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This research involves the preparation of several series of analogues of the 

opioid peptide dynorphin A (Dyn A) as pharmacological probes of opioid receptors. 

The peptides were prepared by using Fmoc-solid phase synthesis on either a 

hydroxymethylphenoxyacetic acid support or a PAL® (Peptide Amide Linker) resin. 

Biological activity was evaluated by determining binding affinity at opioid receptors 

L, K, (5) and by measuring opioid activity in the electrically stimulated guinea pig 

ileum (GPI). 

As a part of the investigation of the structure-activity relationships of Dyn A, 

a series of Trp-containing Dyn A-(1-13) analogues were synthesized. During the 

preparation, significant amounts of side products were identified as derivatives in 

which Trp was modified. Further studies found that protection of the indole nitrogen 

of Trp by Boc was the most effective method to suppress the Trp-modification side 

reaction during acidic cleavage, as compared to cleavage of the peptide without TT 

protection by various combinations of scavengers (Chapter 4). 
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In the second project, modification of the "message" sequence in [Trp4]Dyn 

A-(1-13) by replacing Gly2 with various amino acids and their stereoisomers led to 

changes in opioid receptor affinity and opioid activity. This result may be due to 

alteration of the conformation of the peptide, in particular the relative orientation of 

the aromatic residues (Tyr' and Trp4) which are important for opioid activity (Chapter 

5). 

In the third project, we examined how mono- vs di-substitution at the N-

terminus in [D- Pro10]Dyn A-(1-11) affected opioid receptor selectivity and opioid 

activity. N-Monoalkylation led to marked increases in K-receptor selectivity, while the 

introduction of the second alkyl group reduced affinity and selectivity for K-receptors. 

The N-monoalkylated analogues should be useful tools for studies of K receptors, since 

they are the most K selective opioid peptides reported to date (Chapter 6). 

In the fourth project, we investigated the possible changes in pharmacological 

profiles of an acetalin (AcRFMWMRNH2) by introduction of a "address" sequence 

moiety of Dyn A to this peptide. The C-terminal extended peptide showed as high 

affinity for pi receptors as the parent peptide, but markedly enhanced affinity for K 

receptors. The pharmacological assay results indicated that introduction of the C-

terminal "address" moiety imparted some K receptor type characteristics to the 

peptide, but the hypothesized "message" sequence in Arg6-acetalin is still predominant 

in determining the opioid activity in this initial analogue (Chapter 7). 
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SYHTHFSIS AND BIOLOGICAL EVALUATION OF DYNORPHIN A
 
ANALOGUES AS PHARMACOLOGICAL PROBES
 

OF OPIOID RECEPTORS
 

CHAPTER 1 

INTRODUCTION 

For centuries, opium, the extract of the poppy Popover somniferum, has been 

clinically employed as an effective pain killer. However, profound side effects, such 

as tolerance, physical dependence, and respiratory depression, are caused with 

repeated administration. Therefore, wide use of its active ingredient, morphine, has 

been restricted. In view of such problems, it is desirable to develop potent analogues 

free of these adverse side effects. 

Since the discovery and identification of the endogenous opioid peptides [Met] 

and [Leu]enkephalin (Hughes et al., 1975b), a number of related opioid peptides have 

been isolated from their distinct precursor proteins. At present, at least three families 

of precursor molecules (pro-opiomelanocortin (POMC), proenkephalin A, and 

prodynorphin) have been detected in mammals (Willi, 1986). In addition to the 

multiplicity of opioid endogenous peptides, three major types of opioid receptors (p,, 

K, 15) have been defined. The prototype agonists used originally to define these 

receptors were morphine, ketocyclazocine, and enkephalins for pc, K, and S receptors, 

respectively (Simon, 1991). 
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Dynorphin A (Dyn A), which is produced by the processing of prodynorphin 

(or proenkephalin B), is a potent opioid peptide first discovered from the porcine 

pituitary (Goldstein et al., 1979). It is also found in the mammalian spinal cord, dorsal 

root ganglia (Botticelli et al., 1981) and the placenta (Valette et al., 1980) in high 

concentrations. Although there are similarlities between the sequences of the 

endogenous opioid peptides, Dyn A preferentially recognizes K receptors (Chavldn and 

Goldstein, 1981). However, studies on the pharmacological roles of Dyn A at K 

receptors have been limited due to the existence of multiple opioid receptor types and 

subtypes, and to the relatively low selectivity of Dyn A for K receptors. Therefore, 

in order to explore the physiological roles of Dyn A, it is necessary to develop highly 

potent and selective ligands for K receptors. Moreover, much attention has focused 

recently on the development of selective K receptor agonists and antagonists because 

of the lower potential for tolerance and milder dependence liability in comparison to 

the classical u receptor ligand morphine and its derivatives (Wollemann et al., 1993). 

Our laboratory is involved in the synthesis and structure-activity relationship 

studies of dynorphin A in attempts to identify selective and potent K receptor ligands, 

which can then be utilized as pharmacological tools to better understand the 

physiological actions of Dyn A and K receptors. Therefore, we prepared several series 

of opioid peptide analogues with the goal of identifying selective analogues and 

compounds with antagonist activity at opioid receptors. 

As a part of the investigation, a series of Trp-containing Dyn A-(1-13) 

analogues were synthesized as potential K receptor antagonists. During the solid phase 

synthesis employing the Fmoc strategy and cleavage of the peptides from the resins 
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under acidic conditions, considerable amounts of undesired side products were 

consistently obtained. The side products were identified as derivatives containing Trp 

modified by a Pmc protecting group which was liberated from an Arg residue. Among 

the analogues, [Asn2,Trp4]Dyn A-(1-13) was selected as a model peptide to compare 

the various methods proposed to minimize the encountered Trp modification. 

[Asn2,Trp4]Dyn A-(1-13) was prepared either using Fmoc-Trp to evaluate the 

effectiveness of different scavenger mixtures or using Fmoc-Trp(Boc) (White, 1992) 

to examine the effectiveness of indole protection in suppressing Trp modification 

(Chapter 4). 

For structure-activity relationship studies, we modified the "message" sequence 

of Dyn A, which is responsible for signal transduction. We chose two different lead 

compounds which were previously reported as K receptor antagonists. The second 

project was the synthesis and biological evaluation of disubstituted Dyn A-(1-13) 

analogues containing modifications at the 2 and 4 positions. This study was based 

upon [Ala2,Trp1Dyn A-(1-13), which was reported as a putative K receptor antagonist 

(Lemaire and Turcotte, 1986). Various L-amino acids and their stereoisomers were 

incorporated into the 2 position of the Trp4- containing peptide in order to examine the 

significance of stereochemistry at 2 position and the subsequent changes in the 

biological effects. The peptides were prepared employing solid phase synthesis with 

Fmoc-protected amino acids. The biological activity was examined in radioligand 

binding assays and the opioid activity determined in electrically stimulated guinea pig 

ileum (Chapter 5). 
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The third project involved the synthesis and biological evaluation of [D-

ProilDyn A-(1-11) modified at the N-terminus with various alkyl groups. Previously, 

introduction of an N,N- diallyl group at the N-terminus of [D- Pro10]Dyn A-(1-11) 

(Gairin et al., 1988) and Dyn A-(1-13) (Lemaire et al., 1990) conferred weak 

antagonist activity to these peptides. This study was conducted in order to define 

whether the second alkyl group was necessary to impart antagonist activity and 

examine how mono- vs di-substitution at the N-terminus of [D-ProliDyn A-(1-11) 

affected the K receptor affinity and opioid activity. N-Monoalkylated and the 

corresponding N,N-dialkylated derivatives were therefore prepared and their biological 

activities investigated. The analogues were made by Fmoc-solid phase synthesis and 

examined in the radioligand binding assays and the guinea pig ileum assays (Chapter 

6). 

Acetalins were developed using synthetic peptide combinatorial libraries and 

reported to be opioid receptor antagonists (Dooley et al., 1993; Houghten et al., 

1991). Three Na-acetylated hexapeptides, Ac-Arg-Phe-Met-Trp-Met-Arg-NH2, Ac

Arg-Phe-Met-Trp-Met-Lys-NH2, and Ac-Arg-Phe-Met-Trp-Met-Thr-NII2, showedhigh 

binding affinity for A, 6, and K3-receptors as well as potent antagonist activity in the 

GPI. Since these peptides have little sequence similarity to endogenous opioid 

peptides, further structure-activity studies seemed to be necessary to better understand 

the pharmacological mechanism of these acetalins at opioid receptors. Thus in the 

fourth part of this thesis, the binding affinity and opioid activity in the GPI of the 

acetalins and selected derivatives were investigated. In this study, we attempted to 

apply the "message-address" concept to Arg6-acetalin by introducing [D-AlalDyn A
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(7-11) as the "address" sequence moiety to this acetalin (Chapter 7). The results of 

these initial studies are presented. 



6 

CHAPTER 2 

LITERATURE REVIEW 1:
 

DYNORPHIN A AND K RECEPTORS
 

2.1. Opioid Receptors 

The earliest model for opiate receptors was proposed by Beckett and Casy 

based on the structure-activity relationships of the narcotic analgesics (Beckett and 

Casy, 1954). A decade later the concept of multiplicity of opioid receptors was 

initially suggested by Portoghese (Portoghese, 1965). The subsequent behavioural 

studies with several opiate agonists in chronic spinal dogs by Martin led to postulation 

of multiple opioid receptor types (Martin et al., 1976). He suggested that there were 

three different types of receptors, designated mu (i2), kappa (K) , and sigma (a) , for 

which the prototype agonists were morphine, ketocyclazocine and SKF 10047 (N

allylnormetazocine), respectively. However, the a receptor is no longer considered to 

be an opioid receptor because the pharmacological effects of this receptor are not 

reversed by the classical opioid antagonist naloxone (Vaupel, 1983). 

Following the discovery of endogenous opioid peptides, additional opioid 

receptor types were proposed, namely the delta (6) (Lord et al., 1977) and epsilon (E) 

receptors (Schulz et al., 1979) (Fig 2.1). At present, µ, K, and (5 receptors are 

generally accepted as the major opioid receptor types. The enkephalins, one of the 

endogenous opioid peptides, preferentially interact with 6-receptors and the E-receptor 
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Opioid Classical Postulated 
Receptors Ligands Endogenous Ligands 

morphine uncertainti 

K ketocyclazocine dynorphin 

p-Ala2,D-LeulEnk enkephalins (Enk) 

e 0-endorphin 0-endorphin 

(5 

Fig 2.1. Opioid Receptors and Agonists 

is postulated to selectively bind 0-endorphin, although this peptide also binds to it and 

5 receptors with high affinity. It has been postulated that dynorphin A (Dyn A) is an 

endogenous opioid peptide for K-receptors because it shows some selectivity for this 

receptor type. 

Effects mediated by A and K-receptors have been demonstrated in the guinea 

pig ileum (GPI), and the receptor types can be differentiated by their antagonism by 

naloxone (Goldstein, 1983). Opioid activity mediated through 8 receptors has been 

evaluated with the mouse vas deferens (Hughes et al., 1975a) and the activity through 

E receptors with the rat vas deferens (Lemaire et al., 1978). 

It has been proposed that opioid receptors may exist in different conformational 

states (Pert and Snyder, 1974). This suggestion has been supported by the finding that 

monovalent cations such as sodium ions can cause a conformational change from the 

agonist form of a receptor to the antagonist form, resulting in a reduction of opioid 

agonist affinity. On the other hand, divalent ions such as magnesium can act in the 

opposite direction, enhancing opioid agonist affinity, depending upon the receptor 
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type. Furthermore, guanine nucleotides such as GTP and its non-hydrolyzable 

analogue Gpp(NH)p (guanyl -5 "-y1 imidodiphosphate) regulate opioid ligand affinity 

in a similar manner to sodium, and the effects of these two factors are synergistic 

(Chang et al., 1981). Sodium ions and Gpp(NH)p decrease the binding of agonists to 

A-sites more effectively than to 6-sites, while binding at K-sites is least affected (Zukin 

and Gintzler, 1980). 

Recently, the three major opioid receptors (A, K, (5) have been cloned and 

identified as belonging to the superfamily of G-protein coupled receptors (Fig 2.2). 

Initially Evans et al (Evans et al., 1992) and Kieffer et al (Kieffer et al., 1992) cloned 

a mouse 6-opioid receptor. They found that the sequence of the clone had seven 

transmembrane domains and that the clone selectively bound 6-ligands with higher 

affinities than K- and F-ligands. A year later, 14- and K-receptors were cloned from rat 

brain by two different groups (Chen et al., 1993; Yasuda, et al., 1993). Yasuda et al 

found two G-protein coupled receptors, which apparently are (5 and K-receptors, when 

searching for somatostatin receptors from mouse brain. 

There is considerable sequence similarity found between opioid receptors in 

the seven transmembrane domains and intracellular cytoplasmic regions. In particular, 

the high sequence conservation is observed in the second and the third transmembrane 

domains (Chen et al., 1993). In all three opioid receptors, these two regions contain 

aspartic acid residues which may interact with the protonated amine function on the 

ligands (Kong et al., 1993), as has been found for the j3- adrenergic receptor (Strader 

et al., 1987). Also, it is proposed that there are different domains for binding of K 

opioid agonists and antagonists (Kong et al., 1994). The third intracellular loop has 
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rOPRM1 T GE PLE M V T[& jT.IIMIA L Y S I V C V V G LL F ON F Y V I V R Y T K M K T A T N I V I F N L A L A D A L A T S 119 

TM3 
E LLCKAVLSIDYYNMFTSIFTLTMNSVDRY IAVCHPVKALDFR 160 
D VLCKIVISIDYYNMFTSI.FTLTMMSVDRY IAVCHPVK ALDFRmOPRD1 TLPFQSAK YLM 

mOPRK1 Tliii P '0 S V YLM 
rOPRM1 TLPFOSVN YLM 

E

N

G
 

170 

TILCKIVISIDYYNMFTSIFTLICTIMSVDRYIAVCHPVKALDFR 179 

TM4 
DEA- -VV -SWYWDTVT K IC 216

mOPRD1 TP AK4KIJAINICIwv VG V v17-rta

mOPRK1 TP LA,AKI1NC.1_,WL isAi LGGTK
P

V

Y
 

DDEYWEIW,aL FM K IC..5_EDVDVIE
QES

229C
 
K IC
- TtW Y WI ENLL 235S HiE -TP RNWVIEIVMNIEI LEI AR] FF4/%1T T K .c.rOPRM1 

TM6TM5
P I L I ITVCYGLMLLRLR S V R L L S G S K EKDRWLRRI TRMVLVVVGAFV CWAP 276 
PELIIEVCYELMILRLKSVPALSGSEEKDRNLRRITIKOVLVVVAVFIICwTP 299V
mOPRD1 F 

m0 PRK1 F 

I M P I L I ITVCYGLMILRLKSVRIMILSGSKEKDRNLRRITRNVLVVVAVFIVCWT_E 295
rOPRM1 F 

TM7 
DENRRDPLVVAALELCIALGYWNSSLNPVLYAFLDENFKRCFRQU-ERTP 336mOPRD1 G STSHS A-ALS YYFCIALGYTNSALNPVLYAFLDENFK RCFRDFCF I 348IL T P
mOPRK1 I H I T 354ITE- PE,LTFQTV_S,WHFC/ALGYTNSICILNPVL YA FLDENFKRCFREFCT
rOPRM1 IV III K 

mOPRD1 C G 0QTP G L R 
mOPRK1 K M M E R TN 

TIREIRVTACTPSE PGGGAAA 372 

VD A s 
GT

T
 MRDV_IGMNK1 V 380 
-13_EfHPaTANTVERTNHQLENLEAETA_EL P 398rOPRM1 SSTI_ELQ NST 

Fig 2.2. Comparison of the Amino Acid Sequences of 6, K, andµ Opioid Receptors. The sequences of mouse 6 (mOPRD1),
 
mouse K (mOPRK1) and rat µ (rOPRM1) opioid receptors are shown using the single-lettter abbreviations for amino acids.
 
Residues that are identical in two or more of the proteins are boxed. Gaps introduced to generate this alignment are represented
 
by dashes. The seven predicted transmembrane domains are noted (TM1-TM7) and are shown by shading. The potential sites for
 
N-linked glycosylation in the extracellular amino domains of these proteins are: mouse 6 receptor, residues 18 and 33; mouse K
 
receptor, residues 25 and 39; rat 14 receptor, residues 9, 31, 38, 46 and 53.
 
Source: Reisine, T and Bell, G. I., Trends Neurosci. 1993, 17, 507.
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Receptor Types 

14 

a 

K 

Locations 

cerebral cortex 
(layer I and III) 
nucleus accumben 
olfactory bulb 
pyramidal layer 
of hippocampus 
periaqueductal grey 
myenteric plexus (GP) 

caudate nucleus 
cerebral cortex 
(layer I, II, and V) 
olfactory bulb 
nucleus accumben 
amygdala, striatum 
vas deferens 
(mouse, hamster) 

cerebral cortex (GP) 
nucleus accumben (GP) 
substantia nigra (GP) 
striatum (GP) 
spinal cord 
human placenta 
myenteric plexus (GP) 
vas deferens (rabbit) 

Physiological Actions 

supraspinal analgesia 
prolactin and ACTH release 
inhibition of oxytocin release 
acetylcholin turnover 
dopamine turnover 
feeding behavior 
hypothermia 
cardiovascular regulation 
increased locomotion 
respiratory depression 

analgesia 
inhibition of LH release 
dopamine turnover 
cardiovascular regulation 
feeding behavior 
hyperthermia 
resporatory depression 

analgesia 
diuresis 
appetite modulation 
prolactin and ACTH release 
inhibition of oxytocin release 
cardiovascular regulation 
hypothermia 
sedation 
dysphoria 

GP: guinea pig 

Fig 2.3. Locations and Physiological Actions of Each Receptor Type 

Source: Iyenger, S. and Wood, P., The Opioid Receptors (Pasternek, G. W. ed.), 
Humana Press, New Jersey, 1988, pp 115-132. 



11 

been reported to be required for interactions with G-proteins, and thus, the similarity 

in this region could indicate similar G-protein mediated signal transduction 

mechanisms for the three opioid receptors (Chen et al., 1993). Also, it was found that 

activation of all three opioid receptors could inhibit adenylyl cyclase and modulate the 

conductance of Ca2+ and K+ (Childers, 1993; North, 1993). 

2.1.1. K Opioid Receptors 

Soon after the presence of K-receptors was proposed by Martin, further 

supporting evidence for K-receptors was demonstrated with a number of putative K

agonists. It was found that K-receptor agonists such as the benzomorphans (e.g. 

bremazocine and ethylketocyclazocine) were relatively potent ligands in the guinea pig 

ileum (GPI) and their agonist activity was relatively insensitive to reversal by 

naloxone in the GPI, suggesting that the GPI contains a significant population of "

receptors. The rabbit vas deferens also seems to contain an unusual abundance of "

receptors (Oka et al., 1981). 

K-Receptor binding properties have been determined by displacement of 

radioligands from the receptor sites in membrane preparations containing K-receptors. 

The distribution of K-receptors shows large differences between species. The relative 

proportions of the binding sites in guinea pig brain are 24 % /4, 32 % (5, and 44% K, 

whereas rat brain contains only 12% K, 46% it, and 42% 6 (Gillan and Kosterlitz, 

1982). The existence of K-binding sites in guinea pig brain membranes was 

demonstrated by Kosterlitz et al using [3H]ethylketocyclazocine (EKC) in combination 
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with high concentrations of unlabeled protecting ligands to block A and 6-receptor 

types (Kosterlitz et al., 1981). Mu and 6-receptor ligands poorly inhibited the binding 

of [3H]EKC. Maurer obtained similar results using [3H]bremazocine and DAMGO as 

a competing ligand (Maurer, 1982). Recently, ic- binding sites have been selectively 

labelled by [3H]U- 69,593 (Lahti et al., 1985) and [4]PD-117302 (Clark et al., 1987) 

which show negligible interaction with 11 and 6-receptors. 

The presence of K-receptors was also demonstrated using j3- chlornaltrexamine 

(0-CNA), a non-selective and irreversible opioid receptor alkylating agent (James et 

al., 1982). Dynorphin A was remarkably effective as a ic- receptor blocking ligand in 

protecting the [3H]EKC binding sites in guinea pig brain treated with IS-CNA, while 

the A and 6 sites were virtually destroyed by $ -CNA. This naltrexone derivative has 

also been employed in the GPI (Chavkin et al., 1982) and in the MVD assays (Cox 

and Chavkin, 1983). In the GPI, as shown in Table 2.1, Dyn A-(1-13) and EKC 

showed high potency following treatment with 13-CNA in the presence of a small 

amount of Dyn A-(1-13), but the potency of p. and 6-selective ligands were not 

significantly affected by protection by Dyn A-(1-13) ( Chavkin et al., 1982). 

Similarily, 0-FNA (fl-naltrexone fumarate methyl ester) (Fig 2.4), a highly selective 

tc-receptor alkylating agent, selectively decreased the opiate activity of only wagonists 

(normorphine and [LeulEnk), while little change was observed in the potency of 

either Dyn A or EKC (Huidobro-Toro et al., 1982). 
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Table 2.1. Potency Shifts in the GPI Assay after fl- Chlornaltrexamine Treatment.a.b 

Potency Shift 

Agonist /3-CNA /3-CNA + 100 nM Dyn A-(1-13) 

[Leu]Enk 14 + 1.5 12 + 1.8 
Normorphine 15 + 4.4 19 ± 4.4 
Dynorphin A-(1-13) 17 + 2.4 2.9 ± 0.6 
Ethylketazocine (EKC) 18 ± 3.9 2.7 + 0.6 

' Source: Chavkin, C., James, I. F., and Goldstein, A., Science 1982, 215, 414. 
b For each ligand, the IC50 was estimated before a 20 min incubation of muscle strip 
with 3 nM 13-CNA and again after washing by repeated changes of Krebs-Ringer 
buffer. The potency shift is the ratio of the IC50 after /3-CNA treatment to the IC50 
before (3-CNA treatment in the same strip. Dyn A-(1-13) was added as a protecting 
ligand 1 min before /3-CNA. 

naloxone 

OMe 

CI 

PCNA P-FNA 

fig 2.4. Naloxone and Irreversible Alkylating Agents Derived from Naloxone 

Source: Zimmerman, D. and Leander, J., J. Med. Chem. 1990, 33, 895-902. 
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2.1.2. x Receptor Subtypes. 

The issue of opioid receptor multiplicity appears increasingly complex. 

Following the discovery of three opioid receptor subtypes (au, K, and a) by Martin, 

much attention has been given to the identification and characterization of multiple 

opioid receptor subtypes and the development of ligands selective for each site. Initial 

attempts to identify K-binding sites were complicated by the lack of selective ligands 

(Hiller and Simon, 1980) and the relatively low level of K-sites in rat brain (Pasternak, 

1980). The finding that the guinea pig cerebellum contains a high concentration of K-

binding sites (Kosterlitz et al., 1981) and the discovery of some K-selective ligands has 

facilitated studies of K-receptors. The presence of additional K-receptor subtypes has 

now been suggested based on binding and physiological studies (Iyengar et al., 1986). 

The existence of K-receptor subtypes was first proposed based on binding studies of 

[31-1]EKC and [3H]etorphine in the guinea pig lumbosacral spinal cord (Atta li et al., 

1982). Further evidence for distinct K-receptor subtypes was obtained using [3H]EKC 

binding in the presence of [D-Ale,MePhei,Glyollenkephalin (DAMGO) and [D

Ale,D-Leulenkephalin (DADLE) to block p and 6 receptor binding in guinea pig and 

rat brain (Zukin et al., 1988). 

In terms of ligand selectivity profiles, KZ- binding sites are sensitive to U-69,593 

(or U-50,488) and are localized in the guinea pig cerebellum and the central gray with 

high density (Zukin et al., 1988; Nock et al., 1988; La Regina et al., 1988; Wood and 

Traynor, 1989). On the other hand, K2-receptors are insensitive to U-69,593 and 

enriched in rat cerebellum and spinal tract where the Ki subtype was essentially 
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undetectable (Zukin et al., 1988; Nock et al., 1988; La Regina et al., 1988; Wood and 

Traynor, 1989). Previously, K1- binding sites were characterized to be insensitive to 

DADLE in the guinea pig cerebellum and K2 sites were sensitive to DADLE in the rat 

brain (Atta li et al., 1982). Also, an important difference in [3H]EKC binding between 

guinea pig brain and rat brain was observed; guinea pig brain contained a single 

population of high affinity K-sites, while rat brain had both low and high affinity sites, 

with low affinity sites being more abundunt (Zukin et al., 1988). 

Recently, the guinea pig brain Ki-receptor has been subdivided into K1, and Kib 

sites. Dyn A and U69,593 label both Kis and Kib receptors with high affinity, whereas 

Ku, receptor is more sensitive to dynorphin B than K1, sites (Clark et al., 1989). 

Rothman and coworkers proposed two subtypes on K2 receptor, termed K2, and K2b 

(Rothman et al., 1990). Bremazocine binds to both receptor subtypes with high 

affinity, while U50,488 selectively binds to K2, and [LeulEnk to K2b subtypes. 

Studies using the novel opioid mixed agonist/antagonist, NalBzoH (6-deoxy-6

benzoylhydrazido-N-ally1-14-hydroxydihydromorphinone) (Gistrak et al., 1989) in the 

calf striatum have suggested another K-receptor subtype, designated kappa3 (K3) (Clark 

et al., 1989). In contrast to Krreceptors in the guinea pig cerebellum, this binding was 

found to be insensitive to U-50,488. Binding of nor-BNI, a selective Ki-receptor 

antagonist (Portoghese et al., 1987a,b), at K3-receptors was observed to be about 30

fold lower than the binding at xi-receptors. Dyn A-(1-17) appeared to have almost 

100-fold lower affinity at K3-binding sites than at Kr and K2-sites. No cross-tolerance 

was observed between Ki and K3 analgesics to morphine, implying that both subtypes 

can exert analgesic activity through unique receptor systems. Ligands selective for K3 
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receptors may be clinically useful analgesics without carrying undesirable actions such 

as dysphoria (Bals -Kubik et al., 1989) and sedation associated with classical K ligands. 

2.1.3. x Receptor Ligands 

2.1.3.1. K Receptor Agonists 

After Martin proposed the existence of K-receptors, a number of compounds 

with high potency for K-receptors have been developed, including bremazocine (Romer 

et al., 1980), tifluadom (Romer et al., 1982), and MR-2034 (Lord et al., 1977; 

Ensinger, 1983) (see Fig 2.5), but these compounds have poor selectivity for K-

receptors. About a decade ago, U-50,488 (Szmuszkovicz and Von Voigtlander, 1982), 

a pyrrolidone derivative, was developed as the first highly K-selective agonist and 

subsequently, related analogues such as U-69,593 (Lahti et al., 1985), U-62,066 

(Peters et al., 1987), PD 117302 (Leighton et al., 1987), and ICI 199441 (Costello 

et al., 1988) were prepared which possess higher selectivity and potency. The 

antinociceptive activity of U-50,488 is reversed more effectively by Mr-2266 (a K-

receptor antagonist) than by naloxone (Von Voigtlander et al., 1983). The morphinan 

derivative xorphanol is reported as a partial agonist at K-receptors and antagonist at 

A-receptors, and it produced potent antiniciceptive activity in the guinea pig paw 

pressure tests (Tyers et al., 1986). It has been observed that although tolerance 

develops to the behavioral effects of K-selective agonists, there is no cross-tolerance 

to morphine (Gmerek et al., 1987). 
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Fig 2.5. K Receptor Agonists 

Source: Zimmerman, D. and Leander, J., J. Med. Chem. 1990, 33, 895-902. 
Casy, A. F., in Advances in Drug Research (Testa, B., ed.), Academic Press 
New York, 1989, 18, 178-287. 
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2.1.3.2. K Receptor Antagonists 

Selective antagonists can be even more useful tools than agonists to study 

pharmacological and physiological mechanisms and to evaluate the selectivity of 

agonists for different opioid receptor types. Naloxone, the first opioid antagonist, 

binds to all three major opioid receptor types, but it shows the highest affinity for p

receptors as compared to the other receptor types (Lord et al., 1977). It has been 

employed because of its competitive antagonism as a pharmacological tool to 

determine if effects of an agonist are mediated through opioid receptors (Leslie, 

1987). Two benzomorphan derivatives, Mr-2266 and WIN-44441 (Fig 2.6), display 

antagonist activity at ic- receptors, and thus they have been utilized for various 

pharmacological tests (Yoshimura et al., 1982). However, they show poor selectivity 

for K-receptors. 

