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33. Relative dose-response adenylate cyclase-stimulating 
activities in vitro for several a-MSĤ _10 analogues ... 118 
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in vitro 113 

18. Empirical analysis of various a-MSH-derived tetrapeptide 
sequences as related to 3-turn probability 120 

19. Proposed a-MSH antagonists based on conformation-activity 
analysis 135 



ABSTRACT 

Several chemically-modified analogues of a-melanotropin (a-MSH, 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2) were pre

pared by solid-phase peptide synthesis, including [Nle1*]-a-MSH, Ac-

[Nlê -a-MSĤ jg-N̂ , Ac-[Nle" ]-a-MSHj _6-NH2 , Ac-a-MSH7_10-NH2, Ac-a-

MSH^.jg-NHg, Ac- [Nle'4]-a-MSHU_10-NH2 , Ac-[Nle*\ Z)-Phe7]-a-MSHlt_10-NH2, 

[Nle", Z5-Phe7] -a-MSH, Ac-a-MSHW0-NH2, Ac-[Tyr"]-a-MSHl(_10-NH2 and 

[half-Cys\ half-Cys10J-a-MSH. The synthetic strategy involved: 

(1) p-methylbenzhydrylamine resin as a solid support, (2) N,N'-dicyclo-

hexylcarbodiimide as a coupling reagent, (3) acetylation of the N-

terminus and HF cleavage and deprotection (except for Î -For-Trp) of 

the fully assembled peptide-resin and (4) alkaline hydrolysis to defor-

mylate l^-For-Trp. In the preparation of [half-Cys\ half-Cys10]-a-MSH, 

oxidative-cyclization provided formation of an intramolecular disulfide 

bridge. 

A comparative biological analysis in vitro of these above 

structural, stereoisomeric and conformationally-restricted analogues 

of a-MSH on several different vertebrate pigment cell systems provided 

the following results: (1) The [Nle1*, Z?-Phe7]-a-MSH effected high 

melanotropic potency (> 60 times relative to a-MSH), ultralong biologi

cal activity and unprecedented metabolic stability. (2) Utilizing 

[Nle1*, Z>-Phe7]-a-MSH as a molecular probe, two melanotropic receptor 

types were demonstrated which were mechanistically different in terms 

xiii 



xiv 

of calcium dependency and apparent hormone-receptor complex reversibil

ity. (3) The Ac-fNle4, Z?-Phe7]-a-MSHIt_10-NH2 was a highly potent active 

site (Met-Glu-His-Phe-Arg-Trp-Gly) analogue of a-MSH (ranging from 0.2-

to 10-times relative to a-MSH) without the ultralong melanotrpic activ

ity possessed by the parent stereostructural tridecapeptide. (4) The 

[half-Cys\ half-Cys10]-a-MSH exhibited superpotency on frog (Rccna 

pipiens) melanophores (> 10,000 times relative to a-MSH), and provided 

experimental evidence that a pseudocyclic conformation of the native 

hormone containing a 3-turn structural requirement at His-Phe-Arg-Trp 

might be related to its biological activity at the pigment cell receptor. 

The [Nle1*, £>-Phe7]-a-MSH may be suitable for use as a radio-labeled 

tracer or drug-delivery agent for the localization or treatment of human 

melanoma in vivo. 



CHAPTER 1 

INTRODUCTION 

Peptide hormones are physiologically active molecules important, 

in a variety of endocrine, neuroregulatory and other cellular processes. 

Structurally, linear and cyclic peptide hormones are composed of an 

ordered, covalent primary sequence of amino acids which ultimately 

defines specific topological and, in a few well-studied examples, con

formational features essential to their molecular action.* Functionally, 

the biological action of many peptide hormones on their target cells has 

been shown to involve interaction with a plasma membrane-localized, 

complex regulatory enzyme system including: (1) high-affinity, hormone-

specific receptors, (2) guanyl nucleotide binding proteins, (3) mono

valent and divalent metal binding proteins, and (4) adenylate cyclase. 

In addition, the phospholipid milieu of the plasma membrane may also 

provide a regulatory role in biological signal transduction by coordi

nating the activities of the functional components of this enzyme system. 

