Pyr:0.2NH0Ac 
(6:1:1.5:9) 

4. l-BuOH:EtOH:Pyr:l.ONHOAc 
(4:1:1:7) 

5. 1-BuOH:CgHg:Pyr:H20 
(6:1:1:8) 

6. 1-BuOH:CgH5:Pyr:0.1%H0Ac 
(6:2:1:9) 

7. l-Bu0H:Et0H:Pyr:0.2NH0Ac 
(6:1:1:8) 

0.743 0.27 - 0.33 

0.893 0.30 - 0.37 

1.648 0.45 - 0.52 

1.640 0.45 - 0.52 

0.450 0.18 - 0.23 

1.273 0.39 - 0.45 

2.438 0.55 - 0.63 

8.  1-BuOH:HOAc:H20 3.208 0.62 - 0.68 
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Table X 

Analytic Data for the Enkephalin Analogs 

Enkephalin Analog TLC Rf Amino Acid Analysis 

[D-Pen2, D^-Cys 5]enkephallnamlde 0.27 (CMA) Tyr 1.02, half-Cys 

0.53 (BAW) half-Pen 1.68, 

0.36 (BW) Gly, 0.95, Phe 1.03. 

0.86 (BPAW) 

[D-Pen2, L^Cys5]enkephallnamlde 0.27 (CMA) Tyr 1.02, half-Cys 

0.53 (BAW) half-Pen 1.79, 

o.36 (BW) Gly 0.96, Phe 1.02. 

0.85 (BPAW) 

[D-Pen2, D^-Cys ̂ enkephalin 0.40 (BAW) Tyr 0.97, half-Cys 

0.77 (BPAW) half-Pen 1.93, 

0.28 (BW) Gly 0.96, Phe 1.08. 

0.66 (APW) 

[D-Pen2, L-Cys 5]enkephalln 0.40 (BAW) Tyr 1.02, half-Cys 

0.75 (BPAW) half-Pen 1.95, 

0.23 (BW) Gly 0.94, Phe 1.09. 

0.64 (APW) 

[I)-Pen2, L-Cys5, Thr6]enkephalin 0.21 (BAW) Tyr 1.09, half-Cys 

0.70 (BPAW) half-Pen 1.41, 

0.81 (BW) Gly 1.01, Phe 1.03, 

Thr 1.09. 
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Table X (continued) 

Enkephalin Analog TLC Rf Amino Acid Analysis 

[D_-Cys 2, L^Pen 5]enkephalin 0.65 (BAW) Tyr 1.09, half-Cys 

0.78 (BPAW) half-Pen 1.64 

0.60 (APW) Gly 1.00, Phe 1.07. 

[ I)-Cys 2, D^-Pen 5 ] enkephal in 0.65 (BAW) Tyr 1.07, half-Cys 

0.76 (BPAW) half-Pen 1.71, 

0.61 (APW) Gly 0.98, Phe 1.04. 

[DHPen2, LH?en ® ] enkephalin 0.69 (BAW) Tyr 1.01, Gly 0.97, 

0.83 (BPAW) Phe 1.04, 

0.32 (BW) Pen, not determined. 

0.70 (APW) 

[D_-Pen2, D^-Pen ̂ ] enkephalin 0.64 (BAW) Tyr 1.05, Gly 0.96, 

0.82 (BPAW) Phe 1.00, 

0.32 (BW) Pen, not determined. 

0.72 (APW) 
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