The first selective ic- opioid receptor antagonist, TENA (Portoghese and 

Takemori, 1985), was designed based on the concept of the double pharmacophore 

bivalent ligand approach proposed by Portoghese and Takemori. TENA is composed 

of two naltrexone-derived pharmacophores connected by a spacer obtained from 

triethylene glycol. Further investigation of bivalent ligands with a very short and rigid 

spacer, such as a pyrrole ring, led to the discovery of binaltorphimine and 

norbinaltorphimine (nor-BNI) (Portoghese et al., 1987a,b), highly potent and selective 

x-receptor antagonists. 
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Fig 2.6. K Receptor Antagonists
 

Source: Zimmerman, D. and Leander, J., J. Med. Chem. 1990, 33, 895-902.
 

2.1.4. Pharmacological and Physiological Actions 

The most important therapeutic effect of opioids is analgesic activity, although 

different forms of pain can be regulated by different types of receptors. It has been 

reported that antinociception produced by 14-agonists is mainly at the supraspinal level, 

with the periaqueductal gray and thalamic nuclei being major sites of action (Wood 
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et al., 1981). However, some substantial evidence for K and (5 analgesic activity at 

supraspinal sites has been found (Carr et al., 1982; Porreca et al., 1987). Although 

a lower density of K receptors than A receptors is found in rat spinal cord, evidence 

supports the importance of spinal K-receptors for analgesic activity (Milian, 1990). 

Peripherally administered agonists acting at K-sites show effective antinociceptive 

activity against chemically, mechanically, and electrically induced stimuli (Ward and 

Takemori, 1983). The major limitation of the A-receptor agonists for therapeutic use 

is development of tolerance and dependence liability following repeated administration 

(Martin et al., 1974; Olson et al., 1993). Although K-agonists do not show cross-

tolerance to morphine, K-ligands produce tolerance and mild dependence (Generek and 

Wood, 1986). In contrast to p and 6-receptor agonists, K-receptor ligands produce 

sedation and dysphoria, but do not cause respiratory depression (Gilbert and Martin, 

1976; Leighton et al., 1987). 

K-Receptor occupation is involved in regulation of neurotransmitter synthesis 

and/or release. U-50,488 blocks the release of dopamine in the striatum and cortex 

of rats and guinea pigs and this inhibition is completely suppressed by nor-BNI 

(Mulder et al., 1984; Werling et al., 1988). Similar results have been observed in 

slices of nucleus accumbens, olfactory tubercle, and frontal cortex of rats (Hejina et 

al., 1990). Histamine release from rat brain slices is also inhibited upon K-receptor 

stimulation, and the inhibition is reversed by either naloxone or nor-BNI. This action 

may be related to the sedative effects of K-opioid ligands (Gluat-Marnay et al., 1990). 

The release of cortical norepinephrine and striatal acetylcholine is inhibited by K 

receptors as well as by p and (3 receptor stimulation, and this effect is reversed by 
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either naloxone or nor-BNI (Werling et al., 1989). 

It has been reported that K-opioid receptors are involved in the regulation of 

ion movement across cell membrane ion channels. K-Agonists inhibit calcium ion 

binding to synaptosomes (Von Voigtlander et al., 1987), and dynorphin reduces the 

large transient Ca2+ current in mouse dosal root ganglia neurons (Werz and 

McDonald, 1985). Furthermore, U-50,488 inhibits [3H]nimodipine binding to Ca2+ 

channel receptors in rat brain cortex and cerebellum; this effect was antagonized by 

Mr-2266, suggesting that K-opioid receptors are able to modulate Ca2+ entry (Bradford 

et al., 1986; Gandhi and Ross, 1987). 

Neuroendocrine regulation is modulated by K-receptor ligands. K-Receptor 

agonists such as EKC, bremazocine, and U-50,488 produce water diuresis by 

inhibiting vasopressin (antidiuretic hormone) secretion, and this effect is reversed by 

nor-BNI (Takemori et al., 1988). Administration of U-50,488 and EKC enhances 

plasma levels of corticosterone and ACTH and decreases plasma TSH (thyroid 

stimulating hormone) levels. However, the effect caused by U-50,488 can be 

antagonized by naloxone but can not by quadazocine (WIN 44441), while the action 

of EKC can be blocked by both naloxone and quadazocine. These results suggest that 

the different physiological phenomina were caused by multiple K-receptor subtypes 

(Iyengar et al., 1986). 
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2.2. Opioid Peptides 

2.2.1. Endogenous Opioid Peptides 

Since the discovery of the enkephalins by Kosterlitz and his coworkers 

(Hughes, et al., 1975b), a number of endogenous opioid peptides have been isolated 

from mammals (Fig 2.7). All of these opioid peptides are included in one of three 

peptide families which stem from distinct precursor proteins. The three precursor 

proteins are pro-opiomelanocortin (POMC), proenkephalin A, and proenkephalin B 

(prodynorphin) (Willi, 1986) (Fig 2.8). Each of the precursor proteins has a different 

mRNA, amino acid sequence, and distribution pattern in the central nervous system. 

The structures of these precursor molecules have been determined using recombinant 

DNA techniques (Numa, 1984; Lynch and Snyder, 1986). POMC is the common 

precursor for 13-endorphin, ACTH, and additional MSH-containing peptides. The 

major source of POMC production is the pituitary (Civelli et al., 1984). The 

predominent processing products of proenkephalin A are Met- and Leu-enkephalin and 

several larger peptides (such as peptide E, peptide F, and metorphamide) which 

contain the Met-enkephalin sequence at their N-terminus. The highest concentration 

of proenkephalin A is found in the adrenal medulla (Udenfriend and Kilpatrick, 1984). 

Prodynorphin (or proenkephalin B) contains Leu-enkephalin and several larger 

peptides including the dynorphins and neo-endorphins. Proenkephalin B-derived 

peptides are most abundant in the neural lobe of the rat pituitary (Udenfriend and 

Kilpatrick, 1984). 
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It was found that fl-casomorphins (Henschen et al., 1979) and morphiceptin 

(Chang et al., 1981), which were obtained from bovine tryptic digests of casein, 

possess weak opioid activity. These are however different from the endogenous 

peptides derived from the three major precursor proteins (see Fig 2.7). 

Besides these mammalian sources of opioid peptides, there are peptides with 

opioid activity isolated from frog skin, such as dermorphin (Montecucchi et al., 1981) 

and the deltorphins (Erspamer et al., 1989) (see Fig 2.7). These peptides contain D-

amino acid residues in their sequence, which had previously not been identified in 

natural opioid peptides. 
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Dynorphin A-(1-17) 

Dynorphin A-(1-9) 

Dynorphin B 
(Rimorphin) 

Dynorphin B-(29) 
(Leumorphin, 
Rimorphin-(29) 

Ai-Endorphin 

[Leu]Enkephalin 

[Met]Enkephalin 

a-Neoendorphin 

fi-Neoendorphin 

Peptide E 

fl-Casomorphin 

Morphiceptin 

Dermorphin 

Deltorphin 

[D- AlalDeltorphin I 

[D-Ala9Deltorphin II 

H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro
Lys-Leu-Lys-Trp-Asp-Asn-Gln-OH 

H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-OH 

H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys
Val-Val-Thr-OH 

H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-
Val-Val-Thr-Arg-Ser-Gln-Glu-Asp-Pro-Asn
Ala-Tyr-Tyr-Glu-Glu-Leu-Phe-Asp-Val-OH 

H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-
Gln-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn
Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu-OH 

H-Tyr-Gly-Gly-Phe-Leu-OH 

H-Tyr-Gly-Gly-Phe-Met-OH 

H-Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys-OH 

H-Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-OH 

H-Tyr-Gly-Gly-Phe-Met-Arg-Arg-Val-Gly-Arg-
Pro-Glu-Trp-Trp-Met-Asp-Tyr-Gln-Lys-Arg
Tyr-Gly-Gly-Phe-Leu-OH 

H-Tyr-Pro-Phe-Pro-Gly-Pro-Ile-OH 

H-Tyr-Pro-Phe-Pro-NH2 

H-Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2 

H-Tyr-D-Met-Phe-His-Leu-Met-Asp-NH2 

H-Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH2 

H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2 

Fig 2.7. Endogenous Mammalian Opioid Peptides and Opioid Peptides from 
Other Sources 

Source: The Peptides: Analysis, Synthesis, Biology (Udenfriend, S and Meienhofer, J., eds.), 
vol. 6, 1984. 

Schiller, P. W., Progress in Med. Chem. (Ellis, G. P. and West, G. B., eds.), vol. 
28, 1991, pp 301-340. 
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2.2.2. Dynorphin A 

Dynorphin A, which contains the sequence of [Leulenkephalin at the N-

terminus, was first discovered in porcine pituitary (Goldstein et al., 1979) and is 

widely distributed in the central nervous system (e.g. hypothalamus, striatum, spinal 

cord, etc.) and peripheral organs (Goldstein, 1983). The opioid activity of dynorphin 

A was determined in the electrically stimulated guinea pig ileum (GPI) myenteric 

plexus-longitudinal muscle preparation. In the GPI assay, it was found that both 

natural dynorphin A and its N-terminal 13-residue fragment were about 700-fold more 

potent than [LeulEnk and less sensitive to naloxone antagonism than s-selective 

agonists (Goldstein et al., 1979; Goldstein et al., 1981). The agonist activity of 

dynorphin A can be demonstrated in the rabbit vas deferens, which contains 

exclusively K-receptors (Oka et al., 1981). Dynorphin A is also active in the mouse 

vas deferens (Goldstein et al., 1979), but it is inactive in the rat vas deferens (Corbett 

et al., 1982). 

To characterize the receptor selectivity for dynorphin A in the guinea pig brain 

a series of competition binding experiments have been performed with tritium labeled 

ligands for each receptor type (James et al., 1984). Dynorphin A shows higher 

potency in displacing the K ligand, [3H]EKC, than in displacing typicalµ and (5 opioid 

receptor ligands. However, this peptide also binds toµ and (5 binding sites. 

Goldstein applied the "message-address" concept to dynorphin A (Chavkin and 

Goldstein, 1981) (Fig 2.9). This concept was originally proposed by Schwyzer, who 

developed it to analyze the structure-activity relationships of ACTH and related 
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peptide hormones (Schwyzer, 1977). According to the concept, the "message" 

sequence in a peptide hormone is responsible for signal transduction at the receptor 

site, while the "address" sequence leads the peptide to a unique binding site and is not 

necessary for transduction. In dynorphin A, it has been proposed that the N-terminal 

tetrapeptide sequence Tyr-Gly-Gly-Phe is required for opioid activity, and thus is the 

"message" sequence, while the remaining residues are the "address" sequence and 

confer K-receptor selectivity. 

Fig 2.9. Schematic Representation of the Putative Dynorphin A Receptor 

Source: Chavkin, C. and Goldstein, A., Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 
6546. 
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2.2.2.1. Metabolism of Dynorphin A and Peptidase Inhibitors 

Endogenous and exogenous peptide neurohormones are rapidly degraded by 

various peptidases secreted from tissues, yielding inactive segments or smaller active 

peptides. Although some cleaved fragments are active, their biological profiles (e.g. 

receptor type selectivity) may be different from that of the parent peptide. This 

characteristic makes it difficult to evaluate the biological activity of neuropeptides and 

thus changes in assay conditions, such as lowering the incubation temperature and/or 

employing enzyme inhibitors, are required to reduce degradation. 

2.2.2.1.1. The N-Terminal Degradation 

The N-terminus in dynorphin A is metabolized by several different peptidases. 

The two major metabolic enzymes are aminopeptidase and enkephalinase. The Tyr-

Gly bond can be hydrolyzed by a membrane-bound aminopeptidase (EC 3.4.11) 

(Hambrook et al., 1976; Guyon et al., 1979), and the Gl? -Phe4 bond is cleaved by 

either angiotensin converting enzyme (ACE) (Erdos et al., 1978) or the 

metalloendopeptidase EC 3.4.24.11 referred to as enkephalinase (Malfroy et al., 

1978). Dipeptidylaminopetpidase can release the Tyr-Gly fragment (Gorenstein and 

Snyder, 1979). 

Several peptidase inhibitors are available to reduce degradation of the peptides 

(Fig 2.10). Bestatin specifically inhibits the actions of various aminopeptidases 

(Fournie-Zalusid et al., 1985). Thiorphan, which carries a thiol moiety, inactivates 

enkephalinase but does not suppress the action of ACE (Rogues and Fourinie-Zaluski, 

http:3.4.24.11
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1986). Kelatorphan inhibits aminopeptidase (EC 3.4.11), dipeptidylaminopeptidase, 

and enkephalinase (Fourinie-Zaluski et al., 1984). 

2.2.2.1.2. The C-Terminal Degradation 

Dynorphin A-(1-17) and (1-13) are good substrates for carboxypeptidase, 

producing biologically active fragments, but these shorter fragments are reported to 

be less selective for K-receptors (Leslie and Goldstein, 1982). On the other hand, the 

C-terminal amide derivative of Dyn A-(1-13) is very stable to this enzyme. Cleavage 

of Dyn A-(1-17) or (1-13) by synaptic endopeptidases results in dynorphin A-(1-8), 

and the metalloendopeptidase (EC 3.4.24.11) cleaves at the Arg7-11e8 bond as well as 

the G1y3-Phe4 bond (Shaw et al., 1982). Dynorphin A-(1-8), is more vulnerable to 

enzymatic degradation than dynorphin A-(1-17) or dynorphin A-(1-13) (Corbett et al., 

1982). 

Bestatin H2NCH( CH2Ph )CH(OH)CONHCH(CH2CHMe2)CO2H 

Kelatorphan HN( OH)COCH2CH(CH2Ph)CONHCH(Me)CO2H 

Thiorphan HSCH2CH(CH2Ph)CONHCH2CO2H 

Fig 2.10. Peptidase Inhibitors 

http:3.4.24.11
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2.2.2.2. Conformational Studies on Dynorphin A 

Studies on peptide conformation may provide an insight into how a biologically 

active peptide interacts with a specific receptor type. Although dynorphin A-(1-13) 

contains the identical N-terminal [LeulEnk residues, Dyn A preferentially binds to 

K-receptors rather than 6-receptors because of the C-terminal residues. Several 

attempts have been made to determine the secondary structure of dynorphin A-(1-13) 

using circular dichroism, fluorescence energy transfer, FT-IR, and various NMR 

techniques (including COSY, NOESY, ROESY, etc.). 

Circular dichroism studies of dynorphin A-(1-13) in various enviroments, 

including aqueous, methanol, trifluoroethanol, and lipid bilayers, have been 

performed. Consistant data are not available, but in aqueous solution random coil or 

0-sheet structures were generally observed (Wu et al., 1986; Vaughn and Taylor, 

1989). In dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG), trifluoroethanol, and 

cerebroside sulfate, Dyn A-(1-13) showed negligible a-helical conformation (Wu et 

al., 1986; Lancaster et al., 1991). The presence of sodium dodecyl sulfate induces 

significant content of a-helix (Maroun and Mattice, 1981). 

Fluorescence energy transfer has been used to examine the average 

intramolecular distance between two aromatic residues Tyr' and Trp4 in 

[Trp4]dynorphin A-(1-13). Since this Trp4-analogue of dynorphin A-(1-13) retained 

similar pharmacological characteristics to the native parent peptide, it was a useful 

model to investigate conformational features. The average distance between Tyr' and 

Trp4 in [Trp4]dynorphin A-(1-13) in an aqueous enviroment calculated from 
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fluoroscence energy transfer was 15 A, indicating that the peptide is almost 

completely extended. Similarly, no appreciable energy transfer between Tyr' and Trp' 

in dynorphin A-(1-17) was detected, suggesting that there was no close proximity 

between the N- and C-termini ( 20 A apart) (Schiller, 1983). FT-IR and Raman 

studies with aqueous dynorphin A-(1-13) solutions also suggested a mixture of 

extended and random structures (Rapaka et al., 1987; Renugopalakrishnan et al., 

1988). 

Combined results from extensive 1D NMR (e.g. spin-spin coupling constants, 

deuterium exchange of amide protons, and temperature dependence of amide proton 

chemical shifts) and 2D-NMR experiments (COSY, NOESY, and ROESY) supported 

a mixture of extended and random structures for the peptide in aqueous or methanolic 

solution (Zhou and Gibbons, 1986; Lancaster et al., 1991). However, another group 

proposed the possibility of a a-strand structure in residues 7-15 of Dyn A-(1-17) based 

on studies of a Dyn A-(1-17) model peptide using 'H NMR (3JN. and ROESY) 

(Vaughn and Taylor, 1989). They suggested that the amphiphilic a-strand 

conformation in the address region controlled the receptor selectivity of the enkephalin 

segment for binding to x-sites. More recently, it has been reported that Dyn A binds 

to dodecylphosphocholine micells in a conformation which is helical from Gl? to Are 

residues based on NOE study (Kallick, 1993). 

Infrared attenuated total reflection spectroscopy (IR-ATR) and membrane 

capacitance minimization (CM) studies conducted by Schwyzer's group suggested that 

dynorphin A-(1-13) has an a-helical conformation in the surface of neutral membranes 

prepared from 1- palmitoyl- 2- oleoyl- sn- glycero-3- phosphocholine (POPC) (Erne et al., 
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1985). Furthermore, based on this study, Schwyzer proposed that when dynorphin A

(1-13) interacted with neutral lipid membranes prepared from POPC the peptide 

adopts an a-helical structure from Tyr' through Are, inserted perpendicularly into the 

hydrophobic membrane surface, with the remaining C-terminus from Pre through 

Lys" exposed to the aqueous layer as a random coil (Schwyzer, 1986a,b; Schwyzer, 

1992; Schwyzer, 1994). 

2.2.3. Structure-Activity Relationships of Dynorphin A 

Structural modifications provide information on how the molecule imparts 

biological activity at its active sites. The contribution of individual residues in the 

sequence to potency and selectivity can be investigated by amino acid substitution. 

Also, truncation and extension of the sequence can affect biological activity. Recently, 

the introduction of conformational constraints in peptide sequences has been widely 

used to improve receptor selectivity and to better understand bioactive conformations. 

Ultimately, this type of information may provide some insight into receptor structure 

and relationships between different receptor types. 

2.2.3.1. "Message" Sequence Modifications 

Since the N-terminal "message" sequence appears to be important for the 

opioid activity of Dyn A, various substituents have been incorporated into this region 

of the peptide. In particular, a systemic substitution of individual residues by Ala 

revealed that Tyr' and Phe4 residues are critical for opioid activity and binding affinity 
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(Turcotte et al., 1984). It has been postulated that Tyr' mimics the essential aromatic 

ring of non-peptide ligands (eg. morphine and its derivatives) (Chavkin and Goldstein, 

1981). It was found from substitution of Tyr' by Phe in the truncated peptide Dyn A

(1-11) that the phenolic hydroxy function of Tyr' is required for opioid agonist activity 

in the GPI, but not for high binding affinity for K receptors (Kawasaki et al., 1993b). 

Disubstituted analogues [Phel,D-Alas]- and [Phel,D-PronDyn A-(1-11)NH2 have 

increased K-selectivity and show weak opioid activity. [Phel,D-AlalDyn A-(1-11)NH2 

exhibits antagonist activity causing a 35-fold rightward shift of Dyn A-(1-17) at 1 AM. 

Substitution of Tyr' by its stereoisomer also decreases opioid activity and affinity for 

K receptors, but the peptide still exhibited moderate selectivity for K-receptor 

(Kawasaki et al., 1993b). Introduction of N,N- diallyl substitution at the N-terminus 

of Dyn A-(1-11) (Gairin et al., 1988) and Dyn A-(1-13) (Lemaire et al., 1990) 

imparts antagonist activity in the GPI, but the K-receptor selectivity of these analogues 

is low. Acetylation at the N-teminus in Dyn A-(1-11) results in weak opioid activity 

and poor binding affinity (Kawasaki et al., 1993b). 

In contrast to the "message-address" concept proposed by Goldstein (Chavkin 

and Goldstein, 1981), Portoghese has suggested a modified interpretation, in which 

the Tyr' residue is the "message" component and Phe belongs to the "address" 

component (Portoghese, 1991). Gly2-Gly3 therefore has been suggested to be a spacer 

to link the "message" and "address" sequences. When Gly2 is replaced by D-Ala, 

substantial decreases in K-receptor selectivity are observed (Chavkin and Goldstein, 

1981). From an analine scan, substitution by Ala in the 2 position also causes a drastic 

fall in potency in the GPI but the binding affinity of this compound is only 20% 
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inferior to that of Dyn A-(1-13) against rffletorphine in rat brain (Turcotte et al., 

1984). Replacement of Gly2 with various L-amino acids (Asn, Lys, Met, and Ser) in 

Dyn A-(1-13)NH2 results in significant decreases in the GPI assay, while the 

corresponding peptides containing D-amino acids at the same position show good 

activity in the GPI. The L-amino acid derivatives show some preference for K-

receptors, while the D-amino acid analogues preferentially bind to /A-receptors (Story 

et al., 1992). The analogues carrying cis- and trans-4-aminocyclohexanecarboxylic 

acid instead of Gly2-Gly3 exhibit weak opioid activity in the GPI but retain modest K-

receptor selectivity. This constrained modification in the 2 and 3 positions probably 

affects the relative orientation of the Tyr' and Phe4 aromatic rings (Snyder et al., 

1993). 

Several analogues have been synthesized to explore the importance of the 

aromatic ring of Phe4 in Dyn A. Introduction of the electron withdrawing p-NO2 group 

on the Phe aromatic ring slightly reduces the peptide's potency in the GPI (Schiller 

et al., 1982). Replacement of Phe4 by Trp in Dyn A-(1-13) causes a small loss of 

opioid binding potency (Schiller, 1983). The disubstituted analogue [Ala2,TrpiDyn 

A-(1-13) has been reported to be a putative K-receptor antagonist, although this peptide 

does not bind to K binding sites labeled by [3H]EKC in guinea pig brain (Lemaire and 

Turcotte, 1986). 

Truncation of Dyn A as well as introduction of D-Trps and D-Pro'° slightly 

reduce the opioid potency without altering the binding pattern compared to Dyn A -(1

17). An additional substitution by D-Trp at the 2, 3, 4, and 5 positions in [D-Trpg,D-

PronDyn A-(1-11) results in a significant decrease in opioid receptor affinity and K 
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receptor selectivity, but induces weak antagonist activity against Dyn A-(1-13) (Gairin 

et al., 1986). 

Conformational constraints can be obtained by incorporation of a rigid moiety 

in the sequence or backbone or by cyclization from side chain to side chain, side chain 

to backbone, side chain to terminus or terminus to backbone. The first 

conformationally constrained Dyn A analogue cyclized through the disulfide bridge, 

[D-Cys2,Cys5]Dyn A-(1-13), exhibits higher potency in the GPI than the linear parent 

peptide (Schiller et al., 1982). However, this modification leads to 6-receptor 

selectivity in DADLE tolerant mouse vas deferens (Shearman et al., 1985). 

Introduction of a lactam ring between D-Orn2 and Asps in Dyn A-(1-8) shifted the 

receptor selectivity from K to A (Schiller et al., 1988). 

2.2.3.2. "Address" Sequence Modifications 

It has been known that the two basic residues Arg7 and Lys" in the "address" 

sequence are important for high K-receptor selectivity and/or potency (Chavkin and 

Goldstein, 1981). Substitution of Arg7 and Lys" by Ala therefore causes a 10 20 

fold drop in potency (Turcotte et al., 1984), but deletion of Leu12-Lys13 results in 

retention of potency in the GPI with increased binding affinity and selectivity for K-

receptors (Gairin et al., 1985). 

The importance of Ilex and Prow has been examined by substitution of each 

residue. Replacement of Ile with D-amino acids such as D-Ile, D-Ala, and D-Trp 

results in comparable or slightly enhanced K receptor selectivity (Lemaire et al., 
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1986). Substitution with D-Pro in the 10 position in Dyn A-(1-13) (Lemair et al., 

1986) and Dyn A-(1-11) (Gairin et al., 1985) improves affinity and selectivity for K-

receptors as well as opioid activity. 

Conformational constraint in the "address" region can be obtained as 

mentioned above. Introduction of a cyclic cysteine bridge between D-Cys8 and D

Cys13 (or L-Cys13) in dynorphin A-(1-13)NH2 leads to compounds with high K-receptor 

affinity but low K-selectivity over A-receptors (Kawasaki et al., 1990a,b). 

Cyclo[Cys8,D-Cys13]Dyn A-(1-13)NH2 also shows 7-fold higher affinity for K-receptors 

than Dyn A-(1-13)NH2 but exhibits modest K vs g selectivity due to increased g 

receptor affinity (Kawasaki et al., 1993a). Cyclo[Cys5,Cys11]Dyn A-(1-11)NH2 was 

prepared to stabilize a reverse turn conformation centered about the 8 position 

(Kawasaki et al., 1990a). D-Ala was substituted in the 8 position of 

cyclo[Cys5,Cys"]Dyn A-(1-11)NH2 with a similar rational. Both compounds also 

display high affinities for both K and A-receptors and thus these analogues showed low 

K vs g selectivity. Decreasing the ring size by one or two residues would give the 17

membered ring systems cyclo[Cys5,CyslDyn A-(1-11)NH2 and the 20-membered ring 

system cyclo[Cys5,Cys10]Dyn A-(1-11). These analogues possess a more constrained 

ring system and retain the Lys" which is important for K-receptor affinity and opioid 

activity (Kawasaki et al., 1993b). These compounds still show high affinity for K-

receptors and moderate selectivity for K vs A-receptors, but they show weak opioid 

activity in the GPI. Cyclic lactam bridge containing analogues such as 

cyclo[Orn5,Asp8]-, cyclo[Orn5,Asp10]-, and cyclo-[Orn5,Asp13]Dyn A-(1-13)NH2 are 

selective for A-receptors and show weak activity in the GPI (Schiller et al., 1988). 
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CHAPTER 3 

LITERATURE REVIEW 2:
 

SOLID PHASE PEPTIDE SYNTHESIS
 

3.1. Solid Phase Peptide Synthesis 

Solid phase peptide synthesis (SPPS) was devised by R. B. Merrifield in 1963 

in order to avoid problems encountered in solution peptide synthesis and to reduce the 

time involved, especially for the synthesis of long peptide chains (Merrifield, 1963). 

In this approach, an insoluble polymer plays an important role in assembling a 

growing peptide chain. The fundamental concept of SPPS is as follows (Fig 3.1): an 

Na-protected amino acid is anchored to a linker connected to an insoluble support and 

subsequently, the Na-protecting group is removed to expose the a-amino group for 

coupling with the next protected amino acid. These deprotection and coupling steps 

are carried out until the desired peptide sequence is produced. The linker to the 

support is cleaved to isolate a crude peptide as a free acid or amide, depending upon 

the nature of the linker. At this step, side chain protecting groups, which are used to 

conserve the integrity of reactive functional groups during the synthesis, are also 

cleaved. In the classical strategy proposed by Merrifield, Na-t-butyloxycarbonyl (Boc)

protected amino acids carrying benzyl-derived blocking groups on side chain 

functional groups are attached to a chloromethylated cross-linked polystyrene resin. 
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Recently, extensive studies on linkers, side chain protecting groups, and 

synthetic strategies have resulted in great advances in this area. At the present time, 

the Boc- and 9-fluorenylmethoxycarbonyl (Fmoc, Carpino and Han, 1972)-based 

stategies are the most commonly used in SPPS. 

E RI 0 
I IIInNHCHC-0H Eli --I POLYMERI 

Attach 

0 R 1 0 
I II

POLYMER0NHCHC-0 

Deprotect 

I 
S RI 0 

I Il 
H2 NCHC-0--IPOLYMERI 

Couple 

rilNHCH(R2 )COX 

0RI 0R2 
I I IINHCHCONHCHC-0 POLYMEREl 

Repeat Deprotect 
and Couple

0 9 I 

ii Peptide- -8-0 POLYMER 

ICleave 

Peptide + POLYMER 

S: side chain protecting group, L: labile protecting group 

Fig 3.1. The Scheme of Solid Phase Peptide Synthesis 

Source: Stewart, J. M. and Young, J. D., Solid Phase Peptide Synthesis, 2nd ed., 
Pierce Chemical Co., Rockfold, 1984, p 2. 
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3.2. Na-Protection Strategy 

3.2.1. Boc Protection 

In the classical approach, an Na-Boc protected amino acid is attached to a 

chloromethylated polystyrene resin with triethylamine (TEA) or N,N

diisopropylethylamine (DIEA) in N,N-dimethylformamide (DMF), leading to a benzyl 

ester linkage. Deprotection of the Boc group is carried out by 50% trifluoroacetic acid 

(TFA) in dichloromethane (DCM). Following neuturalization, usually with a tertiary 

amine in DCM to give the free amine, the coupling reaction is performed using a 

coupling reagent (dicyclohexylcarbodiimide was originally used by Merrifield. See 

section 3.6 for details). The deprotection, neutralization, and coupling steps are 

repeated until the target peptide is assembled. The peptide can then be released from 

the resin using anhydrous HF; HBr in TFA was originally used to obtain a free 

peptide acid. Benzyl-type blocking groups on reactive side chain groups of amino acid 

residues are simultaneously removed. The free peptide is then extracted from the resin 

with a suitable solvent, purified and characterized. 