For this type of peptide hormone receptor-mediated biological action, at 

least two different consecutive processes occur: (1) binding of the 

hormone to its receptor and (2) transduction (or signal transfer) of the 

information from the hormone-receptor complex into the cell, leading to 

a biological response. The molecular mechanism(s) of these hormone-

receptor binding and transduction processes have been an exciting area 

2-9 
of extensive experimental and theoretical investigation. 

1 
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Peptide hormones and their analogues provide useful molecular 

probes to investigate the chemical-physical basis of biological infor

mation transfer at their specific target tissues. For many peptide 

hormones, systematic structure-activity investigations of synthetic 

analogues and fragments of the native molecule have delineated those 

amino acid residues important for target cell-receptor binding (binding 

site or address sequence) and signal transduction (active site or 

message sequence). With this information, peptide hormone design has 

advanced towards specific synthetic modification(s) at key structural 

features of these amino acids as related to biological activity, 

including: (1) the chiral (except for Gly) ct-carbon atom, (2) the 

amide (peptide) bond and (3) the amino acid side-chain moiety. A few 

reported̂  examples of these types of amino acid/peptide bond struc

tural modifications are given in Table 1. Recently, insight into the 

three-dimensional structural parameters of naturally-occurring linear 

and cyclic peptide hormones related to their biological activity has 

advanced by the design and synthesis of their conformationally-restricted 

13-15 
derivatives. A few reported examples of these types of peptide 

hormone structural modifications are given in Table 2. The potential 

advantages of such conformationally-constrained analogues versus their 

native hormone correlates include: increased potency by stabilization 

of the bioactive conformer, insight into the development of antagonists 

or superagonistsimproved understanding of biologically-active confor

mation of a peptide at a specific target cell-receptor and decreased 

enzymatic degradation due to conformational or steric constraints. 
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Table 1. Structural modifications of the amino acid/peptide bond. 

Site Type of Structural Modification 

1. a-carbon Enantiomeric substitution 
(L versus D stereochemistry) 

Aza substitution (ot-CH replaced by N) 
Des-amino (01-C-NH2 replaced by a-CH) 
Des-carbonyl (01-C-CO2H replaced by a-CH) 

2. Amide (peptide) bond N-methylation (CO-NH replaced by CO-N-Me) 
Retro-pep.tide bond 
(CO-NH replaced by NH-CO) 

Alkylidene bond (CO-NH replaced by CH=CH) 
Ketomethylene bond 
(CO-NH replaced by CO-CH2) 

Thiomethylene bond 
(CO-NH replaced by CH2-S) 

3. Side-chain moiety Total Omission (a-CR* replaced by a-CH) 
Partial Omission (Tyr replaced by Phe; 
Lys replaced by Nle) 

Isosteric substitution (Met replaced by 
Nle; Cys S-S bridge replaced by S-CH2, 
CH2-CH2, S-Se or Se-Se) 

Neutralization or generation of charged 
side-chain (Glu replaced by Gin; 
Arg replaced by Cit; His replaced by 
3-(3-pyrazolyl)-Ala; Met replaced by 
Met(O); Lys replaced by Î -for-Lys) 

*See Appendix A for amino acid nomenclature and structural formulas. 



Table 2. Conformationally-restricted peptide hormone analogues and related biological activity. 

Type of Structural Modification: 

Hormone Conformationally-Restricted Analogue Related Biological Activity 

1. Oxytocin, 

H-Cjs-iyr.„e 

Cys-Asn 

Pro-Leu-Gly-NHj 

2. [Leus]-enkephalin, 

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

3.. Luteinizing Hormone-

Releasing Hormone (m-RH), 
pj/ro-Glu-His-Trp-Ser-TyrN 

H2N-Gly-Pro-Arg-Leu' 

Gly 

[Pen'j-oxytocin, 

H-Pen-Tyr«jje 

Cys-Asn'Gln 

Pro-Leu-Gly-NH2 

H-Tyr-et/cZo-[N^-D-Ajbu-Gly-Phe-Leu] 

pi/ro-Glu-His-Trp-NH-CH— CH2 

C=0 
I 

H2N-Gly-Pro-Arg-Leu-N — CH2 

Substitution of half-Cys-1 by B,B-
dimothyl-half-Cys-1 (Pen-1): 
Competitive antagonism to oxytocin 
suggests altered receptor-bound 
dynamic properties due to conforma
tional rigidity of the analogue 
relative to oxytocin. 

Cyclization of the C02H-terminus of 
Leu-S to the Y"NH2 of 0-o,8-diamino-
butyric acid-2(D-A2bu-2) by an amino 
bond: Increased agonist potency 
(relative to [Leu5]-enkephalin) 
suggests a pseudocyclic receptor-
bound conformation for the native 
hormone. 

Cyclization (to form Y-lactam) of the 
a-carbon of Gly-7 to the NC'-amide 
of Leu-8 by an ethylene bridge: 
Increased agonist potency (relative 
to IH-RH) suggests the biologically-

'active conformation for the native 
hormone contains a B-turn. 
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Biological Source and Actions of a-Melanotropin 

a-Melanocyte stimulating hormone (a-MSH, a-melanotropin) is a 

linear tridecapeptide (Table 3) which is synthesized and secreted by 

16 17 
the vertebrate pituitary. ' Recently, the pituitary and brain of 

18-21 
several mammalian species, including the human, have been reported 

as biological sources of a-MSH or immunoreactive ot-MSH (a-MSH^). Bio-

22-32 synthetic studies conducted on cells isolated from the pituitary, 

hypothalamic neurons and the placenta have shown that several 

biologically-active peptides are derived (Figure 1) from a large molecu

lar weight precursor protein (pro-opio-melanocortin). These structurally-

(Table 3) and evolutionarily-related peptides include: a-MSH, 3-MSH, 

y-MSH, adrenocorticotropin (ACTH), corticotropin-like intermediate lobe 

peptide (CLIP), g-lipotropin (g-LPH), y-LPH, a-endorphin, 3-endorphin 

and y-endorphin. Of the MSH-peptides (a-MSH, g-MSH and y-MSH) studied, 

the primary melanotropin having physiological relevance in humans may be 

a-MSH,18-21'33 including [des-Ac]-a-MSH and [N,0-Ac2-Ser1]-a-MSH (Table 

34 35 
3). This is based upon recent evidence ' of the artifactual nature 

of so-called "human 3-MSH" (g^-MSH) and of the mistaken identification 

of "3^-MSH" by radioimmunoassay measurements because of g-MSH-like 

immunoreactivity of g-LPH or y-LPH. In addition, the physiological role 

of y-MSH remains to be clearly established although preliminary 

36 • 38 
studies " have shown both neuroregulatory and pigmentary activities 

for this melanotropin. 

The regulatory role of a-MSH on vertebrate pigmentation,1*''17'3̂ '40 

particularly on poikilothermic chromatophores (pigment cells), has been 

the first known and most intensively studied physiological function of 



Table 3. Primary structural homology of melanotropins and adrenocorticotropin. 

Peptide Primary Structure 

a-MSH Ac-Ser Tyr Ser Met-Glu-His-Phe-Arg-Trp-Gly Lys- Pro- Val-NH2 

1 4 7 10 13 

Ac 

[N,0-Ac2-Ser1] -a-MSH 
1 

Ac-Scr Tyr Ser Met-Glu-His-Phe-Arg-Trp-Gly Lys- Pro- Val-NH2 

[des-Ac]-a-MSH H-Ser Tyr Ser Met-Glu-His-Phe-Arg-Trp-Gly Lys-Pro Val-NHj 

8 -MSH 
P 

H-Asp-Glu-Gly-Pro Tyr Lys Met-Glu-His-Phe-Arg-Trp-Gly Ser' Pro-Pro-Lys-Asp-OH 

6 c,-MSH H-Asp-Gly-Gly-Pro Tyr Lys Met-Glu-His-Phe-Arg-Trp-Gly Ser-Pro-Pro-Lys-Asp-OH 

Bh-MSH H-Ala-Glu-Lys-Lys-Asp-Glu-Gly-Pro Tyr Arg- Met-Glu-His-Phe-Arg-Trp-Gly Ser- Pro-Pro-Lys-Asp-OH 

Y-MSH H Tyr Val Met -Gly •His-Phe-Arg-Trp •Asp-Arg-Phe-Gly-OH 

•Acm H-Ser Tyr Ser Met-Glu-His-Phe-Arg-Trp-Gly Lys-Pro Val-Gly-Lys-j 

Glu-Ala-Ser-Glu-Asp-Glu-Ala-Gly-Asn-Pro-Tyr-Val-Lys-Val-Pro-Arg-Arg-LysJ 

Ala-Phe-Pro-Leu-Glu-Phe-OH 

c\ 



PRO-OPIO-MELANOCORTIN 

I 
y-hsh 

TT 

ft 

Acni 

a-MSII CLIP 

TTT 
iii 

ft 

""1 JlJ 

e-LPii 

y-LPH 0-ENDOKPHIN 

1 

6-MSII Y-ENDORPHIN 

a-ENDORPHIN 

Figure 1. Schematic representation of the known biologically-active peptides derived from pro-opio-
melanocortin. 