3.2.2. Fmoc Protection 

The repeated acidic treatment in standard Boc chemistry can cause loss of the 

peptide from the polymer during the synthesis of long peptide chains, and numerous 

side reactions occur during HF cleavage. About two decades ago, an alternative 

synthetic strategy based on the Fmoc protecting group was introduced by Carpino and 
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Han (Carpino and Han, 1972) and was applied initially to SPPS in 1978 (Chang and 

Meienhofer, 1978). This method allows an orthogonal protection strategy because the 

Fmoc group is base labile and the final cleavage and side chain deprotection step can 

be carried out under milder acidic conditions than HF or HBr. Now, numerous Fmoc

protected amino acid derivatives are commercially available. 

The Fmoc group possesses lability to secondary bases such as piperidine, 

morpholine, and diethylamine. In SPPS, 30% piperidine in N,N-dimethylformamide 

(DMF) is commonly used to remove the Fmoc group as dibenzofulvene via 13

elimination (Fig 3.2). The byproduct divenzofulvene subsequently reacts with 

piperidine to form a stable tertiary amine adduct. 

3.3. Insoluble Supports 

The insoluble polymer support which was originally introduced in SPPS was 

a polystyrene resin, 2% cross-linked with 1,3-divinylbenzene (Merrifield, 1963). It 

was found, however, that a resin containing 1% divinylbenzene provided a greater 

degree of swelling in DCM and DMF. The resin beads swell in DCM to about five 

times their dry volume, allowing all reagents to readily penetrate the beads and reach 

the growing peptide. 

In 1975, Sheppard introduced a polyamide resin which together with the 

growing peptide chain can be well solvated in polar aprotic solvents; in contrast to the 

polystyrene resin, this resin possesses a nature similar to that of the peptide (Atherton 

et al., 1975). The resin is a copolymer of dimethylacrylamide and N,N'
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bisacryloylethylenediamine with a number of acryloylsarcosine methyl ester side 

chains which provide incorporation sites for ethylendiamine for functionali7ation (Fig 

3.3). 

HO 
1. 

9 
H CH2O-CO-NHR -,), CH2 0-C-NHR

k4

0 
II H+ 

+ 0---C NHR --to- CO2 + R-NH2 

CH2 

CH CH2 --N_ 

IP 

Fig 3.2. The Removal of the Fmoc Group by #-Elimination 

Source: Bodanszky, M., Peptide Chemistry, Springer-Verlag, Berlin, 1988, p 78. 
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The resin has been prepared both in the form of a beaded gel (commercially known 

as Pepsyn) (Arshady et al., 1981) and a polymerized form within the pores of a rigid 

macroporous Kieselguhr matrix (Pepsyn K) (Atherton et al., 1981). These types of 

resins possess low substitution level. The polyamide gel resin supported in Kieselguhr 

matrix is designed especially for continuous flow methodology (Atherton et al., 

1983a). 

Recently, a new type of solid support, a polyethylene glycol (PEG)-polystyrene 

graft resin, has been introduced. It offers a higher level of solvation of the growing 

peptide chain and greater coupling efficiency and it can be utilized for both batchwise 

and continous flow SPPS (Bayer et al., 1990; Barany et al., 1992). PEG-PS resin also 

has a relatively low substitution level (0.1 0.2 meq/g). 

CONMe2 CONMe2 CONMe2 
I I I 

-CH-CH2-CH-CH2-CH-CH2-CH-CH2-CH-CH2
I I 

CONMe2 CO-NH-CH2
 

CONMe2 CO-NH-CH2
 
I 

-CH-CH2-CH-CH2-CH-CH2-CH-CH2-CH-CH2
I II 

CONMe2 CONMe2 CO-NMeCH2CO-NH(CH2)2NH2 

Fig 3.3. Polyamide Resin 

Source: Atherton, E and Sheppard, R.C., Solid Phase Peptide Synthesis, IRL Press, 
1989, p 40. 
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3.4. The Resin Linkage 

The C-terminal amino acid must be anchored to a polymer support after 

functionalization of the resin. A convenient way which has been developed to anchor 

an amino acid to a support is the handle approach (Mitchell et al., 1978). The handle 

serves as a bifunctional spacer that has a readily detachable protecting group on one 

side for further assembly of the peptide and can couple to a previously functionalized 

resin on the other side. The use of the handle method permits production of either a 

peptide amide or peptide acid depending upon the chemical nature of the linker. 

3.4.1. Resin Linkages for Boc Chemistry 

The original functionalization of polystyrene resins was achieved by 

chloromethylation, producing a benzyl ester linkage to the anchored C-terminal amino 

acid. This linkage can be cleaved by anhydrous HF or by HBr in TFA to generate a 

peptide acid. The major disadvantage of this resin is loss of peptide (about 1%) from 

the resin as the Na-Boc protecting group is cleaved by TFA. This problem encouraged 

the introduction of the 4-hydroxymethylphenylacetamidomethyl (Pam) handle (Mitchell 

et al., 1978) (Fig 3.4). 

In the Pam resin, the stability of the peptide-resin linkage to acidolysis is 

increased by about 100-fold over the classical system, since an electron-withdrawing 

group is introduced at the pars position of the phenyl ring. This peptide-resin linkage 

can be cleaved either by HF to produce a peptide acid or by NH3 to produce a peptide 

amide. 
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The benzhydrylamine (BHA) resin was synthesized to produce a peptide amide 

following HF cleavage (Pietta and Marshall, 1970). However, the peptide-resin 

linkage is somtimes resistant to HF depending on the nature of the C-terminal amino 

acid. The 4-methylbenzhydrylamine (MBHA) resin, therefore, was introduced to 

improve the acid lability (Matsueda and Stewart, 1981) and is widely used with 

satisfactory results. 

1-.1 ti 2 H 

Boc-N -9-c- 0-C 
R H 

Merrifield resin 

V 1-.1 2 H 1-., 9 ti 1;1 

Boc- N- C -C -O -C c -C -N -9- P 
R H H H 

Pam resin 

CH3 

ti 9
Boc-N-c-c-y-y 

HR HH 

MBHA resin 

P: polymer 

Fig 3.4. Resin Linkers for Boc Chemistry 

Source: Stewart, J. M. and Young, J. D., Solid Phase Peptide Synthesis, 2nd ed., 
Pierce Chemical Co., Rockfold, 1984, p 5. 
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3.4.2. Resin Linkages for Fmoc Chemistry 

For Fmoc chemistry, peptide acids were originally prepared using a p

alkoxybenzyl alcohol resin/p-hydroxymethylphenoxy (HMP) linker which is cleaved 

by 50% TFA (Wang, 1973; Lu et al., 1981) (Fig 3.5). The HMP moiety can be 

introduced directly on the resin or as a handle. The handle (in the form of 

hydroxymethylphenoxy acetic acid or propionic acid) can be attached to amine

functionalized resin as a preformed active ester (2,4,5-trichlorophenyl, 

pentachlorophenyl, or HOBt ester) (Albericio and Barany, 1985; Bernatowicz et al., 

1990; Albericio and Barany, 1991). A peptide acid form can be prepared on a PAC® 

resin which has the 4-hydroxymethylphenoxyacetic acid linker attached to the 

aforementioned polystyrene MBHA resin. Linkers which have higher acid lability (i.e 

cleaved by 5-10% TFA) can be employed to prepare protected peptide acids for 

further modification. These include 3-methoxy-4-hydroxymethylphenoxyacetic acid 

(Sheppard and Williams, 1982), 4-(2 ',4 '-dimethoxyphenylhydroxymethyl)phenoxy 

resin (Rink acid resin) (Rink and Ernst, 1991), and 2-methoxy-4-alkoxybenzyl alcohol 

(SASRINTh) (Mergler et al., 1988). 

Prior to the develpoment of TFA-labile linkers, the formation of peptide 

amides was originally accomplished in Fmoc chemistry on a p-nitrobenzhydrylamine 

resin (Colombo, 1981) cleaved by catalytic hydrogenation. Then, a series of acid-

labile linkers on polystyrene resin were introduced for preparation of peptide amides. 

The PAL® (Peptide Amide Linker) resin (Albericio and Barany, 1987), which is an 

MBHA resin in conjunction with the 5-(4-aminomethy1-3,5-dimethoxyphenoxy)valeric 
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acid handle, has been widely used. The SAMBHA resin (Penke and Nyerges, 1991), 

which is composed of the 4-succinylamido-2,2 ',4 '-trimethoxybenzhydryl amine linker 

on a aminomethyl polystyrene resin, is readily cleaved by 50% TFA. Other acid-labile 

linkers to produce peptide amides are illustrated in Figure 3.5. 

Resins and Linkers References 

For Synthesis of Peptide Acids 

H H 
1

HO C 
1OC Wang, 1973 
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4-hydroxymethylphenoxyacetic acid 
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Albericio and Barany, 1985HOC
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0.-'(CH2)2COOH 

Hi 

3-(4-hydroxymethylphenoxy)propionic acid 

P: polymer 

Fig 3.5. Resins and Linkers for Fmoc Chemistry 

Source: Lloyd-Williams, P., Albericio, F., and Giralt, E., Tetrahedron 1993, 49, 
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Resins and Linkers References
 

For Synthesis of Peptide Acids (cont.)
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Fig 3.5. Resins and Linkers for Fmoc Chemistry (continued) 
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Resins and Linkers References
 

For Synthesis of Peptide Amides
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3.5. Side Chain Protecting Groups 

Amino acids carrying reactive side chains may have to be protected to avoid 

side reactions. For example, the basic function of lysine, the mercapto function for 

cysteine, and the acidic groups on aspartic acid and glutamic acid must be blocked. 

Additional protection is recommended for the hydroxyl groups of serine, tyrosine, and 

threonine and for the basic groups of arginine and histidine. Other reactive functional 

groups (e.g. the thioether of methionine and the indole moiety of tryptophan) are 

occasionally protected. The ideal combination of the protecting groups to be employed 

depends on the synthetic strategy. 

3.5.1. Side Chain Protection for Boc-Amino Acids 

The benzyl-derived side chain protecting groups originally introduced by 

Merrifield for Boc-amino acids are still used with some modifications (see Fig 3.6). 

These groups can generally be removed by strong acids such as HF or HBr in TFA. 

The benzyl ester (Bzl) is typically used for Asp and Glu. This protection, however, 

can result in the undesirable fi-aspartyl peptide, in particular when Asp is followed by 

a Gly, Ala, or Ser. The cyclohexyl ester has been proposed to reduce this side 

reaction (Tam et al., 1988). Since benzyl ether protection for the hydroxyl function 

on Tyr sometimes yields the undesirable 3-arylated derivative under acidic cleavage 

conditions, the use of the 2,6-dichlorobenzyl ether (2,6-C12Bz1) (Erickson and 

Merrifield, 1973) or 2-bromobenzyloxycarbonyl (2-BrZ) (Yamashiro and Li, 1973) 

groups are recommended for the hydroxyl group of Tyr. The e-amino function of Lys 
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is best protected by the 2-chlorobenzyloxycarbonyl (2-C1Z), because the 

benzyloxycarbonyl (Z) protection group can cause premature side chain deprotection 

by TFA. Recently, orthogonal protection for Lys has been obtained using the Fmoc 

and the allyloxycarbonyl (Aloc) groups (Lyttle and Hudson, 1992) which are removed 

by a secondary amine base and palladium (0), respectively (see Fig. 3.6). The 

acetamidomethyl (Acm) group has been widely used for protection of Cys and can be 

removed by treatment with mercuric ion or with iodine (Veber et al., 1972). Acid 

labile protecting groups for Cys are available such as the 4-methylbenzyl (Erickson 

and Merrifield, 1973) and the 3,4-dimethylbenzyl groups (Yamashiro et al., 1973). 

These are removed by HF-anisole at 0 °C in 10 to 60 min. The tosyl group for 

guanidino group in Arg and for the imidazole of His is eliminated only by HF. 

H H 
1 1C H3C 
I I 

ii H 

benzyl 4-methylbenzyl 
CI 

H 0 
I II

CH2- C-0C 
I 
H

CI CI 

2,6-dichlorobenzyl 2-chlorobenzyloxycarbonyl 

O 
IIsH3C
II 0 

IIO CH2-0CH 

tosyl Fmoc 

H H H 0 9
C=C-6-0-8- H3C-C- INi- CH2 

111 H H 

acetamidomethylallyloxycarbonyl 

Fig 3.6. Side Chain Protecting Groups Used in Boc Chemistry 
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3.5.2. Side Chain Protection for Fmoc-Amino Acids 

The most frequently used side chain protecting groups for Fmoc-chemistry (Fig 

3.7) are the t-butyl ether for Tyr, Ser, and Thr, and Boc for Lys due to their acidic 

lability. The 2, 2, 5, 7, 8- pentamethylchroman- 6- yl- sulfonyl (Pmc, Ramage and Green, 

1987) and 4-methoxy-2,3,6-trimethylbenzenesulfonyl (Mtr, Atherton et aL , 1983b; 

Fujino et al., 1981) groups are widely used for the basic guanidino group of Arg. 

Since the Pmc group is more readily removed by 50% TFA ( < 2 h) than the Mtr 

group, the Pmc group is used preferentially. The 2,4,6-trimethoxybenzyl (Tmob, 

Hudson, 1988a) and trityl (Trt) groups for Asn and Gln are also often employed. The 

sulfhydryl functional group on Cys can be blocked by the trityl group (Zervas and 

Theodoropoulos, 1956) which is removed by HC1 in chloroform (or TFA). These 

protecting groups are liberated as stable carbonium ions when they are cleaved by 

mild acidolytic conditions. These liberated ions are responsible for irreversible 

alkylation of Met (Noble et al., 1976), Tyr (Lundt et al., 1979; Riniker, et al., 1990) 

and especially Trp (Harrison et al., 1989; Stierandova et al., 1994) residues, resulting 

in a decrease in yield of the desired peptides. The released Trt group from Cys is also 

reattached to Cys (Photaki et al., 1970). These undesired side reactions can be 

minimized by using cation scavengers during acidic cleavage. 1,2-Ethanedithiol 

appears to be the most effective scavenger, compared to anisole, phenol, and 

thioanisole, etc. In many cases, however, scavenger mixtures are required to suppress 

these side reactions (King et al., 1990). 
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Additional orthogonal protections are also available for Fmoc synthesis. Side 

chain amine functions of Lys can be masked by the allyloxycarbonyl (Aloc) group and 

the carboxyl groups for Asp and Glu can be blocked as the allyl ester (Lyttle and 

Hudson, 1992). The sulfhydryl group on Cys can be blocked using allyl (Lyttle and 

Hudson, 1992) or acetamidomethyl (Acm) groups. As indicated above, allyl-based 

protecting groups can be removed by palladium (0) and the Acm blocking group by 

mercuric ion or by iodine. 

CH3 CH3 0 
I HH3C-C - H3C-C-0-C

1 I 

CH3 CH3 

t-butyl Boc 

H3C CH3 H3C CH3 

H3C 0 SO2 H3C-0 SO2 
H3C CH3 H3C 

Pmc Mtr 

OCH3 

H3C-0 CH2 
OCH3
 

Tmob
 

Trt 

H H H 0 0 
I I I II HC=C-C-0-C- H3C-C-N-CH2 
1 1 1 

H H H 

allyloxycarbonyl acetamidomethyl 

Fig 3.7. Side Chain Protecting Groups Used in Fmoc Chemistry 



53 

3.6. Peptide Bond Formation 

Prior to the coupling reaction, it is necessary to activate the acyl group of the 

carboxyl component to facilitate nucleophilic attack by the amino group. In general, 

the activation is achieved by introducing an electron-withdrawing group as a leaving 

group. Several kinds of coupling techniques have been employed, such as acid 

chlorides/acid fluorides, acid azides, anhydride formation, active ester formation, and 

use of activating reagents. 

Preformed symmetric anhydrides are one of the easiest and most effective ways 

to form a peptide bond. Boc amino acid symmetrical anhydrides must be prepared 

immediately before use due to their unstability. In Fmoc solid phase synthesis, Fmoc 

preformed symmetrical anhydrides have poor solubility properties and some residues 

are prone to side reactions, such as racemization of His, 5-lactam formation of Arg, 

and side chain dehydration of Asn and Gln (Fields and Noble, 1989). Only one 

carboxylic acid is incorporated into the peptide chain, while the other is regenerated 

but generally not recovered. The preformed mixed anhydride method was introduced 

as an alternative way. Mixed anhydrides formed with isobutyl chloroformate (Fuller 

et al., 1981) and isopropyl chloroformate (Chen and Benoiton, 1987) appear to be 

especially favorable due to their stability and reduction in the level of racemization. 

But this method is not often used in SPPS because of the possibility of "wrong way 

opening" of the anhydride (Barany et al., 1987). 

Acid chlorides have been utilized in solution synthesis, but have not been 

commonly used in solid phase synthesis because of their instability. The reaction via 
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acid chlorides, however, is excuted rapidly and causes only low level of racemization 

(Fields and Noble, 1989). Recently, Fmoc- and Boc-amino acid fluorides have been 

prepared via cyanuric fluoride and found to be more stable than the corresponding 

acid chlorides. Furthermore, these compounds can be applied in both solution and 

solid phase syntheses with very low levels of racemization (Carpino et al., 1990; 

Carpino et al., 1991). 

Application of ester ammonolysis is another way to form a peptide bond (see 

Fig 3.8). The leaving ability of the ester group is an important concern. The first 

active esters used in SPPS were p-nitrophenyl (ONp) and o-nitrophenyl (ONo) esters 

(Bodanszky et al., 1973). The reaction of these esters was so slow, even in 

conjunction with 1-hydroxybenzotriazole (HOBt), however, that their use in SPPS was 

unsuccessful. N-Hydroxysuccinimide (ONSu) esters of Fmoc amino acids were used 

successfully in SPPS with improvement in reaction rate and with easy removal of 

byproducts (Fields et al., 1988). However, they must be used with care due to the 

reactivity of the succinimide carbonyl toward the amine component (Gross and Bilk, 

1968; Weygand et al., 1968). Pentafluorophenyl (Pfp) esters have often been utilized 

in Boc and Fmoc SPPS, and the addition of HOBt (1 to 2 equiv) accerelates the 

coupling reaction (Atherton et al., 1988; Hudson, 1990); HOBt esters of Boc- and 

Fmoc-amino acids are very reactive (Fields et al., 1989). Esters of 1-hydroxy-7

azabenzotriazole (HOAt) are more potent acylating agent (Carpino, 1993). ODhbt (3

hydroxy-2,3-dihydro-4-oxo-benzotriazine) esters give low levels of racemization 

(Konig and Geiger, 1970). Fmoc amino acid esters of Hpp (1-(4-nitropheny1)-2

pyrazolin-5-one), Pnp (3-phenyl -1-(4-nitropheny1)-2-pyrazolin-5-one), and Npp (3



55 

methyl -1 -(4- nitrophenyl) -2- pyrazoline -5 -one) have recently been developed and show 

great coupling efficiency (Hudson, 1990; Johnson et al., 1992). 

The first coupling reagent introduced in SPPS was dicyclohexylcarbodiimde 

(DCC) (Merrifield, 1963). The major drawback is the generation of an insoluble 

byproduct, dicyclohexylurea (DCU), which encouraged the introduction of a congener, 

diisopropylcarbodiimide (DIC) (Sarantakis et al, 1976) (Fig 3.9). The use of DIC is 

more convenient because it gives a soluble urea byproduct. In some cases, the 

carbodiimide coupling method causes undesired side reactions such as racemization 

and N-acylurea formation (Fig 3.9). The addition of HOBt (KOnig and Geiger, 1970; 

Mojsov et al., 1980) as an auxiliary nucleophile is a remedy for these side reactions 
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Fig 3.8. Active Esters 

Source: Bodanszky, M., Peptide Chemistry, Springer Verlag, Berlin, 1988, 
pp 60-62. 
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because HOBt, a weak acid, helps preserve the chiral integrity, suppressing proton 

abstraction from the chiral carbon, and diminishes the tendency of 0- to N-acyl 

migration (Fig 3.10). As mentioned above, HOAt (1-hydroxy-7-azabenzotriazole) has 

recently been developed as a replacement for HOBt since it shows a significant 

improvement in coupling rate and reduction in racemization (Carpino, 1993) (Fig 

3.11). 
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Fig 3.9. Coupling Mechanism of DIC and 0- to N- Acyl Migration 

Source: Bodanszky, M., Peptide Chemistry, Springer-Verlag, Berlin, 1988, 
pp 64-65. 
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Several promising coupling reagents, such as the phosphonium reagents BOP 

(1-benzotriazolyloxy-tris-dimethylamino-phosphonium hexafluorophosphate) (Castro 

et al. , 1975) and PyBOP (benzotriazolyloxy-tris[pyrrolidino]phosphonium 

hexafluorophosphate) (Coste et al., 1990), and the uronium reagents HBTU and 

TBTU (2-(1H-benzotriazol-1-y1)-1, 1,3 ,3-tetramethyluronium hexafluorophosphate 

and tetraborate salts, respectively) (Knorr et al., 1989), have been introduced. HAPyU 

(0-(7-azabenzotriazol-1-y1)-1 , 1 , 3 ,3-bis(tetramethylene)uroniumhexafluorophosphate) 

(Ehrlich et al. ,1993) and HATU (0-(7-azabenzotriazol-y1)-1 , 1 ,3 ,3- tetramethyluronium 

hexafluorophosphate) (Carpino, 1993) have recently been prepared from HOAt and 

show high efficiency for coupling reactions in addition to good suppression of 

reacemization. Their popularity has increased rapidly due to their powerful acylation 

reactions and easy removal of byproducts. It has been reported, however, that addition 

of excess HBTU and TBTU results in the formation of an undesired Schiff base side 

product (Gausepohl et al., 1992). The reaction mechanism for these reagents is 

proposed to involve mainly formation of the benzotriazolyl active ester through the 

highly reactive acyloxyphosphonium or uronium intermediate (Fig 3.12); their 

coupling efficiency is enhanced by the addtion of HOBt (Hudson, 1988b). The 

intermediate can also take another route to form the benzotriazolyl active ester through 

the symmetrical anhydride when less than 1 equiv of coupling reagent is present. 

Addition of sufficient N-methylmorpholine and HOBt helps this pathway. 

Most recently, the X-ray structures of the uronium salt HBTU and HATU have 

been examined. Surprisingly, the solid-state structures indicate guanidinium N-oxide 

salts, isomers of the uronium salts (Fig 3.11) (Abdelmoty et al., 1994). Further 
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studies are underway of their solution structures and mechaminsm in peptide bond 

formation. 

3.7. Monitoring 

The completion of coupling reactions can be qualitatively and quantitatively 

monitored by colorimetric methods. One of the most widely used is the Kaiser 

ninhydrin test (Kaiser et al., 1970) (Fig 3.13) which is sensitive (the detection limit 

is in the nmole range) and rapid. Except for Pro and some unnatural amino acid 

derivatives, when the N-terminal residue is deprotected, the peptide resin gives an 

intense blue color as a postive response, which results from the reaction of the N "

primary amino group with the dye. On the other hand, the complete coupling of N "

protected amino acid to the growing peptide-resin gives a yellow color as a negative 

reaction. Because this procedure is destructive, the reagent is added to a small aliquot 

of the peptide resin. The ninhydrin test is also useful for quantitative monitoring 

(Sarin et al., 1981). For imino acids (Pro and Hyp) isatin monitoring is preferred 

(Kaiser et al., 1980). 

There are also non-destructive methods available for amine detection such as 

the picric acid (Hodges and Merrifield, 1975), bromophenol blue dye (ICrchnak et al., 

1988), and quinoline yellow dye (Young et al., 1990) methods. In contrast to the 

ninhydrin procedure, the whole batch of resin can be used for monitoring with these 

methods. The picric acid/DIPEA chromophore bound to the free amine can be 

quantitated at 362 nm. Bromophenol blue monitoring gives a yellow color (X 429 
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nm) after complete acylation and dark blue (X nm) after deprotection. 

Quantitative monitoring can be performed at 495 nm for quinoline yellow. 
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Fig 3.13. The Reaction of Ninhydrin with an Amino Acid
 

Source: Bodanszky, M., Peptide Chemistry, Springer-Verlag, Berlin, 1988, p 14.
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CHAPTER 4
 

Comparison of Methods for the Fmoc Solid Phase Synthesis and Cleavage of 

a Peptide Containing Both Tryptophan and Arginine# 

H. Choi and J. V. Aldrich
 

Oregon State University, College of Pharmacy, Corvallis, OR 97331.
 

#As published in Int. J. Peptide Protein Res. 1993, 42, 58-63.
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4.1. Abstract
 

A major side reaction which can occur during the synthesis of Trp-containing 

peptides is modification of the Trp indole by reactive carbonium ion species released 

during acidolytic cleavage. [Asn2,Trp4]Dynorphin A-(1-13), a sequence which is very 

susceptible to Trp modification, was chosen as a model peptide to compare the 

effectiveness of various methods proposed to minimize Trp modification during Fmoc 

solid phase synthesis. The peptide was synthesized with the side chain of Trp 

unprotected and cleaved by Reagent K (82.5% trifluoroacetic acid (TFA)/ 5% phenol/ 

5% water/ 5 % thioanisole/ 2.5% ethanedithiol (EDT)) (King et al., 1990), Reagent 

R (90% TFA/ 5% thioanisole/ 3% EDT/ 2% anisole) (Albericio et al., 1990), TFA 

containing 20% EDT and 4% water (Riniker and Hartmann, 1990), and TFA 

containing trialkylsilane, Me0H, and ethylmethylsulfide (Chan and Bycroft, 1992). 

Cleavage with Reagent K, Reagent R, and TFA containing 20% EDT and 4% water 

yielded similar results; in addition to the desired peptide, the crude product contained 

22-30% of a side product which appeared to result from Trp modification by a Pmc 

group. Cleavage with the trialkylsilane-containing mixture gave the lowest recovery 

of the desired peptide and the highest levels of Pmc-containing peptides. In contrast, 

synthesis of the peptide by Fmoc solid phase synthesis utilizing Fmoc-Trp(Boc) and 

subsequent cleavage with TFA containing 20% EDT and 5% water yielded the desired 

peptide in essentially pure form with < 5% of the Pmc-containing side product. Thus, 

in the Fmoc solid phase synthesis of [Asn2,Trp4]dynorphin A-(1-13) protection of the 

indole nitrogen by Boc was the most effective method for suppressing the modification 
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of Trp by Pmc. This demonstrates the potential for improving the yield and purity of 

peptides containing both Trp and Arg by utilizing Fmoc-Trp(Boc) during the Fmoc 

solid phase synthesis of these peptides. 

Key words: arginine; dynorphin; Fmoc (9-fluorenylmethoxycarbonyl) solid phase 

peptide synthesis; Fmoc-Trp(Boc); tryptophan modification; Pmc (2,2,5,7,8

pentamethylchroman-6-sulfony1). 
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4.2. Abbreviations 

Abbreviations used for amino acids follow the rules of the IUPAC-IUB 

Commission of Biochemical Nomenclature in J. Biol. Chem. 1972, 247, 977-983. All 

amino acids are the L-configuration. Additional abbreviations used are: Boc, t

butyloxycarbonyl; DIC, diisopropylcarbodiimide; DCM, dichloromethane; DMA, 

dimethylacetamide; EDT, 1,2-ethanedithiol; EMS, ethylmethylsulfide; FAB-MS, fast 

atom bombardment mass spectrometry; Fmoc, 9-fluorenylmethoxycarbonyl; HOBt, 

1- hydroxybenzotriazole; HPLC, high performance liquid chromatography; Mtr, 4

methoxy-2,3,6-trimethylbenzenesulfonyl; OPfp, pentafluorophenyl ester; Pmc, 

2,2,5,7,8-pentamethylchroman-6-sulfonyl; TFA, trifluoroacetic acid. 
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4.3. Introduction 

Solid phase peptide synthesis utilizing Fmoc (9-fluorenylmethoxycarbonyl)

amino acids employs an orthogonal protection strategy which permits the use of side-

chain protecting groups and peptide-resin linkages that can be cleaved using the 

relatively weak acid, trifluoroacetic acid (TFA). While this synthetic strategy often 

yields crude peptides of high purity in good yield, certain amino acid residues are 

susceptible to side reactions during the final TFA cleavage, resulting in decreased 

recovery of the desired peptide. The indole moiety of tryptophan is particularly 

susceptible to side reactions, such as oxidation and irreversible alkylation (Bodanszky 

and Martinez, 1983). Cleavage of side-chain protecting groups with TFA generates 

reactive carbonium ions which can readily alkylate tryptophan. Trp can be modified 

during acidic cleavage by t-butyl groups (Lundt et al., 1978), Pmc (2,2,5,7,8

pentamethylchroman-6-sulfonyl) (Harrison et al., 1989) and Mtr (4-methoxy-2,3,6

trimethylbenzenesulfonyl) (Sieber, 1987) protecting groups released from Arg 

residues, and Tmob (2,4,6-trimethoxybenzyl) and Mbh (4,4 '-dimethoxybenzhydryl) 

protecting groups removed from Asn or Gln (Gausepohl et al., 1989). Trp residues 

are also prone to alkylation by ester (Atherton et al., 1988) and amide resin linkages 

(Gesellchen et al., 1990; Albericio et al., 1990). Attempts have been made to 

minimize these side reactions by using various scavengers and scavenger mixtures. 