Sites of enzymatic cleavage are indicated by dashed vertical lines within the primary 
structure (horizontal bars) of the precursor molecule. Darkened areas indicate primary 
sequence homology with known melanotropin peptides. 
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41-44 a-MSH since its discovery as the key endocrine factor derived from 

the pituitary on the control of integumental coloration in amphibians. 

Presently, there exists a detailed understanding of a-MSH stimulated 

melanin biosynthesis in epidermal melanocytes or melanosome (melanin 

17 39 40 
granule) dispersion in dermal melanophores in vitro. ' ' Recent studies 

on mammalian melanoma cells (cancerous epidermal melanocytes) , including 

both mouse and human types, grown in tissue culture have also contri

buted valuable biochemical information on the mechanism of action of 

a-MSH. The sequence of melanogenic events effected by a-MSH on these 

malignant melanocytes have been shown to include: (1) a-MSH - receptor 

45-52 
binding, (2) adenylate cyclase stimulation and increased cyclic 

AMP production,17'48'53 60 (3) cyclic AMP-dependent protein kinase 

6 2 63 
activation, and (4) tyrosinase activation and tyrosinase-catalyzed 

melanin biosynthesis48'55'56'61'64-69 (Figure 2). In addition, there 

have been reports of MSH- or cyclic AMP-mediated inhibition of growth 

65 70 75 52 
(cell proliferation) on both mouse ' and human melanoma cells 

in vitro. 

In the central nervous system (CNS), a-MSH has been reported to 

effect facilitated arousal, attention, motivation, memory and learning 

18 76 79 
in several mammalian species (including human), in vivo, ' which 

suggests a possible neurotransmitter or neuromodulator role for this 

peptide. a-MSH has also been reported to possess possible physiological 

role(s) in certain mammalian species, including fetal growth and 

_ 80-84 , „ . . .85 , ,. . . 86 
development, sebotrophic activity and lipolysis. 



Melanosorm 

ATP 

cyclic 
AMP 

Protein kinase 

Tyrosinase 

Tyrosine ine i: DOPA — 

Plasma membrane 

Substrate (protein) phosphorylation 

Transcriptional process 
(RNA synthesis) 

Translational process 
(protein synthesis) 

Nucleus 

•DOPA quinone — 

Melanin ^ Indole intermediates 
(melanosome maturation) 

MSH = Melanocyte stimulating hormone 
ATP = Adenosine 5'-triphosphate 
cyclic AMP = Adenosine 3',5'-monophosphate 

R_ = Melanotropin receptor 
AC = Adenylate cyclase 
DOPA = 3>4-Dihydroxyphenylalanine 

Figure 2. Model for the biochemical pathway of MSH activation of tyrosinase and melanin biosynthesis 
on normal or transformal (melanoma) epidermal melanocytes. 

10 
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Structure-Activity Studies of g-Melanotropin 
on Several Vertebrate Target Cell Systems 

Systematic structure-activity investigations on synthetic 

a-melanotropin and a-MSH fragments have elucidated the amino acid 

residues that are functionally important in a-MSH stimulated melanosome 

dispersion on amphibian (primarily Rana pip-Lens) melanophores in 

vitro5*(Table 4). Based on these studies, a-MSH has been 

reported̂ to contain two active sites (Met-Glu-His-Phe-Arg-Trp-Gly 

and Lys-Pro-Val-NH2), each of which can independently stimulate, at 

high concentrations, amphibian melanosome dispersion in vitro. However, 

in covalent combination (Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2) 

these two message sequences apparently have a "multiplicative, coopera

tive effect"*̂  and elicit melanosome dispersing activity nearly 

comparable to a-MSH (Table 4). In addition, Ac-Ser-Tyr-Ser-Met-(Glu) 

90 91 
has been termed a potentiating sequence ' devoid of intrinsic bio

logical activity, but effecting an increase in melanosome dispersing 

activity for a-MSH of about 100-fold relative to a-MSH5_13. 