Reagent K (82.5% TFA/ 5% phenol/ 5% H20/ 5% thioanisole/ 2.5% EDT) (King et 

al., 1990), Reagent R (90% TFA/ 5% thioanisole/ 3% EDT/ 2% anisole) (Albericio 

et al., 1990), and TFA containing 20% EDT and 4% H2O (Riniker and Hartmann, 
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1990) have been advocated as effective cleavage reagents which minimize these side 

reactions. Recently a trialkylsilane along with ethylmethylsulfide (EMS) and methanol 

(Chan and Bycroft, 1992) were reported to be effective scavengers during TFA 

cleavage of a Trp-containing peptide, suggesting that the commonly used EDT could 

be replaced by a trialkylsilane. An alternative way recently described (White, 1992) 

to avoid this side reaction is to protect the indole nucleus of Trp with the Boc 

protecting group during Fmoc solid phase synthesis. This protecting group is 

subsequently removed during the final acidic cleavage. 

Our laboratory is involved in the synthesis of analogues of the opioid peptide 

dynorphin A (Dyn A), which is thought to be an endogenous ligand for kappa opioid 

receptors (Chavkin et al., 1982). As part of our investigation of the structure-activity 

relationships of Dyn A, we synthesized a series of Trp-containing Dyn A-(1-13) 

analogues as potential kappa opioid receptor antagonists (Choi et al., 1992). When 

these peptides were synthesized by solid phase peptide synthesis using Fmoc-amino 

acids and cleaved from the resin using Reagent K, a significant amount of a side 

product was consistently obtained from the cleavage reactions. FAB-MS and other 

evidence suggested that this side product resulted from modification of the tryptophan 

residue by an arginine Pmc protecting group. The close proximity of the Trp residue 

to multiple Arg residues in these sequences (see Fig 4.1) probably contributes to Trp's 

susceptibility to modification by an arginine protecting group. Thus, one of these 

peptides made a logical choice for a model to compare the various methods proposed 

to minimize Trp modification. We chose [Asn2,Trp4]Dyn A-(1-13) as the model 

peptide and synthesized the protected peptide la (Fig 4.1) without protection of the 
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indole of Trp in order to evaluate the effectiveness of the different scavenger mixtures 

described above. The protected peptide lb (Fig 4.1) was also synthesized utilizing 

Fmoc-Trp(Boc) in order to examine the effectiveness of indole protection in 

suppressing Trp modification. The results of these different approaches are compared 

below. 

tBu X Pmc Pmc Pmc Boc Boc 
I I I I I I I 

FmocTyr Asn- Gly- Trp -Leu- Arg -Arg- Ile -Arg- Pro Lys- Leu- LysOResin 

la X = H 

lb X = Boc 

1) piperidine 

2) TFA/scavengers 

Y 
I 

Tyr - Asn- Gly- Trp -Leu- Arg - Arg -Ile -Arg- Pro Lys- Leu -LysOH 

2a Y = H 

2b Y = Pmc 

Fig 4.1. Synthesis of [Asn2,Trp1Dynorphin A-(1-13) 



70 

4.4. Materials and Methods 

4.4.1. Materials 

All Fmoc-protected amino acids were purchased from Sachem, Torrence, CA 

or Millipore, Marlborough, MA. Side chain protecting groups used were Pmc for 

Arg, tBu for Tyr, and Boc for Lys. N,N-Diisopropylethylamine (DIPEA) and 

hydroxymethylphenoxyacetic acid resin (PAC* resin) were also from Millipore. 1

Hydroxybenzotriazole (HOBt) and Fmoc-Trp(Boc) were from Novabiochem USA, San 

Diego, CA. Trifluoroacetic acid (TFA) was obtained from Pierce Chemical Co., 

Rockford, IL, and dimethylacetamide (DMA), diisopropylcarbodiimide (DIC), 

piperidine, anisole, 1,2-ethanedithiol (EDT), and thioanisole were purchased from 

Aldrich Chemical Co., Milwaukee, WI. HPLC-grade solvents (dichloromethane 

(DCM), acetonitrile, and toluene) for synthesis or HPLC analysis were from either 

Burdick & Jackson Inc., Muskegon, MI or Merck. 

The peptides were synthesized on a Biosearch 9500 automated peptide 

synthesizer. Analytical HPLC analysis of the peptides was carried out on a Beckman 

model 431A system consisting of two model 110B pumps, a model 421A controller, 

a model 201A injector, a model 163 detector, and a Waters model 740 data module. 

The HPLC column employed was a Vydac 214 TP C-4 column (4.6 mm x 25 cm, 5 

Am) with a Vydac C-4 214 TP guard cartridge. Purification of peptides was performed 

on a Rainin Dynamax gradient HPLC system with a Dupont Protein Plus 10 Am C-4 

column (21 mm x 25 cm) equipped with a Dynamax C-4 12 Am guard cartridge (21 
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mm x 5 cm). The elution was monitored at 280 nm using an ISCO UA5 absorbance 

detector and fractions were collected by an ISCO Retriever W fraction collector. The 

HPLC analysis and purification were performed with a binary solvent system, where 

solvent A was aqueous 0.1% TFA and solvent B was acetonitrile containing 0.1% 

TFA. For analytical HPLC the peptides were detected at 214 nm and a linear gradient 

of 0% to 60% acetonitrile over 40 min was used at a flow rate of 1.5 mL/min. 

The desired and undesired peptides were characterized and compared by fast 

atom bombardment mass spectrometry, amino acid analysis, and analytical HPLC. 

FAB-MS data were obtained on a Kratos MS5ORF in the Department of Agricultural 

Chemistry at Oregon State University, Corvallis, OR. Amino acid analysis was 

performed on a Beckman System Gold HPLC amino acid analyzer system consisting 

of a model 126AA solvent module, model 235 column heater, model 231 post column 

reactor, model 166 UV detector, and model 506 autosampler. The samples were 

hydrolyzed for 24 h at 110 °C with 6 N hydrochloric acid plus 1% phenol and 1% 

dithiothreitol. These analyses were performed at the Central Services Laboratory, 

Center for Gene Research and Biotechnology, Oregon State University. 

4.4.2. Peptide Synthesis 

The model peptide, [Asn2,Trp1Dyn A-(1-13), was assembled on the 

hydroxymethylphenoxyacetic acid resin (PAC® resin, 1.0 g, 0.4 mmol/g resin 

substitution) as follows: The resin was swollen in DCM/DMA (1:1) for 10 min prior 

to the beginning of the synthesis. The solid phase synthesis cycle started by washing 
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the resin with 4 x 10 mL DCM/DMA (1:1) and removing the Fmoc protecting group 

from Fmoc Lys(Boc) -PAC® support using a 30% piperidine, 35 % toluene, and 35% 

DMA solution, followed by 5 x 10 mL washes of DCM/DMA (1:1). Except for 

Fmoc-Asn, the Fmoc-amino acids (4.0-fold excess in DMA) were coupled to the 

growing peptide chain with an equimolar amount of HOBt and an equal volume of 0.4 

M DIC in DCM for 2 h, followed by 4 x 5 mL DCM/DMA (1:1) washes. Fmoc-Asn 

was coupled to the resin-bound peptide as its pentafluorophenyl ester (0.2 M in DMA, 

4.0-fold excess in the presence of 1.5 equiv of HOBt). After removal of the final 

Fmoc protecting group, the peptide was washed with 10 x 5 mL DCM/DMA (1:1), 

7 x 5 mL DCM, and 4 x 5 mL Me0H and dried in vacuo. 

4.4.3. Cleavage Reactions 

4.4.3.1. Cleavage using Reagent K, Reagent R, and 20% EDT. 

The peptide-resin (100-110 mg) was treated with 5 mL of one of the following 

reagents: 1) Reagent K (82.5% TFA/ 5% phenol/ 5% H20/ 5% thioanisole/ 2.5% 

EDT), 2) Reagent R (90% TFA/ 5% thioanisole/ 3% EDT/ 2% anisole), or 3) a 

mixture of 76% TFA/ 20% EDT/ 4% H2O. After 2 h at room temperature under N21 

the resin was filtered and washed with 2 mL TFA. The filtrate was diluted with 10% 

AcOH 20 mL) and extracted with ether (3 x 30 mL). Lyophilization of the aqueous 

'The reaction vessel was protected from light during the reactions. 
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layers gave the crude peptides. The recoveries of crude peptides obtained from the 

above cleavage reactions were 1) 40 mg, 2) 45 mg, and 3) 30 mg, respectively. 

4.4.3.2.	 Cleavage with Trialkylsilane Containing Reagent. 

The scavenger cocktail of Me0H (1.2 mL), triisopropylsilane (20 AL), and 

ethylmethylsulfide (0.36 mL) was added to the peptide-resin (110 mg). TFA (10.4 

mL) was then added to the cooled mixture, and the cleavage reaction performed under 

N2 at room temperature for 2.5 h. After filtering to remove the resin and washing it 

with 2 mL TFA, the filtrate was concentrated under reduced pressure. The residue 

was dried in vacuo overnight and triturated with cold ether, yielding 47 mg crude 

peptide. 

4.4.3.3.	 Solid Phase Peptide Synthesis with Fmoc- Trp(Boc) and Cleavage of the 
Peptide. 

The model peptide was synthesized by solid phase peptide synthesis (0.5 g 

resin, 0.34 mmol/g resin substitution) as described above using Fmoc-Trp(Boc) 

instead of Fmoc-Trp. The peptide-resin (100 mg) was treated with a mixture of 75% 

TFA/ 20% EDT/ 5% H2O under N2 for 2.5 h at room temperature. After filtering and 

washing it with 2 mL TFA, the filtrate was diluted with 10%AcOH and extracted with 

Et20 as described above following cleavage with Reagent K, to yield 37 mg crude 

peptide. Alternatively, the filtrate was concentrated under reduced pressure and the 

residue dried in vacuo overnight, as described by White (White, 1992). The residue 
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was then dissolved in H2O ( 20 mL), and the solution extracted with Et20 (3 x 30 

mL) and lyophilized to give 35 mg crude peptide. 

4.4.4. Purification 

The crude peptides were purified by preparative reverse phase HPLC 

employing a linear gradient of 0% to 50% solvent B over 50 min at a flow rate of 20 

mL/min. The purity of each fraction was evaluated by analytical reverse phase HPLC 

and pure fractions were lyophilized. 

4.5. Results 

As noted above, a side product was consistently obtained following Fmoc 

synthesis of a series of [Trp4]Dyn A-(1-13) analogues and cleavage by Reagent K 

(Choi et al., 1992). This side product was present in substantial amounts 

(approximately 23% for the synthesis of [Asn2,Trp4]Dyn A-(1-13), Table 4.1), 

significantly reducing the yield of the desired peptides. It eluted later on analytical 

reverse phase HPLC than the desired peptide (19.7 min vs 26 min for [Asn2,Trp4]Dyn 

A-(1-13), 2a, and its side product 2b, respectively, Table 4.2). Following purification 

by preparative HPLC, both peptides were characterized by FAB-MS and the side 

product found to have an M+1 ion of 1966 (Table 4.2), 266 higher than the 

molecular ion of the desired peptide. This molecular weight difference corresponds 

to the weight of the Pmc protecting group. Lenghtening the cleavage reaction with 

Reagent K from 2 h to 4 h did not decrease the relative amount of the side product 
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Table 4.1. Comparison of Methods for Preparation of [Asn2,Trp4]Dyn A-(1-13).* 

method	 crude peptide (mg)b [Asn2,Trp4]Dyn A-(1-13) Pmc-containing peptide 

2a	 2b 

Reagent K (2 h) 40 60.6% 23.0% 
Reagent K (4 h) 49 60.6% 22.0% 
Reagent R 45 65.2% 23.1% 
20% EDT/ 4%H20 30 66.0% 30.3% 
Fmoc-Trp(Boc)c 37 80.4% 4.1 70`1 

a	 The percentages of [Asn2,Trp4]Dyn A-(1-13) 2a and its side product 2b were calculated from the analytical 
HPLC of the crude peptides. The absorbances were converted to relative concentrations using the extinction 
coefficients determined for the pure peptides (40,000 and 61,400 M-1 cm-1 for the desired peptide 2a and 
the Pmc-containing peptide 2b, respectively, at 214 nm). 

b	 Recoveries of crude peptides are from the cleavage of 100-110 mg of peptide-resin. The substitution of the 
starting resin was 0.4 mmol/g resin except where otherwise noted. Details of the cleavage conditions are 
given under Materials and Methods. 
Synthesis of the peptide utilizing Fmoc-Trp(Boc). The resin substitution used in this synthesis was 0.34 
mmol/g resin. 

d	 The peak at 27.7 min amounted to approximately an additional 4.6%. 
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Table 4.2. Characteristics of Desired and Undesired Peptides. 

Peptide HPLC Rta FAB-MS (M+1) 

[Asn2,Trp4]Dyn A-(1-13), 2a 19.7 min 1700 

Pmc-containing peptide, 2b 26.0 min 1966
 

Conditions: Vydac 214 TP C-4 column, 0 to 60% solvent B
 
(AcCN + 0.1% TFA) over 40 min at 1.5 mL/min.
 

(Table 4.1), indicating that the side product was probably not due to incomplete 

cleavage of a Pmc group from one of the Arg side chains. Such a side product had 

not been observed in our previous syntheses of Dyn A analogues lacking a Trp 

residue, suggesting that the Pmc protecting group was attached to the indole of Trp 

(Fig 4.1). 

We then examined other scavenger mixtures proposed to minimize Tip 

modification, using this susceptible sequence as a model. All of the EDT-containing 

scavenger mixtures, Reagent K (King et al., 1990), Reagent R (Albericio et al., 1990) 

and TFA with 20% EDT and 4% H2O (Riniker and Hartmann, 1990), gave similar 

relative amounts of the side product 2b (Fig 4.2 and Table 4.1). Thus these scavenger 

mixtures were not able to completely suppress this side reaction. Cleavage with the 

trialkylsilane-containing scavenger mixture (Chan and Bycroft, 1992) yielded the least 

amount of the desired peptide 2a (17.3%) and resulted in a larger amount of the Pmc

containing side product 2b (55.8%, Fig 4.2d). This cleavage condition also gave a 

third peptide (approximately 21%, based on an extinction coefficient for 

the purified peptide of 75,400 cm'), which eluted from the HPLC later than the 
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other two peptides (31.6 min, Fig 4.2d) and gave a molecular ion of 2232 following 

purification. This molecular ion is 266 m/e higher than the Pmc-containing peptide 

2b, suggesting the presence of a second Pmc group and incomplete deprotection of 

an Arg residue. Given the poor results with this scavenger mixture compared to the 

EDT-containing scavengers, no attempt was made to optimize the cleavage reaction 

conditions with the trialkylsilane scavenger mixture or further characterize the second 

side product. 

Fig 4.2. Analytical HPLC profiles of crude peptides cleaved using a) Reagent K b) 

Reagent R c) TFA containing 20% EDT and 4% H2O and d) a mixture of 87% TFA/ 

10% Me0H/ 3% EMS/ 0.2% triisopropylsilane. e) Analytical HPLC profile of crude 

peptide synthesized using Fmoc-Trp(Boc). Details of the cleavage reactions are given 

under Materials and Methods. 

0 20 40 
min 
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Fig 4.2. (continued) 
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Fig 4.2. (continued) 
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Since the scavenger mixtures previously reported to suppress Trp alkylation 

did not completely suppress modification of [Asn2,Trp4]Dyn A-(1-13) by the Pmc 

protecting group, we used the alternative approach of protecting the indole of Trp with 

the Boc protecting group (White, 1992). [Asn2,Trp4]Dyn A-(1-13) was synthesized in 

an identical fashion as above except that Fmoc- Trp(Boc) was used instead of Fmoc-

Trp (Fig 4.1). The synthesis of [Asn2,Trp4]Dyn A-(1-13) with Boc protection of Trp 

was much more effective at suppressing alkylation of Trp than was the use of 

scavengers following syntheses in which Trp was not protected. Cleavage with TFA 

containing 20% EDT and 5% H2O yielded the desired peptide 2a in essentially pure 

form, with less than 5% of the undesired Pmc-containing peptide 2b and only small 

amounts of other impurities (Fig 4.2e and Table 4.1). Amino acid analysis of the 

peptide following purification gave the expected ratio for Trp (Table 4.3). The method 

used for isolating the crude peptide following treatment with Reagent R, Reagent K 

or TFA with 20% EDT and 4% H2O (dilution of the TFA filtrate with 10% AcOH, 

followed by Et20 extraction) was compared with that used by White to isolate peptides 

following syntheses with Fmoc-Trp(Boc) (initial evaporation of the TFA filtrate, 

followed by isolation of the crude peptide) (White, 1992). No significant differences 

were observed in the yield of crude material (37 mg vs 35 mg) or the ratio of the 

desired to undesired peptide (80.4 %/4.1 % vs 80.7 %/4.2 %, respectively). 
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Table 4.3. Amino Acid Analysis of [Asn2,Trp4]Dyn A-(1-13).° 

Amino Acid	 Found Expected frequency 

Tyr 0.97 1 

Asn 0.99 1 

Gly 1.02 1 

Trp 0.98 1 

Leu 2.05 2 
Arg 3.08 3 

Ile 0.96 1 

Pro 0.99 1 

Lys 2.00 2 

The frequency of amino acid is in parentheses. 
b	 The peptide analyzed was obtained from the synthesis with Fmoc-Trp(Boc). 

Details of the synthesis, cleavage and purification are given under Materials 
and Methods. 

4.6. Conclusions 

In this work we have compared several methods, including a couple of very 

recent approaches, proposed for suppressing Trp modification in Fmoc-based 

syntheses, using the susceptible sequence [Asn2,Trp1Dyn A-(1-13) as a model. While 

the EDT-containing scavengers were capable of preventing alkylation of the Trp 

residue by t-butyl cations generated during the cleavage of the side chain protecting 

groups of Tyr and Lys, they were not able to completely suppress the modification 

of the Trp by a Pmc protecting group from an Arg residue. The recently introduced 

trialkylsilane cleavage mixture proved to be the poorest method examined for 

suppressing this side reaction, resulting in the lowest recovery of the desired peptide. 
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In contrast, protection of the indole ring of Trp with the Boc protecting group was 

very effective at suppressing this side reaction and gave a crude peptide of excellent 

purity in good yield. While the susceptibility of Trp to modification is sequence-

dependent, the results on this susceptible sequence demonstrate the potential for 

improving the yield and purity of peptides containing both Trp and Arg by protecting 

the Trp indole by Boc during Fmoc solid phase synthesis. 
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CHAPTER 5 

Affinity and Opioid Activity of 2-Substituted 

[Trp1Dynorphin A-(1-13) Analogues# 

Heekyung Choi, Thomas F. Murray, Gary E. De Lander, William K. Schmidt+,
 

and Jane V. Aldrich
 

Oregon State University, College of Pharmacy, Corvallis, OR 97331.
 

+DuPont Merck Pharmaceutical Company, Experimental Station,
 

Wilmington, DE 19880.
 

# A preliminary report of these results was presented at the 12th American Peptide 
Symposium, Cambridge, MA, June 16-21, 1991 (Peptides: Chemistry, Structure, and 
Biology (Smith, J. A. & Rivier, J. E. eds.), ESCOM, Leiden, 1992, pp. 134-135). 
(See APPENDIX A.1). 
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5.1. Abstract 

The dynorphin A (Dyn A) analogue [Ala2,Trp4]Dyn A-(1-13) has been reported 

to be a putative opioid antagonist in the guinea pig ileum (GPI) (Lemaire, S. and 

Turcotte, A. Can. J. Physiol. Pharmacol., 1986, 64, 673). We therefore prepared a 

series of [Trp4]Dyn A-(1-13) analogues substituted with various L-amino acids and the 

corresponding D-amino acids at the 2 position in order to examine the structure-

activity relationships for opioid antagonist activity. The peptides were prepared by 

solid phase synthesis on a hydroxymethylphenoxyacetic acid resin using Fmoc

protected amino acids. Isolation of crude peptides from the resin using Reagent K 

(82.5% TFA/ 5% phenol/ 5% H20/ 5% thioanisole/ 2.5% EDT) yielded the desired 

peptides plus a significant amount of alkylated Trp-containing peptides. The opioid 

receptor affinities of the desired peptides were examined in radioligand binding assays 

and opioid activities determined in the GPI assay. The ability of the peptides to 

displace [3il[diprenorphine in guinea pig cerebellar membranes was investigated in the 

absence and the presence of sodium and guanylyl imidodiphosphate (Gpp(NH)p) 

(sodium shift assay). Substantial differences in opioid receptor affinity and potency in 

the GPI were observed depending on the stereochemistry of amino acids at the 2 

position; D-amino acid containing peptides preferentially interacted with /4-receptors 

and were much more potent agonists (IC50's = 0.8 37 nM in the GPI) than their 

corresponding L-amino acid containing peptides (IC50' s > 500 nM in the GPI). 

[Ala2,Trp4]Dyn A-(1-13) showed some selectivity for 14-receptors and exhibited only 

very weak antagonism (a two-fold shift in the dose-response curve of Dyn A-(1
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13)NH2) at 500 nM in the GPI in our assay). A large sodium shift (24-fold) of this 

derivative was comparable to its weak agonism. In opioid receptor subtype (x1, K2, K3) 

binding assays, this analogue exhibited the highest affinity for u,- receptors. In the 

sodium shift assay, D-Ala2 and D-Asn2 substituted [Trp4]Dyn A-(1-13) analogues 

showed similar sodium shifts to that of Dyn A-(1-13) (16 28 fold shift), consistent 

with the results from the GPI. [Asn2,Trp4]- and [Leu2,Trp4]- analogues showed small 

shifts (1.5 3 fold), but no significant antagonist activities were observed in the GPI. 

In vivo analgesic activities of [Ala2,Trp4]-, [Leu2,Trv4] and [D_Len2,irp i4,Dyn A -(1

13) were observed in the mice phenylquinone writhing assay. Only [D-Leu2,Trp4] 

compound showed weak analgesic activity with ED50 of 0.3 AM/mouse. 

Keywords: dynorphin A analogues; opioid receptors; Fmoc (9

fluorenylmethoxycarbonyl) solid phase peptide synthesis; tryptophan modification; 

sodium shift assay. 
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5.2. Abbreviations 

Abbreviations used for amino acids follow the rules of the IUPAC-IUB Joint 

Commission on Biological Nomenclature in Biochem. J. 1984, 219, 345-373. 

Additional abbreviations used are Aib, a-aminoisobutyric acid; Boc, t

butyloxycarbonyl; DAMGO, Tyr-D-Ala-Gly-MePhe-NH(CH)20H; DIC, N,N

diisopropylcarbodiimide; DCM, dichloromethane; DMF, N,N-dimethylformamide; 

DPDPE, cyclo[D-Pen2,D-Penlenkephalin;DSLET, Tyr-D-Ser-Gly-Phe-Leu-Thr-OH; 

EDT, 1,2-ethanedithiol; EKC, ethylketocyclazocine; FAB-MS, fast atom 

bombardment mass spectrometry; Fmoc, 9-fluorenylmethoxycarbonyl; GPI, guinea 

pig ileum; HOBt, 1-hydroxybenzotriazole; HPLC, high performance liquid 

chromatography; NalBzoH, naloxone benzoylhydrazone; OPfp, pentafluorophenyl 

ester; Pmc, 2,2,5,7,8-pentamethykhroman-6-sulfonyl; TFA, trifluoroacetic acid; 

U69 ,593 , (501,7a, 8f1)- (-)-N-methyl-N- (7- (1-pyrrolidiny1)- 1-oxaspiro(4 ,5)dec-8

yl)benzeneacetamide. 
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5.3. Introduction 

Dynorphin A (Dyn A) has been proposed to be an endogenous ligand for K-

opioid receptors because it preferentially interacts with this opioid receptor type 

(Chavkin et al., 1982). The physiological roles of Dyn A are still not well defined, 

however, because of the existence of multiple receptor types (Lord et al., 1977; 

Chang et al., 1979) and of the low selectivity of Dyn A toward K-receptors over 1.1 and 

(3 receptors (Corbett et al., 1982). Therefore, analogues which selectively antagonize 

the actions of Dyn A mediated by K-receptors would be particularly useful tools to 

explore the physiological actions of Dyn A. 

Several Dyn A analogues have been synthesized by modification of the N-

terminus and/or by replacing amino acids in attempts to develop potent K-opioid 

antagonists. N,N-Diallylation of [D- Pro10]Dyn A-(1-11) (Gairin et al., 1988) or Dyn 

A-(1-13) (Lemaire et al., 1990) at the N-terminus has been reported to impart 

antagonist activity to these peptides. These peptides, however, exhibit low selectivity 

for K-receptors and display only weak antagonist activity in the guinea pig ileum (GPI) 

assay. Analogues of these N,N-diallylated peptides containing Aib at positions 2 

and/or 3 also exhibited weak antagonist activity (Gairin et al., 1988; Lemaire et al., 

1990). 

Introduction of D-Trp at positions 2, 3, 4 or 5 in [D-Tre,D-ProliDyn A -(1

11) resulted in compounds with weak antagonist activity against Dyn A in the GPI and 

the rabbit vas deferens (RbVD) (Gairin et al., 1986). The antagonism in the RbVD 

was weaker than in the GPI, and the peptides also antagonized s-receptors in the GPI. 
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These compounds showed poor selectivity for K vs A receptors due to decreased 

affinity for K-receptors (Gairin et al., 1986). 

It has been reported that [A1a2,Trp4]Dyn A-(1-13) behaves as a K-receptor 

antagonist against Dyn A in the GPI (IC, = 44 nM), although it does not appear to 

interact with K-binding sites in displacing [3H]ethylketocyclazocine ([3H]EKC) in 

guinea pig cerebellum (Lemaire and Turcotte, 1986). This analogue was designed 

based on the study of a series of Dyn A-(1-13) analogues in which each amino acid 

in positions 1 through 11 was substituted by Ala (Turcotte et al., 1984). Introduction 

of Ala at position 2 in Dyn A-(1-13) caused a marked decrease in the opioid activity 

in the GPI and mouse vas deferens (MVD) assay, but only a 20-28% reduction in 

opioid receptor affinity was observed, as measured by the inhibition of [3H]EKC 

binding to guinea pig cerebellum membranes (Lemaire and Turcotte, 1986) and by 

inhibition of [3H]etorphine binding to a rat brain preparation (Turcotte et al., 1984). 

[Trp4]Dyn A-(1-13) possessed a similar biological profile as that of [AlalDyn A -(1

13) (Lemaire and Turcotte, 1986). Combination of these two modifications led to the 

synthesis of [Al2,Trp4]Dyn A-(1-13) (Lemaire and Turcotte, 1986). 

We investigated the structure-activity relationships of Dyn A in an effort to 

develop more potent and selective antagonists derived from this peptide. We therefore 

varied the identity and the stereochemistry of the amino acid at position 2, retaining 

the Trp residue at position 4 in Dyn A-(1-13). These modifications could alter the 

conformation of the peptide, in particular the relative orientation of the aromatic 

residues at positions 1 and 4 in the "message" sequence, and thus could affect the type 

of opioid activity observed as well as opioid receptor affinitiy. The synthesized 
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peptides were evaluated for opioid activity in the GPI and their receptor affinities 

determined in radioligand binding assays. The affinity for K-receptor subtypes (K1, K2, 

K3) of [A1a2,Trp4]Dyn A-(1-13) was determined using tritium labled selective ligands 

for each receptor subtype. We also compared the peptides' ability to displace 

[31T]diprenorphine in guinea pig cerebellar membranes in the absence and the presence 

of sodium and guanyl -5 '-y1 imidodiphosphate (Gpp(NH)p) (sodium shift assay) 

(Frances et al., 1985; Gairin et al., 1989). Selected analogues were examined in vivo 

for analgesic and antagonistic activity in the mouse phenylquinone writhing assay. The 

results of these studies are presented below. 

5.4. Materials and Methods 

5.4.1. Materials 

The chemical sources of reagents and solvents for solid phase syntheses and 

for purification of the peptides as well as equipment were the same as in Chapter 4. 

5.4.2. Peptide Synthesis and Purification 

The peptides were assembled on the hydroxymethylphenoxyacetic acid resin 

(PAC® resin, 0.5 g, 0.3 or 0.38 mmol/g resin substitution) using a Biosearch 

automated peptide synthesizer as previously described (Choi and Aldrich, 1993). 

Briefly, after removing the Fmoc protecting group from the Fmoc-Lys(Boc)-PAC® 

support using 30% piperidine in toluene/DMF (1:1), each of the Fmoc-amino acids 
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(4.0-fold excess, 0.4 M in DMF) except for Fmoc-L-Asn were coupled to the growing 

peptide chain with an equimolar amount of HOBt and an equal volume of 0.4 M DIC 

in DCM for 2 h. Fmoc-L-Asn was coupled to the resin-bound peptide as its 

pentafluorophenyl ester (0.2 M in DMF, 4.0-fold excess in the presence of 1.5 equiv 

of HOBt). After synthesis, the dried protected peptide-resins (300 400 mg) were 

treated with 5 mL Reagent K (82.5% TFA/ 5% phenol/ 5% H20/ 5% thioanisole/ 

2.5% EDT) (King et al., 1990) under N2. Following cleavage for 2 h at room 

temperature, the resins were filtered and washed with additional TFA (2 mL). The 

filtrates were diluted with 10% AcOH ( 20 mL), either directly or after 

concentration with N2. The mixtures were then extracted with Et20 (3 x 30 mL) to 

remove scavengers. Lyophilization of the aqueous layers gave the crude peptides. 

The crude peptides were then purified by preparative reverse phase HPLC with 

a Dupont Protein Plus 10 Am C-4 column (21 mm x 25 cm) equipped with a Dynamax 

C-4 12 pm guard cartridge (21 mm x 5 cm), employing a linear gradient of 0% to 

50% solvent B over 100 min at a flow rate of 10 mL/min and detected at 280 nm. 

The solvent system used was aqueous 0.1% TFA for solvent A and acetonitrile 

containing 0.1% TFA for solvent B. The purity of each fraction was evaluated by 

analytical reverse phase HPLC and pure fractions were collected and lyophilized. The 

pure peptides were characterized by analytical HPLC, fast atom bombardment mass 

spectrometry (FAB-MS) and amino acid analysis as described previously (Choi and 

Aldrich, 1993). The characteristics of the pure peptides are shown in Tables 5.1 and 

5.2. 
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5.4.3. Opioid Binding Assays 

The inhibitory effects of the peptides on the binding of [3H]bremazocine were 

determined in guinea pig cerebellum membranes (K) and the inhibition of PHPAMGO 

(A) and [3H]DPDPE (S) was determined in rat forebrain essentially as described 

previously (Story et al., 1992). Briefly, K receptor binding assays were carried out at 

4 °C for 3 h with [3H]bremazocine and guinea pig cerebellar membranes in 20 mM 

HEPES, pH 7.4. Each assay tube also contained 100 nM DAMGO and 100 nM 

bestatin, and nonspecific binding was determined in the presence of 10 AM Dyn A -(1

13) NH2. The [3H]DAMGO and rlipPDPE binding assays were performed at 4 °C 

for 5 h with rat forebrains prepared in 50 mM Tris, pH 7.7. Each assay tube also 

contained bestatin, captopril, and L-leucyl-L-leucine at final concentrations of 10, 30, 

and 50 AM, respectively. Nonspecific binding was determined in the presence of 10 

levorphanol for the [H]DAMGO binding assay and in the presence of 10 tt/v1 

unlabeled DPDPE for the [311] DPDPE binding assay. Equilibrium inhibition constants 

(Ki) were calculated from the Cheng and Prusoff s equation (Cheng and Prusoff, 

1973), using 0.0549, 0.314, and 7.63 nM for the KD values of tritiated bremazocine, 

DAMGO, and DPDPE, respectively. 

5.4.4. Assays for K Receptor Subtype Affinity 

[A1e,Trp1Dyn A-(1-13) was also evaluated for affinity for K-receptor subtypes 

by Stanford Research Institute (NIDA contract #271-89-8159) according to standard 

procedures: the brains from Hartley guinea pigs were homogenized in 50 mM Tris 
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HC1, buffer pH 7.7 (25 mL /brain) using a Polytron and the homogenate centrifuged 

at 40,000 x g for 15 min, rehomogenized and centrifuged. The final pellet was 

resuspended in Tris HC1, pH 7.7, at a final concentration of 6.67 mg original wet 

weight of tissue per mL, except for tissues prepared for [3H]NalBzoH (naloxone 

benzoylhydrazone) binding which were resuspended in buffer containing 5 mM 

EDTA. The following radioligands ( -1 nM) were used to label the specific receptor 

binding sites: [3H]U69,593 (K,), [3H]bremazocine in the presence of 100 nM 

DAMGO, DSLET and U69,593 (K2), and [3H]NalBzoH in the presence of 100 nM 

U69,593 (K3). The guinea pig brain suspension (1.8 mL) was incubated in 50 mM Tris 

HC1, pH 7.7, for 1 h at 25 °C with 100 AL of radioligand and 100 AL of test 

compound (10-5 10-11 M). Nonspecific binding was determined in the presence of 1 

AM of unlabelled U69,593 for K1 assays and 10 tat' bremazocine and NalBzoH for the 

K2 and K3 assays, respectively. Each tube contained a peptidase inhibitor cocktail (6.25 

µg /mL bacitracin, 10 AM bestatin, and 0.3µM thiorphan). The suspensions were then 

filtered through glass fiber filters on a 48-well Brandel cell harvester and the filters 

washed with 3 x 3 mL of buffer. Filters were incubated overnight with 5 mL of 

scintillation cocktail before counting. The Ki values were determined using the Cheng 

and Prusoff s equation (Cheng and Prusoff, 1973). The KD values were obtained by 

computer analysis of detailed self-inhibition curves for each of the labelled ligands 

(L), using the curve-fitting program LIGAND. 



93 

5.4.5. Sodium Shift Assays 

Guinea pig cerebellar membranes were prepared as previously described (Story 

et al., 1992), except that 50 mM Tris, pH 7.4, was used as the buffer. Equilibrium 

binding experiments were performed at 25 °C for 60 min with peptidase inhibitors (10 

AM bestatin and 1 mM Leu-Leu) using a final PH]diprenorphine concentration of 0.3 

nM in either the absence or presence of 120 mM NaC1 and 50 ihM guanyl -5 '-y1 

imidodiphosphate (Gpp(NH)p), as reported by Gairin et al (Gairin et al., 1989). Final 

incubation volume was 1 mL, and each assay tube also contained 100 nM DAMGO. 

Nonspecific binding was determined in the presence of 1 tiM Dyn A-(1-13)NH2. The 

reaction was terminated by rapid filtration over glass filters (Whatman GF/B) using 

a Brandel M24-R Cell Harvester; the filters were presoaked for 2 h in 0.5% 

polyethyleneimine to decrease nonspecific filter binding. The filter disks were then 

placed in minivials with 4 mL Cytocint (ICN Radiochemicals) and allowed to elute 

for 6 h before counting in a Beckman LS6800 scintillation counter. 

5.4.6. Guinea Pig Ileum Assays 

The peptides were evaluated for opioid activity and for antagonist activity 

against Dyn A-(1-13)NH2 in the electrically stimulated muscle of the guinea pig ileum 

as described previously (Story et al., 1992) except that 100 nM bestatin (200 AL) and 

3 nM thiorphan (200 AL) were added to each bath 6 min prior to the addition of the 

tested peptides in order to inhibit peptidases (McKnight et al., 1983). Agonist activity 

was measured as the percent inhibition of the twitch and ICso values were determined 
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from cumulative dose-response curves. In order to examine antagonist activity, the 

tested peptides were applied to the bath in the presence of peptidase inhibitors 10 min 

prior to the addition of Dyn A-(1-13)NH2. Naloxone antagonism (naloxone pA2) 

against D-amino acid containing peptides was measured in a similar fashion. Various 

concentrations of naloxone were incubated in the bath for 20 min before 

redetermination of the IC50 of D-amino acid containing derivatives. All Schild analyses 

(Schild, 1947) were performed using a cumputerized pharmacologic data analysis 

system (Tallarida and Murray, 1987) with the slope constrained to -1. 

5.4.7. In Vivo Analgesic and Antagonism Tests 

Male CF1 mice (Charles River Breeding Laboratories, Wilmington, MA), 

weighing 18 22 g at the time of testing, were housed a minimum of 6 days under 

carefully controlled enviromental conditions (22.2 ± 1.1 °C; 50% average humidity; 

12 h lighting cycle/ 24 h). Mice were fasted overnight (16 22 h) prior to testing 

(unfasted mice were used for antagonist activity determinations). For observation of 

writhing responses, mice were placed in individual clear plastic cages (13 cm long x 

9 cm wide x 12.5 cm deep) with hinged clear plastic lids and wire screen bottoms 

arranged in units of 30 on a 20° incline. Randomized and coded doses of test 

compounds were administered by intracerebroventricular (i.c.v.) injection in a volume 

of 5 AL/mouse. Observation times represent the period from drug administration to 

the start of the observation period; the phenylquinone challenge dose (1.25 mg/kg i.p. 

phenyl-p-benzoquinone) was injected in a volume of 0.25 mL/20 g at 5 min prior to 
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the specified observation time. The concentration of phenylquinone solution was 0.1 

mg/mL in 5% aqueous ethanol. For scoring purposes a "writhe" was indicated by 

whole body stretching or full contraction of the abdomen. Mice were observed for 10 

min for the presence or absence of the characteristic abdominal contraction and 

stretching response, beginning 5 min after the phenylquinone injection. Analgesia was 

indicated by a complete blockade of the writhing response. Greater than 95% of the 

control (vehicle-treated) mice are expected to exhibit a writhing response. Analgesic 

activity was calculated as the percentage of mice failing to respond to the 

phenylquinone challenge dose. ED50's were determined by the moving averages 

method (Thompson, 1947) and statistical significance determined by Chi-square 

analysis. 

5.5. Results 

5.5.1. Peptide Synthesis 

The [Trp1Dyn A-(1-13) analogues were prepared on a 

hydroxymethylphenoxyacetic acid (PAC ®) resin by solid-phase synthesis using DIC 

as the coupling reagent for all amino acids except Fmoc-L-Asn. Fmoc-L-Asn was 

incorporated into the growing peptide chain as its pentafluorophenyl active ester in the 

presence of HOBt in order to avoid possible formation of the nitrile. In the case of 

Fmoc-D-Asn, coupling with DIC in the presence of HOBt did not cause the 

dehydration side reaction. The side chains of Arg, Lys, and Tyr were protected by 
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Pmc, Boc, and tBu groups, respectively. 

Following cleavage of peptide-supports using Reagent K (King et al., 1990), 

two major peaks were observed by analytical reverse phase HPLC from all of the 

crude peptides. Both peaks were characterized by reverse phase HPLC and FAB-MS 

following purification (Table 5.1). The desired peptides, with the expected molecular 

weight, eluted first on HPLC. The side products, which eluted later on HPLC, had 

M+1 ions 266 higher than that of the desired peptides, a weight which corresponds 

to the Pmc protecting group. It was determined that the side products resulted from 

modification of the indole residue of Trp by a Pmc group. Extensive studies of 

cleavage conditions and of solid phase synthesis using Fmoc-Trp(Boc) were performed 

in order to identify conditions which minimize this side reaction (Choi and Aldrich, 

1993). Recently, it has been reported that the Tip modification by Pmc group is 

highly dependent upon spacial distance (Stierandova et al., 1994). In particular, when 

Tip and Arg are separated by one amino acid, as in our case, this modification is the 

most likely and cannot be completely suppressed by various scavenger mixtures. The 

side products amounted to 23 27% of the total peptide obtained, based on the results 

from analytical HPLC of crude peptide and extinction coefficients of the purified 

peptides. The desired peptides gave the expected ratios of amino acids by amino acid 

analysis (Table 5.2). 



Table 5.1. Characterization of [Trp4]Dyn A-(1-13) Analogues and Irp Modified Side Products. 

JX2.Trp4JDyn A-(1-13) PC2.Trp(Pmc)41Dyn A-(1-13) 

Peptide HPLC It,' FAB-MS (M+1) HPLC IV FAB-MS (M+1) 

[Ala2,TrADyn A-(1-13) 20.7 1657 25.9 1923 

[Asn2,Trp4] " 19.6 1700 26.0 1966 

[Leu2,Trp4] " 16.9 1699 29.8 1965 

[D-Ala2,Trp4] " 21.2 1657 27.3 1923 

[D-Asn2,Trp4] " 20.3 1700 24.5 1966 

[D-Leu2,Trp4] " 23.5 1699 30.3 1965 

. Vydac C-4 214TP column (4.6 mm x 25 cm, 5 Am) plus a Vydac C-4 214TP guard cartridge, 
0 to 60% solvent B (AcCN + 0.1% TFA) over 40 min at 1.5 mL/min detected at 214 nM. 



Table 5.2. Amino Acid Analysis of [Trp4]Dyn A-(1-13) Analogues' 

Peptide Tyr(1) Gly(1) Trp(1) Leu(2) Arg(3) Ile(1) Pro(1) Lys(2) Ala(1) Asx(1) 

[Ale,TrplDyn A-(1-13) 1.04 0.99 0.94 2.03 3.07 0.94 0.97 2.01 1.01 

[Asn2,Trp4] " 1.02 1.01 0.81 2.08 3.14 0.96 0.91 2.05 1.00 

[Leu2,Trp4] " 1.02 1.01 0.80 3.05(3) 3.13 0.92 1.05 2.02 

[D-A1a2,Trp4] " 1.02 1.00 0.91 2.02 3.07 0.91 1.08 1.99 1.01 

[D-Asn2,Trp4] " 1.03 1.02 0.99 2.02 3.10 0.91 0.93 2.01 0.99 

[D-Leu2,Trp4] " 1.01 1.00 0.91 3.03(3) 3.10 0.90 1.04 2.04 

The expected frequency of the amino acid is given in parentheses. 
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5.5.2. Pharmacological Assays 

The synthesized peptides were evaluated for opioid receptor affinities using 

radioligand binding assays (Table 5.3). The assay for K-opioid receptors used guinea 

pig cerebellum since about 80% of the opioid receptors in this tissue are K-binding 

sites (Robson et al., 1984). Rat forebrain membranes were used to measure A and (5 

receptor binding affinity. The ability of the analogues to displace [3H]diprenorphine 

from guinea pig cerebellum was compared in the absence and presence of sodium ion 

and Gpp(NH)p (sodium shift assay, Table 5.4) as a means to assess which compounds 

warrented further study as possible antagonists. Agonist and antagonist activities were 

determined using the guinea pig ileum (GPI) assay (Table 5.5). Degradation of the 

peptides was minimized by addition of peptidases inhibitors during the biological 

assays. 

All of the Trp-containing peptides showed lower affinity for ic- receptors than 

the parent peptide Dyn A-(1-13), with only [D- Asn2,Trp4]Dyn A-(1-13) exhibiting 

subnanomolar affinity for these receptors. The lead compound, [Ala2,Trp4]Dyn A -(1

13), which was previously reported to be inactive at inhibiting the binding of rH]EKC 

to guinea pig cerebellar membranes (Lemaire and Turcotte, 1986), competed for the 

binding of [3H]bremazocine in this tissue preparation in our assay. Its affinity for K-

receptors, however, was one of the lowest among the compounds tested and it 

preferentially interacted with ki-opioid receptors. In binding assays for opioid receptor 

subtypes, [Ale,Tre]Dyn A-(1-13) showed the highest affinity for K,-receptors (Kt (KJ/ 

K2 (IC50)/ IC3 (K) = 18.2/ 840/ 121 nM). In these assays Dyn A-(1-13) also 



Table 5.3. Opioid Receptor Binding Affinity of [Trp4]Dyn A-(1-13) Analogues.' 

nM) Ki Ratio' 
Peptide [3H]bremazocine [3H]DAMGO [1-1]DPDPE x/µ /6 

Dyn A-(1-13) 0.034 ± 0.003 0.193 ± 0.02 2.52 ± 0.6 1/ 5.7/ 74 

[Ala2,Trp1Dyn A-(1-13) 24.2 ± 1.5 2.58 ± 0.2 136 ± 30 10/ 1/ 52 

[Asn2,Trp4]- " 11.5 ± 1.5 17.1 ± 1.1 159 ± 23 1/ 1.5/ 14 

[Leu2,Trp4]- " 15.6 ± 2.2 84.0 ± 6.0 1372 ± 140 1/ 5.4/ 88 

[D-Ala2,Trp4]- " 5.18 ± 0.2 0.15 ± 0.01 8.39 ± 2.5 35/ 1/ 56 

[D-Asn2,Trp4]- " 0.19 ± 0.03 0.04 ± 0.004 1.73 ± 0.4 4.8 / 1/ 43 

[D-Leu2,Trp4]- " 29.3 ± 1.6 0.31 ± 0.2 306 ± 76 96/ 1/ 1,000 

a See experimental section for details of the assays. 
b Ratio of Ki's where the lowest Ki is used in the denominator. 

§
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preferentially bound to the K1 receptor subtype (K1 (KY K2 KO/ K3 (KJ = 0.4/ 43.2/ 

5.2 nM). 

Substantial differences in opioid receptor affinity were observed depending 

upon the stereochemistry of the amino acid at position 2 (Table 5.3). In general, 

introduction of an L-amino acid caused a large decrease in affinity (more than 50-fold) 

for all three receptor types. The D-amino acid containing peptides showed varying 

affinities for K and 6 receptors, but these analogues consistently displayed high affinity 

forµ receptors. Among the compounds prepared, [D-Asn2,Trp4]Dyn A-(1-13) 

exhibited the highest affinity for all three receptor types. For the Ala2/D-Ala2 and 

Asn2/D-Asn2 pairs, the compounds containing an L-amino acid at 2 position had lower 

affinity for K receptors than the corresponding D-amino acid-substituted analogues. In 

contrast, the Leu2 analogue showed higher affinity for K-receptor than did the D-Leu2 

peptide. Substitution with L-amino acids at position 2 also significantly attenuated the 

peptides' affinity for 6 receptors. The effect of a D-amino acid at position 2 on 6

opioid receptor affinity varied markedly depending upon the amino acid. 

The differences in opioid receptor affinities between the analogues resulted in 

substantial differences in opioid receptor selectivity. [Trp4]Dyn A-(1-13) analogues 

containing D-amino acids at position 2 exhibited A-receptor selectivity due to their 

decreased affinities for K-receptors. [D-Leu2,Trp4]Dyn A-(1-13) exhibited the greatest 

A-receptor selectivity among the tested compounds, with a 96-fold greater affinity for 

over K receptors. Similar results were obtained for Dyn A-(1-13)NH2 analogues 

containing D-amino acids at position 2 (Story et al., 1992). Of the compounds tested 

only [Leu2,Trp4]Dyn A-(1-13) exhibited K-receptor selectivity comparable to that of 
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Dyn A-(1-13). The lead compound [Ale,TrpiDyn A-(1-13) showed significant 12

receptor selectivity, since the affinity of this peptide for A receptors decreased much 

less than that of other L-amino acid containing derivatives. [Asn2,Trp4]Dyn A-(1-13) 

did not discriminate between K- and A-opioid receptors. All of the analogues possessed 

some preference for K- over 6-opioid receptors, but the relative selectivity varied 

markedly from marginal (K/a ratio of 1/1.6 for D-Ala2) to good selectivity (1/88 

for Leu2). 

In the [3H]diprenorphine binding assay (Table 5.4), the presence of sodium and 

Gpp(NH)p caused a 24-fold increase (`sodium shift') in the IC50 of the parent peptide, 

Dyn A-(1-13), while the affinity of the antagonist naloxone was not shifted in the 

presence of these two effectors. [D-Ali,Trpl- and [D- Asn2,Trp4]Dyn A-(1-13) 

showed large sodium shifts similar to that of the parent peptide, which is consistent 

with the agonist activity observed for these peptides in the GPI assay. The binding of 

[D-Leu2,Trp4]Dyn A-(1-13) exhibited the smallest (3.9-fold) shift in the presence of 

sodium and Gpp(NH)p among the D-amino acid containing compounds, which was 

surprising since this analogue was a moderately potent agonist in the GPI. On the 

other hand, [Ala2,Trp1Dyn A-(1-13) showed a large (24-fold) shift in the IC50, which 

was not expected given its reported antagonist activity. The other two L-amino acid 

substituted derivatives exhibited low IC50 ratios. 

The stereochemistry of the amino acid at position 2 also affected the agonist 

activity observed in the GPI (Table 5.5). L-Amino acid containing peptides displayed 

very weak opioid activity, while D-amino acid containing analogues exhibited good 

to moderate agonist activity. From our earlier study, similar results were observed 



Table 5.4. Effects of 120 mM NaC1 + 50 AM Gpp(NH)p on Binding of [Trp4]Dyn A-(1-13) 
Analogues to K Receptors Labeled by [3H]Diprenorphine. 

1Cio (nM) Ratio 
Peptide 120 mM NaC1 + 50 AM Gpp(NH)p' 

(-) (+) 
IC50(+)/IC50(-) 

Dyn A-(1-13) 0.23 ± 0.003 5.45 ± 0.11 23.7 

Naloxone 15.8 ± 1.30 10.4 ± 0.5 0.66 

[A1W,Trp1Dyn A-(1-13) 24.1 ± 2.54 574 ± 9.0 23.8 

[Asn2,Trpl " 86.4 ± 0.66 277 ± 3.9 3.21 

[Leu2,Trpl " 375 ± 2.5 542 ± 7.1 1.44 

[D-Ala2,Trp4] " 8.73 ± 0.10 143 ± 1.9 16.4 

[D-Asn2,Trpl- " 0.92 ± 0.28 26.2 ± 0.01 28.6 

[D-Leu2,Trpl- " 50.1 ± 0.3 199 ± 1.7 3.97 

a ( - ) indicates in the absence of 120 mM NaC1 + 50 AM Gpp(NH)p and 
(+) indicates in the presence of 120 mM NaC1 + 50 AM Gpp(NH)p. 
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Table 5.5. Opioid Activity of [Trp4]Dyn A-(1-13) Analogues in the Guinea Pig Ileum.' 

Peptide IC50 (nM) Naloxone pA2b 

Dyn A-(1-13)NH2 0.25 (0.12 - 0.57)c 7.65 (7.47 7.83) 

[Ale,TrpiDyn A-(1-13) 608 (279 - 1,346) 

[Asn2,Trp4]- " >3,000 

[Leu2,Trp4]- " > 10,000 

14.9 (5.84 - 77.6) 8.21 (7.54 8.89) 

[D-Asre,Trpl- " 0.67 (0.22 3.91) 7.89 (7.60 8.38) 

[D- Leu2,Trp4]- " 36.6 (26.0 52.0) 7.95 (7.32 8.58) 

a See experimental section for details of the assay. 
b The pA2 value for morphine was 8.2 (7.9 8.5). 
C Ninety-five percent confidence intervals are given in parentheses. 

upon modification of the 2 position in Dyn A-(1-13)NH2 (Story et al., 1992). Among 

the L-amino acid containing peptides, only the [Ala2,Trp4] compound showed 

appreciable opioid activity. P-Asn2,Trp1Dyn A-(1-13), which showed the highest 

affinity for opioid receptors among the compounds prepared, was the most potent 

analogue in the GPI. High pA2 values for antagonism by naloxone against the D-

amino acid containing peptides were consistent with their p.-receptor selectivity 

observed in the radioligand binding assays. 

[Ala2,Trp1Dyn A-(1-13) and the other two L-amino acid containing 

derivatives were tested for antagonist activity against Dyn A-(1-13)NH2 and morphine 

in the GPI. [Ala2,Trp1Dyn A-(1-13) exhibited very weak antagonism, causing only 

a two-fold shift in the dose-response curve of Dyn A-(1-13)NH2 to the right at doses 
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up to 500 nM. This is much weaker antagonism than was observed by Lemaire and 

Turcotte (Lemaire and Turcotte, 1986), who reported a I( of 44 nM for this 

compound in the GPI. No significant shift was observed in the dose-response curve 

of morphine by the [Ala2,Trp4] analogue at doses up to 500 nM. The other L-amino 

acid substituted derivatives did not show a shift of Dyn A-(1-13)NH2 or morphine 

dose-response curves at concentrations up to 1 AM. 

[Len2,Trp4]_, and [D_Len2,-- 4,Selected analogues, [Ala2,Trp4] -, i rp ]Dyn A-(1 -13), 

were investigated for in vivo analgesic or antagonistic effects in the mouse 

phenylquinone writhing assay. Only [D- Leu2,Trp4]Dyn A-(1-13) exhibited analgesic 

activity, with an ED50 of 0.3 µg /mouse, while the others were inactive at doses up to 

10 pg per mouse. Antagonist activity of the two L-amino acid containing compounds 

was examined against 0.1 µg /mouse of [D-AlaiDyn A-(1-13)NH2, but neither of these 

peptides produced significant antagonist activity at doses of 10 and 50 µg /mouse. 

5.6. Conclusions 

The stereochemistry of the amino acid at position 2 in these Dyn A analogues 

plays an important role in opioid receptor affinity and agonist activity in the GPI. 

None of the [Trp4]Dyn A-(1-13) analogues showed binding affinity as great as Dyn 

A-(1-13) at K-receptors, and only [Leu2,Trp4]Dyn A-(1-13) retained ic- receptor 

selectivity similar to that of Dyn A-(1-13). The analogues containing a D-amino acid 

at position 2 preferentially interacted with A-receptors and showed potent agonist 

activity in the GPI. [Ala2,Trp4]Dyn A-(1-13) also showed some selectivity for A
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receptors because of higher A receptor affinity compared to other L-amino acid 

containing derivatives. This analogue displayed a large sodium shift (24-fold) 

consistent with the full agonist activity observed in the GPI. This compound exhibited 

only weak antagonism against Dyn A-(1-13)NH2 in the GPI, in contrast to the results 

reported by Lemaire and Turcotte (Lemaire and Turcotte, 1986); no antagonist activity 

was observed for this analogue against morphine by either our group or Lemaire and 

Turcotte. The unusual biological profiles of [Ala2,Trp4] reported by Lemaire and 

Turcotte cannot be explained by K receptor subtypes: the relative affinity of 

[Ala2,Trp/ for K subtypes (K1> K3> K2) is similar to the pattern for Dyn A-(1-13), 

although the affinities at each subtype are lower by 20 50-fold. Antagonist activity 

of other L-amino acid containing peptides could not be demonstrated in the GPI, 

although the two compounds showed promising results from sodium shift assays and 

no agonism was observed in the GPI. Among Ali, Let'', and D-Leu2 analogues, only 

[D-Leu2,Trp1Dyn A-(1-13) showed analgesic activity (ED50 = 0.3 µg /mouse) in the 

mouse phenylquinone writhing assay, and neither of the other two analogues exhibited 

antagonist activity against 0.1 µg /mouse of [D-Ali]Dyn A-(1-13)N112. 

A consequence of these modifications of the "message" sequence in Dyn A 

may be alteration of the conformation of the peptide, in particular the relative 

orientation of the important aromatic residues in positions 1 and 4, resulting in 

significant changes in opioid receptor affinity and opioid activity. 



107 

CHAPTER 6 

Synthesis and Opioid Activity of [D-ProilDynorphin A-(1-11)
 

Analogues with N-Terminal Alkyl Substitution#
 

Heekyung Choi, Thomas F. Murray, Gary E. De Lander, William K. Schmidt+
 

and Jane V. Aldrich'
 

Oregon State University, College of Pharmacy, Corvallis, OR 97331.
 

+Dupont Merck Pharmaceutical Company, Experimental Station,
 

Wilmington, DE 19880.
 

#Part of these results was presented at the 203rd American Chemical Society National 
Meeting, San Francisco, CA, April 5-10, 1992, MEDI #73 and communicated in H. 
Choi, T. F. Murray, G. E. DeLander, V. Caldwell, and J. V. Aldrich, J. Med. 
Chem. 1992, 35, 4638-4639 (See APPENDIX A.2). 
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6.1. Abstract
 

N,N-Diallyl[D-Prondynorphin A-(1-11) was reported to be a weak antagonist 

at K-opioid receptors (Gairin et al., Br. J. Pharmacol., 1988, 95, 1023). We therefore 

synthesized various N-terminal di- and mono-alkylated [D-Prondynorphin A-(1-11) 

analogues with N,N-diallylp-PronDyn A-(1-11) as the lead compound in order to 

explore whether the second alkyl group was required for antagonist activity. N,N-

Dialkyl and N-monoalkyl (alkyl = allyl, cyclopropylmethyl (CPM), and benzyl) 

substituted tyrosine derivatives were prepared from tyrosine t-butyl ester and the 

corresponding alkyl halides. The [D-PronDyn A-(2-11) sequence was prepared by 

solid phase synthesis using Fmoc-protected amino acids and the tyrosine derivatives 

were then coupled to the peptide chain with BOP ((benzotriazolyloxy)tris 

(dimethylamino)phosphonium hexafluorophosphate) reagent. Following cleavage from 

the resin and purification, the peptides were examined in radioligand binding assays 

and in the guinea pig ileum (GPI) assay. The ability of the peptides to inhibit 

[3Il]diprenorphine binding in guinea pig cerebellar membranes was investigated in the 

absence and the presence of sodium and guanylyl imidodiphosphate (Gpp(MH)p) 

(sodium shift assay). All N-monoalkyl substituted derivatives exhibited better affinity 

< 0.05 nM) and greatly enhanced selectivity (IC; ratio (K/A) > 200) for K-

receptors in the binding assays than N,N-diallylp-PronDyn A-(1-11), indicating that 

the introduction of the second alkyl group at the N-terminus lowered K-receptor 

affinity and selectivity. Of the N,N-dialkyl derivatives the N,N-dibenzyl compound 

showed appreciable opioid agonist activity in the GPI assay and the other two N,N
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disubstituted derivatives had negligible agonist activity. No agonist activity was 

observed for N,N- diallyl and N,N-diCPM derivatives in the mouse vas deferens 

(MVD) preparation. The N,N- diallyl derivative showed weak antagonist activity 

against Dyn A-(1-13)NH2, causing a 5-fold rightward shift of the dose-response curve 

of Dyn A-(1-13)NH2 at 10 M. The N-allyl and N-CPM analogues were moderately 

potent agonists, consistent with the results obtained from the sodium shift assay. The 

N-benzyl derivative was a very weak agonist, but no significant antagonist activity was 

detected at doses up to 1 AM against Dyn A-(1-13)NH2 in the GPI. In the MVD, this 

derivative caused minimal agonism at doses up to 2 AM. The N-monoalkylated 

peptides are the most K-selective opioid peptides reported to date, showing comparable 

or greater selectivity and higher affinity than those of the K-selective non-peptide 

agonists U-50,488 and U-69,593. Thus, these peptides should be useful tools for 

future studies of K receptors. 

Keywords: dynorphin A; opioid receptors; Fmoc (9-fluorenylmethoxycarbonyl) solid 

phase peptide synthsis; sodium shift assay. 
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6.2. Abbreviations 

Abbreviations used for amino acids follow the rules of the IUPAC-IUB Joint 

Commission of Biochemical Nomenclature in Biochem. J. 1984, 219, 345-373. 

Additional abbreviations used are: Boc, t-butyloxycarbonyl; BOP, 

(benzotriazolyloxy)tris (dimethylamino)phosphonium hexafluorophosphate; CPM, 

cyclopropylmethyl; DAMGO, Tyr-D-Ala-Gly-MePhe-NH(CH2)20H; DIC, 

diisopropylcarbodiimide; DCM, dichloromethane; DMA, N,N-dimethylacetamide; 

DMF, N,N-dimethylformamide; EKC, ethylketocyclazocine; FAB-MS, fast atom 

bombardment mass spectrometry; Fmoc, 9-fluorenylmethoxycarbonyl; GPI, guinea 

pig ileum; HOBt, 1-hydroxybenzotriazole; HPLC, high performance liquid 

chromatography; MVD, mouse vas deferens; NalBzoH, naloxone benzoylhydrazone; 

Pmc, 2,2,5,7,8-pentamethylchroman-6-sulfonyl; TFA, trifluoroacetic acid. 
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6.3. Introduction 

Although dynorphin A (Dyn A) has been postulated to be an endogenous opioid 

ligand for K-opioid receptors (Chavkin et al., 1982), it has been difficult to elucidate 

the physiological roles of Dyn A mediated by K-receptors because of the existence of 

multiple opioid receptor types (Lord et al., 1977; Chang et al., 1979) and the 

peptide's low selectivity for K receptors (Corbett et al., 1982). Numerous structure-

activity studies involving modification of Dyn A-(1-13) have been devoted to the 

development of potent and more selective derivatives in order to elicit the 

pharmacological mechanisms at K-receptors. Experimental evidence has suggested that 

the N-terminal tetrapeptide fragment, referred to as the "message" sequence, is 

responsible for opioid activity and that the N-terminal tyrosine residue is essential for 

opioid activity and binding to opioid receptors. The C-terminal extension ("address" 

sequence) then directs the peptide to a specific receptor type, namely K-opioid 

receptors ( Chavkin and Goldstein, 1982). 

Recently, N-terminal alkylation of the tyrosine residue in Dyn A has been 

examined in a search for selective antagonists, based on the fact that substitution of 

the N-methyl group of the piperidine ring in morphine by an N-allyl or N

cyclopropylmethyl group can impart antagonist activity to the classical alkaloid opiates 

(e.g. naloxone and naltrexone). Previously, this modification has been successfully 

applied to [Leu]enkaphalin (Enk) analogues. N,N- Diallyl substitution of [Leu]Enk 

resulted in a selective 6-antagonist (Shaw et al., 1982), while the introduction of a 

single allyl group at the N-terminus of [D-A14MetlEnk yielded only a mixed 
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agonist/antagonist (Pert et al., 1977). Na-Acetylation on Tyr residue in Dyn A-(1-11) 

markedly decreased opioid activity in the guinea pig ileum (GPI) assay, but no 

antagonist activity was observed (Kawasaki et al., 1993b). It has been reported that 

introduction of N,N- diallyl tyrosine at position 1 of [D-ProilDyn A-(1-11) (Gairin et 

al., 1988) and Dyn A-(1-13) (Lemaire et al., 1990) imparted antagonist properties to 

these peptides. N,N-Diallylation of both peptides, however, led to decreases in binding 

affinity and selectivity for K-opioid receptors and resulted in analogues which showed 

only weak antagonist activity in the GPI. N,N-Diallyl[D-PronDyn A-(1-11) was 

reported to be devoid of agonist activity, whereas N,N-diallyl-Dyn A-(1-13) still 

possessed full intrinsic agonist activity in the GPI (Gairin et al., 1988; Lemaire et al., 

1990). The presence of D-Pro at position 10 in Dyn A-(1-11) resulted in enhanced K-

receptor selectivity and potency compared to Dyn A-(1-11) (Gairin et al., 1985). We 

therefore chose N,N-diallyl[D-PronDyn A-(1-11) as our lead compound for further 

modification. 

The major goals of our study were to explore whether the second alkyl group 

in N,N- diallyl[D- Pro10]Dyn A-(1-11) was required for antagonist activity and how 

mono- vs di-substitution at the N-terminus affected opioid receptor selectivity and 

opioid activity. Therefore, we synthesized several N-monosubstituted and N,N

disubstituted [D-ProliDyn A-(1-11) analogues and evaluated their affinity in 

radioligand binding assays and their opioid activity in the GPI assay. We also 

investigated their ability to displace [3H]diprenorphine in guinea pig cerebellar 

membranes in the absence and presence of sodium and guanyl -5 -yl imidodiphosphate 
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(Gpp(NH)p) (`sodium shift assay') (Gairin et al., 1988; Frances et al., 1985) in order 

to identify compounds which should be examined further for possible antagonist 

activity. In vivo analgesic activities of selected peptides were determined in the mouse 

phenylquinone writhing assay. The results for these analogues are described below. 

6.4. Materials and Methods 

6.4.1. Materials 

Melting points were determined on a Thomas-Hoover capillary apparatus and 

are uncorrected. Thin-layer chromatography was performed on silica gel plates 

(Kieselgel 60 F254, 0.20 mm thickness, E. Merck) and visualized by UV or by 

staining with 0.2% ninhydrin in isobutanol and heating. Medium pressure column 

chromatography was performed with 230-400 mesh, 60 A silica gel (E. Merck). The 

sources of Fmoc-amino acids, reagents and solvents for syntheses and purification 

were the same as previously reported (Choi and Aldrich, 1993). 

The equipment for solid phase peptide syntheses and the analytical and 

preparative HPLC systems used was described previously (Choi and Aldrich, 1993). 

The solvent systems used for analytical and preparative HPLC were aqueous 0.1% 

TFA for solvent A and 0.1% TFA containing acetonitrile (AcCN) for solvent B. 

Proton nuclear magnetic resonance ('H NMR) spectra of N,N-dialkylated tyrosine 

derivatives were recorded on a Bruker 300A (300 MHz) spectrometer in the 

Department of Chemistry at Oregon State University. NMR data for N-monoalkylated 
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tyrosine derivatives could not be obtained due to their insolubility in any solvent 

except N,N-dimethylacetamide (DMA). Fast atom bombardment mass spectra (FAB

MS) were obtained on a Kratos MS5ORF (Department of Agricultural Chemistry, 

Oregon State University) at +8 KV in the positive or negative mode. Elemental 

analysis was performed by M-H-W Laboratories, Phoenix, AZ. Amino acid analysis 

was carried out on a Beckman System Gold HPLC amino acid analyzer system at 

Oregon State University as previously reported (Choi and Aldrich, 1993). 

6.4.2. Synthesis of N,N-Disubstituted Tyrosine Derivatives 

Tyrosine t-butyl ester (Sigma Chemical Co., St. Louis, MO) was dissolved in 

DMF and N,N-diisopropylethylamine (2.5 equiv) was added to the solution dropwise, 

followed by alkyl halide (6 7 equiv). The reaction mixture was stirred either at room 

temperature or at 60 °C under N2. The progress of the reaction was followed by TLC 

(EtOAc) and after completion of the reaction, the mixture was diluted with water and 

extracted with Et20 (3 x 20 mL). The combined extracts were washed with saturated 

NaC1, dried over Na2SO4, filtered and concentrated under reduced pressure to yield 

the N,N-disubstituted tyrosine t-butyl ester as an oil. The t-butyl group was then 

cleaved by 90% TFA/ 8% anisole/ 2% DCM at room temperature under N2 for 4 h. 

The mixture was then concentrated in vacuo and dried under vacuum overnight. 

Crystallization and recrystallization from Me0H/Et20 gave the desired tyrosine 

derivatives. 
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6.4.2.1. N,N- Diallyl Tyrosine 

Tyrosine t-butyl ester (0.51 g, 2.2 mmol) was dissolved in 4.5 mL DMF under 

N2 and N,N-dlisopropylethylamine (0.68 g, 5.4 mmol) was added dropwise to the 

solution, followed by allyl bromide (1.8 g, 15.1 mmol). The reaction mixture was 

kept at 60 °C under N2 for 5 h. The product was isolated and the t-butyl group 

removed as described above. Recrystallization from Me0H/Et20 provided the desired 

product as the free acid (361 mg, 63%): mp 196 198 °C; [a]-5D = +15.4' (c 2.0, 

AcOH); HPLC, Rt = 8.8 min (100% purity); FAB-MS 260 (M-1); NMR (d6

DMS0) (5 9.0 (s, 1H), 6.95 (d, J = 8.3 Hz, 2H), 6.64 (d, J = 8.3 Hz, 2H), 5.65 (m, 

2H), 5.09 (m, 4H), 3.46 (t, J = 7.5 Hz, 1H), 3.29 (dd, J = 6.9 and 14.7 Hz, 2H), 

3.09 (dd, J = 6.9 and 14.7 Hz, 2H), 2.85 (dd, J = 13.8 and 7.5 Hz, 1H), 2.70 (dd, 

J = 13.8 and 7.5 Hz, 1H). Anal.: Calcd for C151-119NO3: C, 69.0%; H, 7.34%; N, 

5.37%. Found: C, 68.6; H, 7.67; N, 5.23. 

6.4.2.2. N,N-Dibenzyl Tyrosine 

Tyrosine t-butyl ester (1.0 g, 4.22 mmol) was dissolved in 8.5 mL DMF under 

N2. N,N-Diisopropylethylamine (1.37 g, 10.6 mmol) and benzyl bromide (4.44 g, 

25.3 mmol) in turn were added dropwise. The reaction mixture was stirred at room 

temperature for 6 h and then extracted and concentrated as described above. The oily 

residue was purified by medium pressure chromatography (DCM/ 3% EtOAc) to 

afford 1.67 g (94.3 %) of N,N-dibenzyl tyrosine t-butyl ester as an oil. The residue 
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was deprotected and then crystallized from Me0H/Et20 to yield the desired product 

as the free acid (0.90 g, 59%): mp 181 183 °C; burl; = -0.174° (c 0.5, Me0H); 

HPLC R, = 22.0 min (98 % purity); FAB-MS 360 (M-1); NMR (d4 -MeOH) 

7.31 (m, 10H), 6.91 (d, J = 8.3 Hz, 2H), 6.68 (d, J = 8.3 Hz, 2H), 4.18 (d, J = 

13.6 Hz, 2H), 4.10 (d, I = 13.6 Hz, 2H), 3.81 (t, J = 7.3 Hz, 1H), 3.18 (dd, J = 

8.0 and 14.1 Hz, 1H), 3.10 (dd, J = 8.0 and 14.1 Hz, 1H). Anal.: Calcd for 

C23H23NO3- CF3CO2H: C, 63.2%; H, 5.09%; N, 2.95%. Found: C, 63.1; H, 5.23; 

N, 2.88. 

6.4.2.3. N,N-Dicyclopropylmethyl Tyrosine 

Tyrosine t-butyl ester (0.76 g, 3.2 mmol) was dissolved in 7 mL DMF under 

N2. N,N-Diisopropylethylamine (1.03 g, 8.0 mmol) was added dropwise to the 

solution, followed by cyclopropylmethyl bromide (2.6 g, 19.2 mmol). The remainder 

of the procedure, including deprotection, followed the same method as described 

above. Crystallization from Me0H/Et20 gave the pure product (561 mg, 61%); mp 

219 220 °C; = -0.482° (c 0.5, DMA); HPLC RL = 11.4 min (100% purity); 

FAB-MS 290 (M+1); NMR (d4-Me0H) S 7.14 (d, J = 8.5 Hz, 2H), 6.70 (d, J 

= 8.5 Hz, 2H), 4.21 (t, I = 7.2 Hz, 1H), 3.37 (d, J = 7.6 Hz, 1H) 3.31 (d, J = 

7.5 Hz, 1H), 3.11 (m, 4H), 1.12 (m, 2H), 0.70 (m, 4H), 0.39 (m, 4H). Anal. Calcd 

for C17H23/403: C, 70.6; H, 8.01; N, 4.84. Found: C, 70.3; H, 8.29; N, 4.77. 
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6.4.3. Synthesis of N-Monosubstitued Tyrosine Derivatives 

Tyrosine t-butyl ester (1 equiv) was dissolved in DMF under N2 and the 

solution was cooled to 0 °C. N,N-Diisopropylethylamine (1 equiv) and alkyl halide 

(1 equiv) were added slowly. The progress of the reaction was monitored by TLC 

(EtOAc). The reaction mixture was diluted with water and extracted with EtOAc. The 

EtOAc extract was washed with saturated NaC1, dried (Na2SO4), filtered, and 

concentrated under reduced pressure to dryness. Following purification of the N

alkylated tyrosine t-butyl ester derivatives, deprotection and crystallization were 

performed as described above. 

6.4.3.1. N-Allyl Tyrosine 

Tyrosine t-butyl ester (0.75 g, 3.2 mmol) was dissolved in 7 mL DMF under 

N2 and cooled to 0 °C. N,N-Diisopropylethylamine (0.41 g, 3.2 mmol) and allyl 

chloride (0.24 g, 3.2 mmol) were added in order dropwise to the solution. After 40 

h, the reaction mixture was diluted with water and extracted with EtOAc (3 x 20 mL) 

and the crude product isolated as described above. The residue was purified by 

medium pressure chromatography (91% CHC13/ 8% Me0H/ 1% HOAc/ 3% 2

propanol) to separate the monosubstituted compound from the starting material and 

disubstituted product, yielding 358 mg (41%) of pure N-ally1 tyrosine t-butyl ester. 

The t-butyl group was cleaved as described above and the free acid crystallized from 

Et20 (142 mg, 20%): mp 243 244 °C; FAB-MS 222 (M+1); HPLC Rt = 3.6 min 
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(99% purity). Anal.: Ca lcd for C121115/403: C, 65.2%; H, 6.84%; N, 6.34%. Found: 

C, 65.3; H, 6.91; N, 6.34. 

6.4.3.2. N-Benzyl Tyrosine 

Tyrosine t-butyl ester (0.5 g, 2.1 mmol) was dissolved in 4.5 mL DMF and 

cooled to 0 °C. N,N-Diisopropylethylamine (0.27 g, 2.1 mmol) and benzyl chloride 

(0.36 g, 2.1 mmol) were added in order dropwise to the solution. After 45 h, the 

reaction mixture was diluted with water, extracted with Et20 (3 x 20 mL) and the 

crude product isolated as described above. The residue was purified by medium 

pressure chromatography (90% DCM/ 10% EtOAC/ 2.5% 2-propanol) to afford 390 

mg (57%) of N-benzyl tyrosine t-butyl ester. After deprotection, the residue was 

recrystallized from Et20, yielding 297.7 mg (52.3%): mp 232 234 °C; FAB-MS 272 

(M+1); HPLC Rt = 10.7 min (100% purity). Anal.: Calcd for C16H15NO3: C, 

70.9%; H, 6.32%; N, 5.05%. Found: C, 70.7; H, 6.42; N, 5.17. 

6.4.3.3. N-Cyclopropylmethyl Tyrosine 

Tyrosine t-butyl ester (0.8 g, 3.37 mmol) was dissolved in 9 mL DMF under 

N2 and cooled to 0 °C. N,N-Diisopropylethylamine (0.44 g, 3.37 mmol) was added 

dropwise to the solution, followed by cyclopropylmethyl bromide (0.46 g, 3.37 

mmol). The reaction was terminated after 37 h, diluted with water, and extracted with 

Et20 (3 x 20 mL). The crude product was isolated as described above. Three hundred 
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mg of the residue (out of 824 mg) was purified by medium pressure chromatography 

(91% CHC13/ 8% Me0H/ 1% HOAc/ 5% 2-propanol), yielding 280 mg (28%) of 

pure N-cyclopropylmethyl tyrosine t-butyl ester. The t-butyl group was cleaved by the 

deprotection method described above and the product recrystallized from Et20 to give 

125 mg (16%) of the pure free acid: mp 227 - 229 °C; FAB-MS 236 (M+1); HPLC 

Rt = 5.0 min (100% purity). Anal.: Calcd for C13142NO3: C, 66.4%; H, 7.30%; N, 

5.96%. Found: C, 63.3; H, 7.00; N, 5.48. 

6.4.4. Peptide Synthesis 

The resin-bound [D-ProilDyn A-(2-11) was assembled on a 

hydroxymethylphenoxyacetic acid resin (PAC® resin, 0.5 g, 0.21 mmol substitution) 

by Fmoc-solid phase synthesis using diisopropylcarbodiimide couplings as described 

previously (Choi and Aldrich, 1993). The side chains of Arg and Lys were protected 

by Pmc and Boc, respectively. After removal of the final Fmoc protecting group, the 

N-alkylated tyrosine derivatives were coupled to the assembled peptide chain using 

BOP reagent (Castro et al., 1975). Prior to addition to the resin, the N- alkylated 

tyrosine (2 equiv) was activated using BOP: HOBt: N-methylmorpholine (2:2:3 equiv) 

in N,N-dimethylacetamide (0.2 M final concentration). The progress of the coupling 

reaction was monitored by ninhydrin (Stewart and Young, 1984). After completion 

of the coupling reaction, the peptide-resin was washed with 10 x 5 mL DCM/DMA 

(1: 1), 7 x 5 mL DCM, and 4 x 5 mL Me0H and dried in vacuo. 
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The crude peptides were released from the support using 5 mL of a TFA/ H2O 

(95 %/ 5%) mixture under N2 for 4 h. The resin was filtered and rinsed with additional 

2 mL TFA. The filtrate was concentrated under reduced pressure and dried in vacuo. 

The crude peptide was then trituated with cold Et20 and collected by filtration. 

The crude peptides were purified by preparative reverse phase HPLC 

employing a linear gradient of 0% to 50% solvent B over 50 min at a flowrate of 20 

mL/min. The purity of each fraction was evaluated by analytical reverse phase HPLC 

and pure fractions were combined and lyophilized. 

6.4.5. Opioid Receptor Binding Assays 

The inhibitory effects of the peptides on the binding of [31-ribremazocine (K) to 

guinea pig cerebellum membranes and of [3141DAMGO (,u) and [3H]DPDPE (6) to rat 

forebrain membranes were determined at 0 °C as previously described (Story et al., 

1992). Competition data were fitted by nonlinear regression analysis using the Public 

Procedure FITCOMP of the NIH Prophet Computer Resource, which employs an 

iterative process to minimize residual least squares. The IC50 values derived from 

competition analyses were converted to dissociation constants (K,) using the Cheng and 

Prusoff equation (Cheng and Prusoff, 1973); the KD values determined for tritiated 

bremazocine, DAMGO and DPDPE were 0.0547 nM, 0.314 nM and 7.63 nM, 

respectively. 

Selected analogues were evaluated for affinity for K-receptor subtypes (K1, K2, 

K3) by Stanford Research Institute (NIDA contract #271-89-8159) according to the 
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standard procedures described in Chapter 5. 

The sensitivity of the binding of the prepared compounds to sodium and 

guanyl -5 '-y1 imidodiphosphate (Gpp(NH)p) was measured with tritium labelled 

diprenorphine in guinea pig cerebellar membranes as described in Chapter 5. 

6.4.6. Smooth Muscle Assays 

Opioid activity in the guinea pig ileum (GPI) was determined as described 

previously (Story et al., 1992). Agonist activity was determined following addition of 

cumulative doses of dynorphin analogues to the bath. Mean IC50 values were 

determined from 3 6 replications using tissues from different guniea pigs. Antagonist 

activity was examined as described in Chapter 5 except for N,N-diallyl[D-ProllDyn 

A-(1-11). After determination of the IC50 of Dyn A-(1-13)NH2, each tissue was treated 

with a single dose of Dyn A-(1-13)NH2after incubation with 10 AM of the N,N- diallyl 

derivative for 10 min. This method was used due to the gradual decline in twitch 

height with time following treatment with the N,N- diallyl derivative. 

The mouse vas deferens (MVD) assay was performed by Stanford Research 

Institute as follows: the vas deferens from Swiss-Webster mice (30 35 g) were 

prepared as described by Hughes et al (Hughes et al., 1974). The tissues were 

mounted in an 8 mL 31 °C organ bath containing a magnesium-free Krebs solution, 

which was bubbled with a mixture of oxygen and carbon dioxide (95:5). An initial 

tension of 150 200 mg was used. The field stimulation parameters were modified 

slightly from those described by Ronai et al (Ronai et al., 1977); paired shocks of 100 
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msec delay between supramaximal rectangular pulses of 1 msec duration were 

delievered at a rate of 0.1 Hz. A Grass S-88 electrostimulator was used for 

stimulation. The concentrations were recorded using an isometric transducer 

(Metrigram) coupled to a Grass 7D multichannel polygraph. The agonist potency was 

determined as described in the GPI assay. 

6.4.7. In Vivo Analgesic and Antagonist Determination 

Selected compounds were investigated for in vivo analgesic and possible 

antagonist activity by observing the phenylquinone writhing response of the mouse 

abdomen. The details are described in Chapter 5. 

6.5. Results 

6.5.1. Chemistry 

The N-alkylated peptides were prepared by Fmoc-solid phase synthesis in 

conjunction with incorporation of an N- alkylated tyrosine. Several methods are 

available for preparation of optically pure N- monoalkyl substituted amino acid 

derivatives, including alkylation of N-protected amino acids. This method was 

developed by Cheung and Benoiton (Cheung and Benoiton, 1977) to make various N-

methyl amino acid derivatives using N' -Boc -amino acids, sodium hydride as a base, 

and methyl iodide. The reaction with our bulkier alkyl halides, however, was 

extremely slow and gave very poor yields. We therefore examined optimal conditions 
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for alkylation of the free amine with alkyl halides. The monosubstituted and a 

significant amount of the disubstituted derivatives were simultaneously produced when 

tyrosine t-butyl ester was treated with only an equimolar amount of alkyl bromide, 

even in the absence of a base. Finally, we optimized the reaction conditions to obtain 

a better yield of monosubstituted derivatives by utilizing less reactive alkyl halides 

(i.e. alkyl chlorides) and an organic base. The reaction was terminated before 

complete consumption of the starting material in order to minimize generation of 

disubstituted derivatives, which were more difficult to separate from the desired 

products than the starting material. The dialkylated tyrosine derivatives were prepared 

in good yields using excess alkyl halide and an organic base. 

[D-ProliDyn A-(2-11) was assembled on a hydroxymethylphenoxyacetic acid 

resin using Fmoc-protected amino acids with diisopropylcarbodiimide (DIC) and 1

hydroxybenzotriazole (HOBt) couplings. Side chain protecting groups used were the 

2,2,5,7,8-pentamethylchroman-6-sulfonyl (Pmc) group for Arg and the t

butyloxycarbonyl (Boc) group for Lys. The tyrosine derivatives were incorporated into 

the resin-bound protected Dyn A-(2-11) using benzotriazol-1-yl-oxy-tris

(dimethylamino)phosphonium hexafluorophosphate (BOP) (Castro et al., 1975), 1

hydroxybenzotriazole (HOBt), and N-methylmorpholine in N,N-dimethylacetamide 

(DMA). It has been reported that the BOP reagent in the presence of HOBt results in 

more rapid and efficient coupling as well as a reduction in racemization when 

compared with DIC plus HOBt (Hudson, 1988b). The peptides were cleaved from the 

support with concentrated trifluoroacetic acid (TFA) containing 5 % H2O as a 

scavenger for the released carbonium ions. After purification of the crude peptides 
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Table 6.1. Characterization of N-Alkylated [D- Pro10]Dyn A-(1-11) Derivatives.
 

Peptide HPLC It, (% purity)a FAB-MS (M+ 1)
 

N,N-dially[D-Pro9Dyn A-(1-11) 19.7 (100%) 1443 

N,N-dibenzyl " 25.6 (98.4%) 1543 

N,N-diCPM " 20.7 (100%) 1471 

N-allyl " 18.4 (98.5%) 1403 

N-benzyl " 20.1 (100%) 1453 

N-CPM " 18.9 (98.7%) 1417 

a	 Conditions: Vydac 214 TP C-4 column, 0 to 60% solvent B (AcCN+ 0.1% TFA) over 
40 min at 1.5 mL /min at 214 nm. 

using reverse phase HPLC, the molecular weight was confirmed by FAB-MS and the 

purity evaluated by analytical HPLC (Table 6.1). The amino acid analyses gave the 

expected values for each amino acid (Table 6.2). 



Table 6.2. Amino Acid Analysis of N-Alkylated [D- Pro10]Dyn A-(1-11) Derivatives.' 

Peptide Gly (2) Phe (1) Leu (1) Arg (3) Ile (1) Pro (1) Lys (1) 

N,N-diallyl-P-ProliDyn A-(1-11) 1.73 1.05 1.05 3.17 0.96 1.04 1.04 

N,N-dibenzyl- a 1.88 1.05 1.03 3.12 0.95 0.96 1.02 

N,N-diCPM- II 1.92 1.04 1.04 3.10 0.97 0.90 1.03 

N-allyl- a 1.92 1.00 1.08 3.05 1.02 0.94 0.98 

N-benzyl- II 1.87 1.00 1.00 3.09 0.91 1.13 1.00 

,,N-CPM- 1.95 1.03 1.00 3.07 0.96 0.98 1.01 

a The frequency of the amino acid is in parentheses. 

http:N-CPM-1.95
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6.5.2. Pharmacological Assays 

The synthesized compounds were evaluated by radioligand binding assays in 

the guinea pig cerebellum, in which at least 80% of the opioid receptors are K-binding 

sites (Robson et al., 1984) and in rat brain, which contains significant populations of 

g and 6-receptors (Gillan and Kosterlitz, 1982). As shown in Table 6.3, in our 

binding assays the parent peptide, P-ProliDyn A-(1-11) showed similar affinity for 

K-receptors to that reported by Gairin et al. (Gairin et al., 1985). Compared to their 

results, however, the affinities of this peptide for A and 6-receptors were increased 

about 10 and 3 times, respectively, resulting in only modest selectivity for K-receptors 

(K/A/6 (Ki ratio) = 1/8/70). In general, the introduction of an N,N-diallcylated tyrosine 

at position 1 caused a significant decrease in affinity for K-receptors. N,N-

Dicyclopropylmethyl substitution affected affinity for K-receptors less than N,N- diallyl 

or N,N-dibenzyl substitution. On the other hand, N-monoalkylation of [D-PronDyn 

A-(1-11) had little influence on affinity for K-receptors. Both N-terminal mono- and 

dialkylation considerably decreased affinity for A-receptors (15 30 fold) and 6

receptors (70 > 260 fold). 

N,N-Diallylp-ProliDyn A-(1-11), a putative antagonist for K-receptors, 

showed K-receptor selectivity similar to that found by Gairin et al (K/A (ICi ratio) = 

1/7), while other N,N-diallcylated analogues showed slightly improved selectivity for 

K vs g receptors and exhibited higher selectivity for K vs 6 receptors. N-Monoalkyl 

modification of [D-PronDyn A-(1-11) resulted in a marked enhancement in K-receptor 

selectivity of 200 1,000 times over A-receptors. These compounds were also 



Table 6.3. Opioid Receptor Binding Affinity of N-Alkylated [D- Pro10]Dyn A-(1-11) Analogues.' 

Ki (nM) Ki Ratio" 
Peptide rH]bremazocine [3H]DAMGO rinDPDPE ic/A/8 

[D- Pro10]Dyn A-(1-11) 0.030 ± 0.001 0.24 ± 0.002 2.1 ± 0.4 1/ 8/ 70 

N,N-diallyl- " 3.60 ± 0.5 31.7 ± 3.8 149 ± 58 1/ 8.8/ 41 

N,N-dibenzyl- " 3.66 ± 0.103 128 ± 1.1 2772 ± 127 1/ 35/ 757 

N,N-diCPM- " 0.19 ± 0.002 3.90 ± 0.1 166 ± 14 1/ 21/ 880 

11N-allyl- 0.049 ± 0.001 10.9 ± 0.5 499 ± 15 1/ 222/ 9,160 

N-benzyl ., 0.029 ± 0.001 31.1 ± 0.2 176 ± 17 1/ 1,070/ 6,080 

N-CPM- II 0.020 ± 0.001 9.6 ± 0.6 558 ± 8.9 1/ 480/ 27,900 

See experimental section for details of the binding assays. 
b Ratio of 1Ci's where the lowest IC; is used in the denominator. 
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extremely selective for K (9,000 - 28,000 times) over 6 receptors. It is of interest to 

note that a distinct trend toward greater selectivity was associated with increasing bulk 

of the substituents (benzyl > CPM > allyl). 

Selected analogues, N,N- diallyl -, N,N-diCPM-, and N-benzyl[D-ProliDyn A

(1-11), were examined in radioligand binding assays for ic- opioid receptor subtypes 

(Table 6.4). Dyn A-(1-11) showed the highest affinity for the K1 receptors and bound 

least to K3 receptors. All of the synthetic derivatives preferentially interacted with Kr 

receptors and showed the lowest affinity for the K2-receptor subtype. In particular, the 

N,N- diallyl derivative showed much lower affinity for all three receptor subtypes than 

the other analogues. 

In other to identify compounds which should be examined further for possible 

antagonist properties, the sodium shift assay was performed (Table 6.5). The ability 

of compounds to displace [3H]diprenorphine binding to guinea pig cerebellar 

membrane was investigated in the absence and presence of sodium and guanyl -5 '-y1 

imidodiphosphate (Gpp(NH)p). In this assay, low sensitivity to sodium ion and 

guanine nucleotide is expected for compounds free of agonist activity. [D-ProliDyn 

A-(1-11) showed a large shift in the binding affinity ratio, consistent with the potent 

agonist activity observed in the GPI assay, but the ratio was smaller than Gairin's 

result (IC50(+)/IC50() = 140) (Gairin et al., 1988). Gairin reported that N,N

diallylation of [D- Pro10]Dyn A-(1-11) caused complete loss of sensitivity to sodium 

ion and Gpp(NH)p (IC50 (+)/IC50 () = 1.5) (Gairin et al., 1988), but in our assay, 

this compound displayed a slightly larger shift (ratio = 3.0). The other two N,N
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Table 6.4. Binding Affinity of [D-ProilDyn A-(1-11) Analogues at x-Subtypes.' 

K1 (nM) ratio 
Peptide [3H]U69,593 (xi) [3H]bremazocine (K2, IC50)b rH]NalBzoH (x3) KI/K2/x3 

Dyn A-(1-11) 1.70 13.3 23.1 1/ 7.8/ 14 

N,N-dially14D-PronDyn A-(1-11) 21.3 4,970 113 1/ 233/ 5.3 

N,N-diCPM4D-Pro1iDyn A-(1-11) 2.61 388 44.4 1/ 150/ 17 

N-benzyl-P-Pro9Dyn A-(1-11) 3.24 427 58.P 1/ 132/ 18 

a See experimental section for details of the assays. 
b	 For the K2 receptors, Ki values are not reported because low Hill coefficients suggest that there are more than one 

[3H]bramezocine binding sites. 
Hill coefficient (= 2.7) of this compound is quite different from that observed for other compounds (= 1). 



Table 6.5. Effects of 120 mM NaC1 + 50 AM Gpp(NH)p on Binding of [D-ProulDyn A-(1-11) Analogues at ic- Sites. 

IC93 (nM) Ratio 
Peptide 120 mM NaC1 + 50 AM Gpp(NH)p'

() (+) 
IC5,3(+)/IC50() 

[D-PrelDyn A-(1-11) 0.26 ± 0.002 16.5 ± 2.0 63.8 

N,N-diallyl " 21.3 ± 2.23 64.6 ± 4.3 3.03 

N,N-dibenzyl- " 43.2 ± 2.8 391 ± 47 9.05 

N,N-diCPM " 3.31 ± 0.21 29.1 ± 1.7 8.79 

N-allyl- If 2.30 ± 0.25 229 ± 20 99.4 

N-benzyl- If 7.32 ± 0.58 93.7 ± 9.4 12.8 

N-CPM 11 0.41 + 0.05 27.1 ± 2.0 66.9 

() means the absence of 120 mM NaC1 + 50 AM Gpp(NH)p and 
(+) means the presence of the 120 mM NaCi + 50 µM Gpp(NH)p. 
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dialkylated analogues caused intermediate sodium shifts. Both N-monoallyl and N

CPM derivatives showed large sodium shifts, which is also consistent with the potent 

agonist activity seen in the GPI assay. N-Benzyl derivative exhibited moderate shift, 

which is comparable to its weak agonist activity determined in the GPI assay. 

Opioid activity of the compounds was examined in the guinea pig ileum (GPI) 

assay (Table 6.6). Incorporation of substituents at the N-terminus reduced agonist 

potency relative to the parent peptide. For N,N-diallyl[D-PronDyn A-(1-11), we 

could not observe typical agonist activity because following treatment of this 

derivative, the twitch height of the ileum declined gradually with time. The potential 

antagonist activity of this compound was investigated at a concentration of 10 M. 

This compound caused a 5-fold rightward shift in the dose-response curve of Dyn A

(1-13)NH2 in the GPI, which is weaker antagonist activity than Gairin's results (I( = 

130 nM against [D-ProilDyn A-(1-11)). The differences in results for this compound 

may be due to species differences of guinea pigs used in our study (Hartley) vs in 

Gairin's (tricolor). The N,N-dibenzyl derivative showed the highest agonist activity 

among the N,N-dialkylated compounds and the N,N-diCPM analogue showed 

negligible agonist activity. N,N-DiCPM derivative did not displayed significant 

antagonist activity against Dyn A-(1-13)NH2 at doses up to 1µM in the GPI assay. 

No agonist activity for the N,N-diallyl- or N,N-diCPM- analogues was detected in the 

MVD assay. Among the tested compounds, only the N-allyl- and the N-CPM 

analogues exhibited potent opioid activity in the GPI. Low pA2 values for antagonism 

of these analogues by naloxone were consistent with the K-receptor selectivity 
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Table 6.6. Opioid Activity of [D-ProilDyn A-(1-11) Analogues in the Guinea Pig Ileum. 

Peptide IC50 (nM)a Naloxone pA2b 

P-ProilDyn A-(1-11) 0.22 (0.11 - 0.49) 7.2 (6.6 - 7.7) 

N,N-diallyl- " > 3,000e 

N,N-dibenzyl- " 228 (128 - 562) 

N,N-diCPM- " > 10,000 

N-allyl- 18.3 (13.2 - 22.4) 7.6 (7.0 - 8.2) 

N-benzyl- 990 (657 1,500) 

N-CPM- 2.16 (1.6 2.8) 7.3 (6.8 - 7.7) 

a Ninety-five percent confidence intervals are given in parentheses. 
The pA2 value for morphine was 8.2 (7.9 8.5). 
After treatment with N,N-diallyl[D-ProliDyn A-(1-11), the twitch height of the ileum 
declined gradually with time. 

observed in the radioligandbinding assays. To our surprise, the N-benzyl derivative 

behaved as a very weak agonist. The intermediate value of the N-benzyl analogue in 

the sodium shift assay is in agreement with the weak agonist activity found in the GPI 

assay. However, no significant antagonist activity of this compound against Dyn A-(1

13)NH2 was observed at doses up to 1 /AM. In the MVD assay, the N-benzyl 

compound exhibited negligible agonist activity ( < 10% inhibition at a concentration 

of 2 AM). 

All of these compounds except the N,N-dibenzyl analogue were examined for 

in vivo analgesic or possible antagonist activity in the phenylquinone writhing test 

following i.c.v. administration. Among the tested compounds, the N-CPM derivative 

http:N-CPM-2.16
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showed the most potent analgesic activity with an ED93 of 1.1 /4/mouse, while the 

lead compound N,N-dially1P-Pro10]Dyn A-(1-11) and the N-monoallyl analogue 

showed similar weak analgesic activity, with ED93's of 26 and 27 µg /mouse, 

respectively. But neither of these peptides produced antagonist activity against 0.1 

/4/mouse of [D-AlaiDyn A-(1-13)NH2 at a dose of 10 /4/mouse. The N,N-diCPM 

and the N-benzyl derivatives did not exhibit either significant agonist or antagonist 

activity at doses up to 10 /4/mouse. 

6.6. Conclusions 

Introduction of various N- alkylated tyrosine derivatives at the 1 position in [D-

PronDyn A-(1-11) was examined in order to explore structure-activity relationships 

of the N-terminus of Dyn A. In particular, N- monoalkylation led to marked increases 

in K-receptor selectivity, and these analogues had much higher affinity for this receptor 

type compared to the N,N-disubstituted derivatives. This significant decrease in 

affinity for K receptors upon disubstitution may be due to steric hindrance caused by 

incorporation of the second bulky alkyl goup at the N-terminus. The analogues tested 

for binding affinity for K receptor subtypes preferentially interacted with K1 receptors 

followed by K3 and K2 receptors. The N,N-dialkyl and N,N-benzyl analogues exhibited 

very weak or negligable agonist activity in the GPI, and the N,N- diallyl compound 

produced about a 5-fold rightward shift in the dose-response curve of Dyn A-(1

13)NH2 at a 10 AM concentration. 
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Since the N-monoalkylated dynorphin derivatives have high affinity for K 

receptor and are the most K-selective opioid peptides reported to date, they should be 

useful tools for future studies of the structure and function at K opioid receptors. 

Additional studies on selected N, N-diallcylated derivatives are being conducted to 

better understand the differences in their interactions with K receptors. 
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and their Derivatives 
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7.1. Abstract 

Acetalins, AcRFMWMRNH2, AcRFMWMKNH2, and Ac 2, have 

recently been developed using a synthetic peptide combinatorial library (SPCL) and 

reported to be potent opioid antagonists in the guinea pig ileum (GPI) with high 

affinity for A, 6, and K3 receptors (Dooley et al., 1993). In order to further examine 

their pharmacological profiles, we prepared AcRFMWMRNH2 and AcRFMWMKNH2 

and their deacetylated derivatives employing the tea-bag synthetic method with 2-(1H

benzotriazol-1-y1)1, 1 ,3 ,3-tetramethyluronium tetraborate (TBTU) couplings. In 

addition, a C-terminal extended derivative, AcRFMWMRR(ro-ARPKNH2 was 

synthesized by the Fmoc-solid phase method based on the hypotheses that Are residue 

in AcRFMWMRNH2 might mimick Are in Dyn A and that AcRFMWM residues 

acted as the "message" sequence. Following cleavage from the resin and purification, 

these peptides were examined in radioligand binding assays and in the GPI assay. The 

acetylated hexapeptides preferentially interacted with A-receptors and showed higher 

affinity for 6 receptors than K receptors. The C-terminal extended peptide exhibited 

the highest affinity for ii, receptors among the tested compounds. Introduction of the 

C-terminal "address" sequence markedly enhanced K receptor affinity, resulting in 

only moderate selectivity for A vs K receptors; this peptide also showed the highest 

selectivity for A over 6 receptors. In the GPI, only AcRFMWMKNH2 showed potent 

agonist activity. AcRFMWMRNH2 and the C-terminal extended peptide showed 

partial agonist activity with 50% and 65% maximum inhibition, respectively, and their 

dose-response curves were shifted to the right by naloxone and CTOP. In preliminary 
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antagonism tests, both derivatives exhibited significant antagonist activity against 

morphine. From these studies, it is suggested that the hypothesized "message" 

sequence played an important role in determining opioid activity and that the C-

terminal extended "address" sequence increasing the affinity for K receptors. 

Keywords: acetalins; "message-address" sequence; opioid receptors. 
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7.2. Abbreviations 

Abbreviations used for amino acids follow the rules of the IUPAC-IUB Joint 

Commission on Biological Nomenclature in Biochem. J. 1984, 219, 345-373. 

Additional abbreviations used are: Boc, t-butyloxycarbonyl; CTAP, D-Phe-Cys-Tyr-D

1 I I 

Trp-Arg-Thr-Pen-Thr-NH2; CTOP, D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2, 

DAMGO, Tyr-D-Ala-Gly-MePhe-NH(CH2)20H; DIC, diisopropylcarbodiimide; 

DCM, dichloromethane; DMA, N,N-dimethylacetamide; DMF, N,N

dimethylformamide; DPDPE, cyclo[D-Pen2,D-Penlenkephalin; EDT, 1,2

ethanedithiol; FAB-MS, fast atom bombardment mass spectrometry; Fmoc, 9

fluorenylmethoxycarbonyl; GPI, guinea pig ileum, HOBt, 1-hydroxybenzotriazole; 

HPLC, high performance liquid chromatography; nor-BNI, norbinaltorphimine; Pmc, 

2,2,5 , 7, 8-pentamethykhroman-6- sulfonyl ; TBTU, 2-(1H-benzotriazol-1-y1)1, 1,3 ,3

tetramethyluronium tetraborate; TFA, trifluoroacetic acid. 
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7.3. Introduction
 

In recent years, several "chemical library" methods (multipin synthesis, tea-bag 

method) have been developed to discover novel pharmacological ligands (Geysen et 

al., 1984; Houghten, 1985; reviews Gallop et al., 1994; Gordon, et al., 1994). In 

contrast to the classical solid phase synthesis, these library methods simultaneously 

produce large numbers of peptide sequences which are systematically screened to 

identify highly potent peptide ligands that bind to receptors, antibodies, or other 

binding proteins (Houghten et al., 1991; Cull et al., 1992; Lam et al., 1991). The 

multipin synthetic technology is applied to antigen/antibody epitope analysis by 

enzyme-linked immunosorbent assays (ELISA) (Geysen et al., 1987). The tea-bag 

method offers the advantages of high flexibility in the design of synthetic protocols 

and the ability to produce sufficient amounts and good quality peptides. The range of 

applications of the tea-bag approach has been broad including antibody epitope 

analysis (Houghten 1985), peptide hormone structure-activity studies (Beck- Sickinger 

et al., 1990; Dooley and Houghten, 1993) and protein conformational mapping 

(Zimmermann et al., 1991). 

Synthetic peptide combinatorial libraries (SPLCs) have recently been used for 

the identification of peptides that bind strongly to A-opioid receptors (Dooley and 

Houghten, 1993). This synthetic peptide library was prepared using a 

methylbenzhydrylamine (MBHA) polystyrene resin and standard Boc chemistry in 

combination with simultaneous multiple peptide synthesis (SMPS) (Houghten, 1985). 

The C-terminal tetrapeptide resin mixtures were produced by the iterative steps termed 
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divide, couple, and recombine (Houghten et al., 1991). The first two individually 

defined amino acids were coupled to the tetrapeptide resin using the SMPS method. 

From this study, it was found that three N-acetylated hexapeptides, AcRFMWMRNH2 

(AcR), AcRFMWMKNH2 (AcK), and AcRFMWMTNH2 (AcT) (called `acetalins') 

(Fig 7.1) possessed high affinity for g, (5, and K3-receptors and showed potent 

antagonist activity in the GPI assay (Dooley et al., 1993). The high binding affinity 

for opioid receptors of these N-acetylated derivatives was unexpected, since it was 

known that the positively charged N-terminal amine group was important for receptor 

binding. Also, acetalins have little sequence similarity to the endogenous opioid 

peptides, dynorphins and enkephalins, although there are some opioid antagonists 

derived from non-opioid peptides, such as the somatostatin derivatives CTOP (D-Phe

i I 
I

Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-N112) and CTAP (D-Phe-Cys-Tyr-D-Trp-Arg-Thr

Pen-Thr-NH2) (Kramer et al., 1989). Therefore, to better understand the 

pharmacological mechanisms of these acetalins, further structure-activity relationship 

studies are required. Thus, we have attempted to investigate the pharmacological 

characteristics of acetalins and their derivatives. 

As shown in Fig. 7.1, in addition to the acetalins we made the C-terminal 

extended derivative of AcRFMWMRNH2 based on our hypotheses that the acetylated 

hexapeptide may act as the "message" sequence, and that Arg6 in AcRFMWMRNH2 

may mimick the Arg6 in the "address" sequence in Dyn A. Therefore, it was expected 

that introduction of the dynorphin A "address" sequence to AcRFMWMRNH2 might 

confer increased binding ability at K-sites, since it was proposed that the "address" 

sequence of Dyn A directed the peptide to K-binding sites (Chavkin and Goldstein, 



141 

Acetalins
 

CH3CO-Arg-Phe-Met-Trp-Met-Arg-NH2
 

CH3CO-Arg-Phe-Met-Trp-Met-Lys-NH2
 

Deacetylated Derivatives
 

Arg-Phe-Met-Trp-Met-Arg-NH2
 

Arg-Phe-Met-Trp-Met-Lys-NH2
 

The C-Terminal Extended Derivative 

CH3CO-Arg-Phe-Met-Trp-Met-Arg-Arg-D-Ala-Arg-Pro-Lys-NH2 

Fig 7.1. Prepared Acetalins and their Derivatives 

1981). Moreover, [Phel,D-AlalDyn A-(1-11)NH2 was recently reported to show 

modest antagonist activity in the GPI (Kt = 30 60 nM) with good binding affinity 

and selectivity for K-receptors (Kawasaki et al., 1993a). This peptide was derived from 

[Phe']Dyn A-(1-11)NH2 which displayed weak agonist activity in the GPI and also 

exhibited good affinity and selectivity for K receptors. Thus, we introduced [D-

AlalDyn A-(7-11)NH2 as an "address" to AcRFMWMRNH2 in order to enhance K 

receptor affinity and hopefully to impart antagonist activity at K receptors. Since K-

receptor ligands have less potential for side effects including physical dependence and 

tolerance than the classical opioid ligands and do not cause respiratory depression 

(Wollemann et al., 1993), development of selective K-receptor agonists and antagonists 

has been of considerable interest. After synthesis of these peptides, we investigated 

their affinity in radioligand binding assays and their opioid activity in the GPI. The 
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preliminary results for these compounds are presented below. 

7.4. Materials and Methods 

7.4.1. Materials 

All Fmoc-amino acids were purchased from Bachem, Inc., Torrance, CA or 

Novabiochem USA, San Diego, CA. Other sources of chemical reagents and solvents 

for peptide syntheses and purification were the same as previously reported (Choi and 

Aldrich, 1993). Porous polypropylene mesh (pore size: 751.im, thickness: 195 p.m) was 

purchased from Spectrum Co., Houston, TX. 

The equipment for solid phase peptide synthesis and HPLC systems for 

analysis and purification were the same as reported previously (Choi and Aldrich, 

1993). HPLC analyses were carried out with a binary system, where solvent A was 

aqueous 0.1% TFA and solvent B was acetonitrile containing 0.1% TFA. The 

peptides were eluted with a linear gradient of 0% to 60% solvent B over 40 min at 

a flowrate of 1.5 mL/min and detected at 214 nm. 

After purification, the peptides were characterized by analytical HPLC, fast 

atom bombardment mass spectrometry (FAB-MS) and amino acid analysis as 

described previously (Choi and Aldrich, 1993). 
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7.4.2. Peptide Synthesis 

7.4.2.1. Tea-Bag Synthesis of the Hexapeptides 

The four different hexapeptides in Fig 7.1 were simultaneously prepared 

employing the tea-bag method. The C-terminal Na-Fmoc-Arg(Pmc) and Na-Fmoc-

Lys(Boc) were first anchored to a PAL® resin (0.31 mmol/g) using the automated 

synthesizer. Following deprotection of the Fmoc group from a PAL® resin with 30% 

piperidine in toluene/DMA (1:1), the C-terminal amino acids (4.0-fold excess, 0.4 M 

in DMA) were coupled with an equimolar amount of HOBt and an equal volume of 

0.4 M DIC in DCM for 2 h. After drying, one hundred mg of each support was 

loaded into the tea-bags prepared from porous polypropylene mesh (dimensions 20 x 

20 mm) and the packets were tightly sealed by heat. After swelling the resins in a 

cylindrical wide-mouth glass bottle with a mixture of DCM/ DMF (1:1), the synthesis 

was initiated by deprotection of the Fmoc group by 30% piperidine in toluene/DMF 

(1:1) mixture for 10 min. The resins were washed with DMF (5 mL/bag) 5 times for 

2 min each time. For coupling, the Fmoc-amino acid (10-fold excess) in DMF (0.4 

M) was activated with an equimolar amount of HOBt and DIPEA (1.5 equiv in DMF) 

plus TBTU (0.9 equiv in DMF) prior to addition to the resin. The side chain 

protecting groups used were Pmc for the guanidino group of Arg and Boc for indole 

moiety of Trp. The coupling reaction was conducted with vigorous shaking for 50 

min. These deprotection, washing, and coupling steps were performed repeatedly until 

the N-terminal Arg residue was attached. After deprotection of the final Fmoc group, 
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N-terminal acetylation was performed with acetylimidazole (5 equiv) in DMF for 30 

min. This acetylation step was omitted for the deacetylated hexapeptides. Finally, the 

peptide-supports were washed sequentially with DMF (5 x 5 mL), DCM (5 x 5 mL), 

and Me0H (5 x 5 mL) for 20 sec each time and dried in vacuo. 

The crude peptides were released from the supports using 5 mL of TFA: EDT: 

H2O (75: 20: 5) mixture under N2 for 2.5 h. The resin was filtered and rinsed with 

TFA ( 2mL) and the filtrate was diluted with 10% AcOH ( 15 mL). The mixture 

was then extracted with Et20 (3 x 20 mL). Lyophilization of the aqueous layers 

yielded the crude peptides. The crude peptides were purified by preparative reverse 

phase HPLC employing a linear gradient of 0% to 50% solvent B (0.1% TFA 

containing acetonitrile) over 50 min at a flowrate of 20 mL/min. The purity of each 

fraction was evaluated by analytical HPLC and pure fractions were combined and 

lyophilized. 

7.4.2.2. Solid Phase Synthesis of the C-Terminal Extended Peptide 

The C-terminal extended derivative was prepared by Fmoc-solid phase 

synthesis on the automated synthesizer using diisopropylcarbodiimide couplings as 

described previously (Choi and Aldrich, 1993). The support used for synthesis was 

a PAL® resin to obtain a peptide amide. The side chain protecting groups were Pmc 

for the guanidino group of Arg and Boc for the indole ring of Trp and the amine 

function of Lys. Acetylation was performed with a 5-fold excess of acetylimidazole 

in DMA. Following acetylation, the peptide-resin was washed with 10 x 5 mL DCM/ 



145 

DMA (1:1), 7 x 5 mL DCM, and 4 x 5 mL Me0H and dried in vacuo. 

Isolation of the crude peptide from the resin, purification, and characterization 

of the pure peptide were performed as described above. 

7.4.3. Opioid Receptor Binding Assays 

The inhibitory effects of the peptides on the binding of [3H]diprenorphine (K), 

[3H]DAMGO (A), and PHDPDPE (6) were investigated using cloned opioid receptors 

(K, ii, 6) expressed in CHO cells (Bunzow et al., 1995). For these assays, cells were 

harvested 72 h following transfection in 50 mM Tris buffer (pH 7.4 at 4 C) and 

centrifuged at 45,000 x g for 10 min at 4 C. The pellet was suspended and 

recentrifuged as in the previous step. The second pellet was resuspended and 

recentrifuged as before. The final pellet was resuspended in 50 mM Tris buffer to 

yield a protein concentration of 30 60 µg /mL. Binding assays were carried out at 22 

C for 90 min in borosilicate glass tubes containing bestatin, captopril, and L-leucyl

L-leucine at final concentrations of 10, 30, and 50 AM, respectively. All tubes 

contained Mg' with a final concentration of 3 mM. A 20 AL aliquot of peptide stock 

solution was added to give a final concentration of 0.1 to 10,000 nM in a final volume 

of 2 mL. The binding reaction was initiated with the addition of 1 mL of tissue. 

Nonspecific binding was determined in the presence of 10 ii,M unlabeled ligands for 

each receptor (Dyn A-(1-13)NH2 for K, DAMGO for A, and DPDPE for (5 receptors). 

The reaction was terminated by rapid filtration over Whatman GF/B fiber filters using 

a Brandel M24-R Cell Harvester. The filters had been presoaked for 2 h in 0.5% 
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polyethylenimine to decrease nonspecific filter binding. The filter disks were then 

placed in minivials with 4 mL Cytocint (ICN Radiochemicals) and allowed to elute 

for 6 h before counting in a Beckman LS6800 scintillation counter. Competition data 

were fitted by nonlinear regression analysis using GraphPAD software. The IC50 

values derived from competition analyses were converted to dissociation constants (K.) 

using the Cheng and Prusoff equation (Cheng and Prusoff, 1973); the KD values 

determined for tritiated diprenorphine, DAMGO, and DPDPE were 0.45, 0.49, and 

1.4 nM, respectively. 

7.4.4. Guinea PIg Ileum Assays 

Opioid activity in the guinea pig ileum was determined as described in detail 

elsewhere (Story et al., 1992). Agonist activity was determined following addition of 

cumulative doses of the analogues to the bath. Peptidase inhibitor cocktails (bestatin 

(100 nM, 200 AL of final concentration) and thiorphan (3 nM, 200 AL of final 

concentration)) were added to the tissue bath (McKnight et al., 1983) 6 min prior to 

application of the analogues. Mean IC50 values were determined from 3 replications 

using tissues from different guinea pigs. IC50 values of Dyn A-(1-13)NH2 were 

determined as a control for each tissue either prior to or following determination of 

the IC50 value for each analogue. For antagonist tests, the compounds were incubated 

for at least 10 min in the bath before performing an agonist dose-response curves. 
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7.5. Results 

7.5.1. Peptide Synthesis 

The acetylated and deacetylated hexapeptides were simultaneously prepared on 

a PAL® (Peptide Amide Linker) resin using porous polypropylene mesh tea-bags. The 

side chain protecting groups used were Pmc for the guanidino group of Arg and Boc 

for the amine function of Lys and the indole ring of Trp. Since Fmoc-Trp(Boc) 

efficiently prevents irreversible alkylation of the indole moiety during mild acidic 

cleavage (White, 1992; Choi and Aldrich, 1993), this derivative was incorporated into 

the growing peptide chain. Each coupling step was performed using a ten-fold excess 

of Fmoc-amino acid and 50 min coupling time with vigorous shaking. In order to 

accomplish an efficient coupling for these syntheses, an effective coupling reagent is 

required. TBTU has recently been introduced, offering rapid coupling rates and 

decreasing racemization in conjunction with HOBt (Knorr et al., 1989). But it has 

been suggested that the use of an excess of TBTU be avoided in order to prevent 

formation of a Schiff base containing side product (Gausepohl et al., 1992). The use 

of 0.9 equiv of TBTU gave crude peptides free of a side product on HPLC analysis. 

The C-terminal extended peptide was also prepared on a PAL® resin by solid phase 

synthesis on an automated synthesizer using diisopropylcarbodiimide (DIC) couplings. 

The peptide-resins were cleaved by a TFA: EDT: H2O (75: 20: 5) mixture. 

After purification of the crude peptides using reverse phase HPLC, the molecular 

weight was confirmed by FAB-MS and the purity was evaluated by analytical HPLC. 
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The amino acid analyses gave the expected values for each amino acid (Table 7.1). 

7.5.2. Pharmacological Assays 

Binding affinities of these synthesized peptides were determined by displacing 

[ll]diprenorphine (K), rITIDAMGO (A), and rHJDPDPE (6) from cloned opioid 

receptors expressed in CHO cells (Table 7.2). In our assay, although the affinities of 

AcR and AcK for A-receptors were not as potent as Dooley's results (about 3-fold 

difference in K;) (Dooley et al., 1993), they showed the highest affinity for A-

receptors. These peptides exhibited higher affinity for 6-receptors than K-receptors. 

Deacetylation of the N-terminus markedly lowered binding affinities for 1.4 and (5 

receptors. It is of interest to note that the affinity for K receptors was not affcted by 

deletion of the acetyl group. Introduction of P-AlalDyn A-(7-11) residues (as a part 

of the "address" sequence) to AcR led to a compound which possessed marked 

enhanced affinity for K receptors (64-fold) without significant increase in affinity for 

I.4 receptors, resulting in decreased selectivity for A vs K receptors (A/K = 1/6) 

compared to AcR. 

The acetylated hexapeptides exhibited high selectivity for A vs K receptors and 

showed moderate selectivity for A vs 6 receptors. On the other hand, deacetylated 

derivatives did not discriminate between K and A opioid receptors and the selectivity 

for A vs 6 receptors also was reduced. The C-terminal modification of AcR led to the 

compound which showed a marked increase in A receptor selectivity of 130 times over 

6 receptors. 



Table 7.1. Characterization of Acetalins and their Derivatives. 

Amino Acid Analysis 
Peptides F (1)a M (2) R K (1) W (1) P (1) A (1) FAB-MS HPLC (% purity) 

AcRFMWMKNH2 1.01 2.00 1.03 (1) 1.01 1.29 939 21.1 (100%) 

AcRFMWMRNH2 0.99 1.97 2.05 (2) - 1.22 967 21.7 (97%) 

RFMWMKNH2 1.01 1.96 1.03 (1) 1.01 1.27 897 18.9 (100%) 

RFMWMRNH2 1.00 1.95 2.04 (2) 1.23 925 19.4 (97%) 

AcRFMWMRR(D)-ARPKNH2 1.04 2.14 3.88 (4) 1.01 0.97 0.86 1.00 1575 22.7 (97%) 

a The frequency of amino acid is indicated in parentheses. 



Table 7.2. Opioid Receptor Binding Affinity of Acetalins and their Derivatives.' 

Peptide K 

nM 

14 .5 

Ki Ratio' 
xltdo 

Dyn A-(1-13)NH2 0.34 ± 0.26 

DAMGO 0.49 ± 0.3 

DPDPE 0.59 ± 0.32 

AcRFMWMKNH2 310 ± 9.3 1.36 ± 1.1 25.6 ± 6.7 228/1/19 

AcRFMWMRNH2 423 ± 131 1.61 ± 0.34 53.7 ± 9.0 263/1/33 

RFMWMKNH2 425 ± 204 316 ± 51.4 1,410' 1.3/1/4.5 

RFMWMRNH2 387 ± 329 401 ± 128 7,280 ± 3,100 1/1.04/19 

AcRFMWMRR(D)-ARPKNH2 6.6 ± 2.5 1.12 ± 0.6 142 ± 41 6/1/127 

a See experimental section for details of the binding assays. 
' Ratio of Ki's where the lowest Ki is used in the denominator. 

Ninety-five percent confidence interval is 952 - 2,080. 
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The opioid activity of the compounds was evaluated by inhibition of electrically 

evoked contractions of the guinea pig ileum (GPI). As shown in Table 7.3, AcK 

showed potent agonist activity, in contrast to Dooley's results, who reported only 

potent antagonist activity of this compound in the GPI against [Leulenkephalin (Ke 

= 2.53 nM) (Dooley et al., 1993). Deacetylated peptides showed negligible opioid 

activity in the GPI, which is consistent with the weak affinities observed in the 

binding assays. AcR and its C-terminal extended peptide exhibited only partial agonist 

activity, with 50% and 65% maximum inhibition, respectively. In preliminary 

experiments, these peptides were antagonized by naloxone and CTOP, indicating that 

their response was mediated through opioid receptors. Nor-BNI antagonism against 

the C-terminal extended peptide is being examined. Possible antagonist activity of 

these two compounds was also investigated against Dyn A-(1-13)NH2 and morphine 

in the GPI. AcR was found to be a potent antagonist of morphine, with a Ke value of 

4.2 nM, which was comparable to the result observed by Dooley (Ke = 2.92 nM 

against [Leulenkephalin) (Dooley et al., 1993). This compound, however, did not 

show significant antagonism against Dyn A-(1-13)NH2 at doses up to 0.1 M. 

Although this derivative exhibited partial agonism in the cumulative dose-response 

curve, the abrupt agonism with a single dose of this compound (50% inhibition at 0.1 

AM) prevented further investigation. The C-terminal extended peptide also showed 

antagonist activity against morphine (Ke = 16.0 ± 8.97 nM, n = 5) but it was less 

potent than AcR. This derivative caused a slight rightward shift ( 4-fold) in the 

dose-response curve of Dyn A-(1-13)NH2 at a dose of 3µM (this single dose caused 

about 35% inhibition). 
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C 

Table 7.3. Opioid Activity of Acetalins and their Derivatives in the Guinea Pig Ileum. 

Peptide IC50 (nM) 

Dyn A-(1-13) 0.28 (0.24 0.57)a
 

AcRFMWMKNH2 2.54 (0.54 - 5.49)
 

AcRFMWMRNH2 2.01 (0.65 - 7.85)6
 

RFMVVMKNH2 > 10,000 

RFMWMRNH2 > 10,000 

AcRFMWMRRA-ARPKNH2 5.97 (2.41 15.3)c 

a Ninety-five percent confidence intervals are given in parentheses. 
b The IC50 was determined based on 50% maximum inhibition. 

The IC50 was determined based on 65% maximum inhibition. 

7.6. Conclusions 

In this study, we attempted to apply the "message-address" concept to one of 

the acetalins, AcRFMWMRNH2, which is a partial agonist in the GPI and a potent 

antagonist at /2 receptors. We therefore examined whether a C-terminal extention of 

this hexapeptide with a dynorphin "address" sequence moiety imparted a K type 

pharmacological profile. The C-terminal extended analogue possessed similar 

biological profiles to those of the parent peptide, showing partial agonism in the GPI 

and antagonist activity against morphine. In addition, this analogue displayed markedly 

enhanced affinity for K receptors compared to the Are acetalin and exhibited very 

weak antagonist activity against Dyn A-(1-13)NH2. In conclusion, the hypothesized 

"message" sequence played an important role in determining opioid activity and the 
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C-terminal extended "address" sequence was also important for increasing affinity for 

K receptors. 
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CHAPTER 8 

CONCLUSIONS 

In recent years, increasing numbers of opioid peptide derivatives have been 

developed to establish structure-activity relationships, to understand the mechanism 

of action at receptors, and finally to design opioid analgesics with low potential for 

abuse, tolerance, and other side effects. Although researchers are not yet close to 

reaching these goals, useful information has been growing. In addition, rapid 

developments in synthetic techniques of peptide chemistry are helping to obtain good 

quality synthetic peptides. 

As part of this effort, we synthesized several series of dynorphin A analogues 

and evaluated their activity at opioid receptors to study structure-activity relationships 

of Dyn A at K receptors. For these studies, the derivatives were prepared using Fmoc

solid phase synthesis. In the first project, we compared the efficiency of several 

cleavage methods in suppressing Trp-modification by Pmc in Fmoc-based synthesis. 

The susceptible model peptide, [Asn2,Trp4]Dyn A-(1-13), was prepared with the side 

chain of Trp unprotected. None of the scavenger mixtures was able to completely 

suppress this side reaction. In addition, the spacial distance between Trp and Arg 

separated by one amino acid residue has been reported to enhance the Trp 

modification susceptibility (Stierandova et al., 1994). On the other hand, synthesis 

using Fmoc-Trp(Boc) and subsequent cleavage with TFA containing ethanedithiol and 

water gave the best results for preserving the integrity of Trp in the sequence. This 
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result demonstrated the potential for improving the yield and purity of peptides 

containing both Trp and Arg by protecting the Trp indole nitrogen with Boc during 

Fmoc solid phase synthesis. 

The second and the third projects involved evaluation of structure activity 

relationships with modification of the "message" sequence in dynorphin A. In the 

second project, substitution of Gly2 in [Trp4]Dyn A-(1-13) by various amino acids and 

their stereoisomers resulted in changes in opioid receptor affinity and opioid activity. 

The stereochemistry at position 2 appeared to play an important role in opioid activity 

and binding affinity for K receptors: the analogues containing D-amino acids at 2 

position preferentially interacted with A-receptors and showed potent agonist activity 

in the GPI. The L-amino acid containing peptides lowered opioid activity and affinity 

for ic- receptors. This result may be caused by alteration of the conformation of these 

peptides, in particular the relative orientation of the aromatic residues (Tyr' and Phe4 

(or Trp4)) critical for opioid activity. In this study, we could not reproduce the potent 

antagonist activity (Ke = 44 nM) reported for the lead compound [Ala2,Trp4]Dyn A

(1-13) (Lemaire and Turcotte, 1986): antagonism of this compound observed in our 

assay was very weak, showing only a 2-fold rightward shift in the dose-response curve 

of Dyn A-(1-13)NH2 at doses up to 500 nM. Although other L-amino acid containing 

peptides showed weak to negligible opioid activity, they did not exhibit significant 

antagonist activity in the GPI. Because of these disappointing results further biological 

evaluation of these analogues was not persued. 

In the third project, we investigated how mono- vs di-substitution at the N-

terminus in [D-ProliDyn A-(1-11) affected opioid receptor selectivity and opioid 
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activity. The opioid activity was generally lowered by incorporation of substituents at 

the N- termius, but except for the N-benzyl analogue the N-monoalkylated peptides still 

showed potent agonist activity in the GPI. All of the N-monoalkyl substituted 

derivatives showed much higher affinity and greatly enhanced selectivity for K 

receptors than N,N-dialkyl[D-ProliDyn A-(1-11), indicating that the introduction of 

the second alkyl group at the N-terminus lowered K receptor affinity and selectivity. 

Antagonist activity of the lead compound N,N-dially1P-Pro10]Dyn A-(1-11) in our 

assay was not as potent as reported (lc = 130 nM against [D-ProliDyn A-(1-11) 

(Gairin et al., 1988): we observed a 5-fold rightward shift in the dose-response curve 

of Dyn A-(1-13)NH2 at a concentration of 10 M. The differences in results for this 

compound may be due to species differences of guinea pigs utilized in our assay 

(Hartley) vs in Gairin's (tricolor). The N,N-diCPM analogue showed negligible 

agonist activity with high affinity for K receptors but it did not display significant 

antagonist activity in the GPI assay; in a preliminary study of cAMP production, this 

compound appeared to be a partial agonist with low efficacy ( < 30%) but high 

affinity. Additional biological assays of selected N,N-dialkylated derivatives are 

underway to better understand the differences in their interactions with K receptors. 

In this study, we obtained promising lead compounds, the N-monoalkylated analogues, 

for further studies of structure-activity relationships. These analogues should be useful 

tools for studies of K receptors, since they are the most K selective opioid peptides 

reported to date. 
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In the fourth project, we examined the possible changes in the pharmacological 

profiles of acetalins by introduction of a "address" sequence moiety from Dyn A to 

Are-acetalin. Are-acetalin and its C-terminal extended peptide showed high affinity 

for A-receptors, but the C-terminal extended analogue also showed markedly enhanced 

K receptor affinity, resulting in moderate selectivity for A vs K receptors. Introduction 

of the C-terminal address residues to Arg6-acetalin markedly lowered 6 receptor 

affinity. Both peptides showed partial agonist activity in the GPI and exhibited 

antagonist activity againist morphine (IC, = 4.2 and 16 nM for Arg6-acetalin and 

the C-terminal extended analogue, respectively). The C-terminal extended peptide 

showed very weak antagonist activity against Dyn A-(1-13)NH2 but no significant 

antagonist activity of Arg6-acetalin was observed against Dyn A-(1-13)NH2. These 

biological assay results suggested that introduction of the C-terminal "address" moiety 

conferred some K-receptor type characteristics to the acetalin, but the characteristics 

of the hypothesized "message" sequence in the acetalin are still predominant in this 

initial extended analogue. Further structure-activity relationship studies are being 

performed to enhance selectivity for K vs A receptors. 

As mentioned in Chapter 2, opioid receptors have been cloned and show high 

levels of sequence homology. Their structural features are characteristic of G-protein 

coupled receptors. In the near future, it hopefully will be possible to identify ligand

binding characteristics which will provide critical information for designing better 

ligands for each receptor type and help us better understand the physiological 

mechanism of opioids at the molecular level. 
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#As published in Peptides: Chemistry, Structure, and Biology (Smith, J. A. & Rivier, 
J. E., eds.), ESCOM, Leiden, 1992, pp 134-135. 
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Introduction 

The dynorphin A (Dyn A) analogue [Ale,Trp/Dyn A-(1-13) has been reported 

to antagonize the activity of Dyn A-(1-13) in the guinea pig ileum (GPI) assay 

(Lemaire and Turcotte, 1986). We therefore prepared a series of [Trp4]Dyn A-(1-13) 

analogues containing various D- and L-amino acids at position 2 in order to examine 

the structure-activity relationships for opioid antagonist activity. The [Trp4]Dyn A 

analogues were also examined by fluorescence energy transfer (Schiller et al., 1978; 

Schiller, 1983) to see if any conformational differences between the peptides could be 

detected by this method. 

Result and Discussion 

Peptide synthesis 

The peptides were prepared by solid phase synthesis on a 

hydroxymethylphenoxyacetic acid resin (PAC® resin, Milligen/Biosearch) using Fmoc

protected amino acids. Side chain protecting groups used were Pmc for Arg, tBu for 

Tyr, and Boc for Lys. Cleavage of the dynorphin analogues from the resin with 

concentrated TFA in the presence of scavengers (Reagent K) (King et al., 1990) 

yielded alkylated peptides in addition to the desired peptides. Thus, the scavenger 

cocktail was not able to completely suppress the alkylation of Trp in these dynorphin 

analogues. 
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Pharmacological assays 

Opioid receptor affinities of the pure peptides were examined in binding assays 

against rHbremazocine (K), rHPAMGO (A), and [3H]DPDPE (6) and their opioid 

activity determined in GPI assay (Table A.1.1). Substantial differences in opioid 

receptor affinities and selectivity were observed for the different analogues. Only [L

Leu2,TrpiDyn A-(1-13) showed selectivity for K-receptors similar to Dyn A-(1-13). 

[L-Ale,TrpiDyn A-(1-13) preferentially interacted with A-receptors. In the GPI, the 

peptides containing D-amino acids at position 2 were much more potent agonists than 

the corresponding L-amino acid-containing analogues. At 0.1 AM neither [L

A14Trp4]- nor [L- Leu2,Trp4]Dyn A-(1-13) exhibited significant antagonism in the GPI 

against Dyn A-(1-13). 

Fluorescence energy transfer 

Fluorescence energy transfer between Tyr' and Trp4 was used to study possible 

conformational differences between the analogues. Fluorescence measurements were 

made with 10 AM peptide in 5 mM Tris buffer (pH 7.5). In a preliminary study, 

significant differences between the analogues could not be detected by this method. 

Conclusions 

The amino acid at the position 2 influenced the opioid activity, receptor affinity 

and receptor selectivity of the 2,4-disubstituted dynorphin analogues. The D-amino 
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Table A.1.1. Opioid Activity and Receptor Affinity of Dyn A-(1-13) Analogues. 

GPI K (nM) Ki ratio[X2,Trc4]
 
Dyn A-(1-13) IC50 (nM) K A o Klp IS
 

Dyn A-(1-13) 0.246 0.034 0.193 2.52 1/5.7/74 

[Ala2,Trp4]- 2,028 5.4 3.52 185 10/1/53 

[Asn2,Trp4]- >1000 12.4 18.4 171 1/1.5/14 

[Leu2,Trp4]- >1000 13.4 72.2 1180 1/5.4/88 

[D-Ala2,Trp4]- 9.2 5.3 0.14 8.0 38/1/57 

[D-Asn2,Trp4]- 0.828 0.172 0.035 1.6 4.9/1/46 

[D-Leu2,Trp4]- 29.8 25.6 0.249 249.3 103/1/1000 

acid-containing analogues showed significant agonist activity in the GPI and 

preferentially interacted with A receptors. Derivatives containing an L-amino acid at 

position 2 showed little agonist activity in the GPI, while retaining opioid receptor 

affinity. Antagonist activity was not observed for the L-amino acid analogues tested 

at 0.1 AM in the GPI. 
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Abstract 

N,N-Diallyl-p-Prondynorphin A-(1-11) has been reported to exhibited 

antagonist activity at K-opioid receptors (Gairin et al., Br. J. Pharmacol. 1988, 95, 

1023-1030), but it exhibits low affinity and selectivity for these receptors and is only 

a weak antagonist. Therefore, a series of N- monoalkylated P-Prondynorphin A -(1

11) analogues were prepared in order to examine the structural requirements for K-

opioid receptor affinity and for antagonist activity. The N-monosubstituted derivatives 

(N-alkyl = allyl, cyclopropylmethyl, and benzyl) exhibited high affinity (IC; (K) < 

0.05 nM) and exceptional selectivity for K receptors (K/A IC; ratio = 1/ 222-1,070; K/S 

Ki ratio = 1/ 6,080-27,900). In the guinea pig ileum (GPI) assay, the N-allyl and N

cyclopropylmethyl analogues were moderately potent agonists (IC50 = 18.3 and 2.16 

nM, respectively). The N-benzyl derivative exhibited greatly reduced agonist activity 

(1050 = 900 nM) in the GPI, with no significant antagonist activity detected against 

dynorphin A-(1-13)NH2 at doses up to 1 AM. These peptides are the most K-selective 

opioid peptides reported to date, showing comparable or greater selectivity than the 

nonpeptide K-selective agonists U-50,488 and U-69,593. 
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Dynorphin A (Dyn A), one of the endogenous opioid peptides, preferentially 

interacts with K-opioid receptors (Chavkin et al., 1982) and is therefore thought to be 

an endogenous ligand for this opioid receptor type. Since it also exhibits good affinity 

for A and t5 opioid binding sites (Corbett et al., 1982), various structural modifications 

have been made to Dyn A in attempts to identify analogues with enhanced selectivity 

for K receptors. Such analogues could then be used as tools to better understand the 

physiological effects of Dyn A mediated by K receptors. It has been reported that the 

introduction of N,N-diallyl-tyrosine at position 1 of [D-PronDyn A-(1-11) endows 

the peptide with antagonist activity. N,N-Dially[D-PronDyn A-(1-11), however, 

exhibits low selectivity for K receptors and is only a weak antagonist (Gairin et al., 

1988). As part of our efforts to develop selective and potent antagonists for K-

receptors, we synthesized N-monoalkylated [D-ProulDyn A-(1-11) analogues in order 

to examine whether the second alkyl group was necessary for antagonist activity. 

Surprisingly, the introduction of an N-monoalkylated tyrosine at position 1 provided 

marked selectivity for K-opioid binding sites. The agonist potency of these peptides in 

the guinea pig ileum (GPI) assay varied depending on the N-terminal substituents. 

R- Tyr- Gly- Gly- Phe -Leu -Arg -Arg- Ile Arg- D- Pro-LysOH
 

R = allyl, cyclopropylmethyl (CPM), or benzyl
 

The peptides were prepared by solid phase peptide synthesis. Resin-bound [D-

ProliDyn A-(2-11) was assembled on a PAC® resin (Millipore, Marlborough, MA) 

using Fmoc-amino acids.' N-Monosubstituted tyrosine derivatives were synthesized 
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from tyrosine t-butyl ester by treatment with an equimolar amount of the 

corresponding alkyl halides (allyl chloride, cyclopropylmethyl bromide or benzyl 

chloride) and diisopropylethylamine.2 The N,N- diallyl tyrosine derivative was 

prepared in an analogous fashion using an excess of ally! bromide. Following removal 

of the t-butyl groups with TFA/anisole (9:1), the alkylated tyrosine derivatives were 

coupled to the assembled peptide chain using BOP, 1-hydroxybenzotriazole and N

methylmorpholine (Castro et al., 1975; Hudson, 1988).3 The peptides were cleaved 

from the support using TFA/H20 (95:5) and purified by preparative reverse phase 

HPLC. 

1.	 The amino acids were coupled to the growing peptide chain using 

diisopropylcarbodiimide and N-hydroxybenzotriazole in N,N

dimethylacetamide (DMA). Side chain protecting groups used were (2,2,5,7,8

pentamethylchromane-6 yl)sulfonyl (Pmc) for arginine and Boc for lysine. The 

Fmoc protecting group was removed with a 30% piperidine, 35% toluene, and 

35 % DMA solution. 

2.	 The reaction was terminated before complete comsumption of starting material 

(after 37-70 h at room temperature) to avoid formation of dialkylated 

products. The desired products were obtained in 63-83% yield, together with 

2-6% dialkylated products and 14-35 % recovered starting material. 

3.	 BOP, (Benzotriazolyloxy)tris-(dimethylamino)phosphonium 

hexafluorophosphate 
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The peptides were examined for their affinity for opioid receptors in 

radioligand binding assays (Table A.2.1) and for their opioid activity in the GPI assay 

(Table A.2.2). As shown in Table A.2.1, the N-monoalkylated analogues retained K-

receptor affinity similar to that of the parent peptide. While [D- Pro10]Dyn A-(1-11) 

(Gairin et al., 1985) exhibited only modest K-receptor selectivity in our radioligand 

binding assays, N-monoalkylation of this peptide markedly decreased affinities for p 

and (5 opioid binding sites, resulting in exceptionally K selective peptides. Introduction 

of a second ally! group on the amine terminus of N-allyl-p-PronDyn A-(1-11) to 

give the N,N- diallyl analogue (Gairin et al., 1988), however, decreased K-receptor 

affinity 73-fold while A-receptor affinity deceased only by a factor of three, resulting 

in a marked decrease in K-receptor selectivity. 

In the GPI assay (Table A.2.2), the N-allyl and N-CPM analogues were 

moderately potent agonists, while the N-benzyl and N,N- diallyl analogues were very 

weak agonists. Low pA2 values for naloxone against the N-allyl and N-CPM 

derivatives are in agreement with the K-receptor selectivity of these analogues 

observed in the radioligand binding assays and consistent with the pA2 value observed 

for U-50,488. The weak agonist activity of the N-benzyl analogue was unexpected, 

given this peptide's high affinity for K receptors in the guinea pig cerebellum and the 

potency of the other two N-monoalkylated derivatives in the GPI. The N-benzyl 

analogue was examined for antagonist activity in the GPI, but statistically significant 

antagonism could not be detected when it was tested at doses up to 1µM against Dyn 

A-(1-13) amide. We are investigating the N-benzyl analogue further to attempt to 

explain its anomalous behavior (Kawasaki et al., 1990).4 The weak partial agonist 
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activity observed for the N,N- diallyl analogue is in contrast to the absence of agonism 

reported for this compound by Gairin et al (Gairin et al., 1988)5 but consistent with 

the weak agonist activity reported for the related N,N-diallyl-Dyn A-(1-13) (Lemaire 

et al., 1990). 

In conclusion, several N-monoalkylated [D-ProilDyn A-(1-11) derivatives 

have been prepared which are highly selective for K opioid receptors. These peptides 

are the most K-selective opioid peptides reported to date. Their K-receptor selectivities 

are equal to or greater than those of the K-selective nonpeptide agonists U-50,488 

(Lahti et al., 1982) and U-69,593 (Lahti et al., 1985), and their affinities for K 

receptors are greater (see Table A.2.1). Thus these peptides should be useful tools in 

further studies of the structure and functions of K opioid receptors. This work also 

shows that the low K-receptor affinity and selectivity of the N,N- diallyl derivative 

result from the introduction of the second allyl substituent on the amine terminus. 

Acknowledgement. This research was supported by NIDA grant RO1 DA 05195. We 

thank Martin Knittle for performing the GPI assays. 

4.	 Hruby and coworkers have reported two cyclic dynorphin analogues which 

also exhibit this pattern of good affinity for central K receptors but very weak 

activity in smooth muscle assays. 

5.	 This difference may reflect differences in the strains of guinea pigs used in the 

present study (Hartley albino) vs by Gairin (tricolor). 



Table A.2.1. Opioid Receptor Binding Affinity of [D-PronDyn A-(1-11).* 

nM) Ki Ratio
 
Peptide K
 

[D-Pro9Dyn A-(1-11) 0.030 ± 0.001 0.24 ± 0.002 2.1 ± 0.4 1/ 8/ 70 
N,N-diallyl- " 3.6 ± 0.5 31.7 ± 3.8 149 ± 58 1/ 8.8/ 41 
N-allyl- 0.049 ± 0.001 10.9 ± 0.5 449 ± 15 1/ 222/ 9,160 
N-CPM- 0.020 ± 0.001 9.6 ± 0.6 558 ± 8.9 1/ 480/ 27,900 
N-benzyl- 0.029 ± 0.001 31.1 ± 0.2 176 ± 17 1/ 1,070 / 6,080 
U-50,488b 1.16 ± 0.08 206 ± 3.0 - 1/178 
U-69,593b 1.06 ± 0.02 551 ± 45 1/ 520 

a The inhibitory effects of [D-ProilDyn A-(1-11) and its analogues on the binding of rlilbremazocine (K) in guinea pig 

cerebellum membranes and of [3H]DAMGO 40 and PliPPDPE (6) in rat forebrain were determined as previously described (Story 

et al., 1992), except that 100 nM DAMGO was included in the nibremazocine binding assay. The binding assays for the peptides 

were carried out at 4 °C in the presence of peptidease inhibitors. Nonspecific binding of ['H]bremazocine, rH]DAMGO, and 

RIMPDPE was determined in the presence of 1µM Dyn A-(1-13) amide, 10 AM levorphanol, and 10 AM unlabeled DPDPE, 

respectively. Equilibrium inhibition constants (Ki) were calculated from the Cheng and Prusoffs equation (Cheng and Prusoff, 1973), 

using 0.0549, 0.314, and 7.63 nM for the KD values of tritiated bremazocine, DAMGO, and DPDPE, respectively. 

Binding assays for U-50,488 and U-69,593 were performed at 25 °C. 
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Table A.2.2. Opioid Activity of [D-Prow]Dyn A-(1-11) Analogues in the Guinea Pig Ileum.' 

Peptide IC50 (nM) Naloxone pA2b 

p-PronDyn A-(1-11) 0.22 (0.11 0.49) 7.2 (6.6 - 7.7) 

N,N-diallyl- N 687 (210 - 2250)` 

N-allyl- M 18.3 (13.2 - 22.4) 7.6 (7.0 - 8.2) 

N-CPM N 2.16 (1.6 - 2.8) 7.3 (6.8 - 7.7) 

N-benzyl- N 990 (657 - 1500) 

U-50,488 2.61 (2.22 - 3.07) 7.0 (5.8 8.2) 

The guinea pig ileum assays were performed as previously described (Story et al.,
 
1992). Ninety-five percent confidence intervals are given in parentheses.
 
pA2 values were determined by the method described in reference of Schild, 1947.
 
The pA2 value for morphine was 8.2 (7.9 8.5).
 
Shallow dose-response curve with a maximum response of 65%.
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