Although the heptapeptide, Met-Glu-His-Phe-Arg-Trp-Gly, is a 

common peptide sequence of a-MSH, most 3-MSHs and ACTH (Table 3), 

His-Phe-Arg-Trp-Gly has been the primary target MSH fragment of 

structure-activity investigation (Tables 4 and 5). Based on this 

pentapeptide fragment, the first MSH compounds exhibiting competitive 

inhibition to a-MSH-stimulated melanosome dispersion in vitro were 

prepared (Table 5). Here, replacement of Arg-8 by Cit or total 

enantiomeric substitution of the L-amino acids of a-MSH6_10 yielded 

two MSH antagonists.*04''1'07 However, neither of these two peptides, 



Table 4. Summary of frog skin melanosome-dispersing activities for 
various a-MSH analogues and fragments in vitro. 

a-MSH: 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

1 4 7 10 13 

a-MSH Analogue or Fragment Activity (U/g) Reference 

1. a-MSH 2 X 1010 92 

2. [Nle1*]-a-MSH 5 X 1010 93 

3. [Gin5, l^-for-Lys11]-a-MSH 2.2 X 1010 94 

4. [Leu1]-a-MSH 1 X 1010 93 

5. [lie1*] -a-MSH 1 X 10i0 93 

6. [des-Ac]-a-MSH 1 X 109 95 

7. [des-Met1*]-a-MSH 1 X 109 93 

8. [des-Gly10]-a-MSH 1 X 109 93 

9. [Gin5]-a-MSH 1 X 109 96 

10. [Met CO) **] -a-MSH 6 X 107 93 

11. a-MSĤ  ̂o 1.4 X 10® 97 

12. a-MSHs_J0 2 X 105 98 

13. [Glys]-a-MSHs_10 2 X 10 s 99 

14. a-MSH6_I0 3 X lO1* 98 

15. Ac-a-MSH3 _j 3-NH2 5 X 109 95 

16. Ac-a-MSH^_13-NH2 1.5 X 109 100 

17. a-MSH3_13 2 X 10 s 95 

18. Ac-a-MSH7_j3-NH2 1.4 X 106 100 

19. a-MSH7_13-NH2 inactive 100 



Table 4—Continued. 

a-MSH Analogue or Fragment Activity (U/g) Reference 

20. Ac-a-MSHjj.jg-NHjj 4 x lO1* 100 

21. a-MSH11_i3-NH2 1.5 x 101* 100 

22. a-MSHj.X0 2.9 x 106 94 

23. a-MSHj.g inactive 101 

24. a-MSHj.g inactive 102 

25. Ac-a-MSHj.g inactive 102 
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Table 5. Summary of frog skin melanosome dispersing activities for 
various a-MSH6_10 analogues in vitro. 

a-MSH6_10: H-His-Phe-Arg-Trp-Gly-OH 

a-MSHg-io Analogue Activity (U/g) Reference 

1. H-His-Phe-Arg-Trp-Gly-OH 3 x 10" 98 

2. H-His-Phe-Orn-Trp-Gly-OH 2.9 x 10* 103 

3. H-His-Phe-Cit-Trp-Gly-OH inhibitor 104 

4. H-His-Phe*-Arg-Trp-Gly-OH 3.3 x 10s; 1 x 10G 105,106 

5. W-His-Phe-Arg-Trp-G1y-OH inhibitor 107 

6. H-#£s-Phe-Arg-Trp-Gly-OH inactive 108 

7. H-His-Phe-Arg-Trp-Gly-OH 1 x 105 108 

8. H-His-Phe-Arg-Trp-Gly-OH 2.1 x 1011 109 

9. U-His-Phe-ite^-Trp-Gly-QH inactive 109 

10. H-His-PTze -Arg-Trp-Gly-OH inactive 109 

11. H-His-Phe-hrg-Trp-Gly-OU inactive 106 

12. H-His-Phe-krg-Trp-Gly-QH 5.5 x 10* 106 

13. H-His-Phe-Ar^-Trp-Gly-OH inactive 110 

14. H-ffis-Phe-Arg-Trp-Gly-OH inactive 110,111 

15. H-His-Pfte-Arg-!fr>p-Gly-OH 1 x 106 110,111 

*Phe denotes -̂phenylalanine, and the D-configurations of His, Arg and 
Trp are similarly represented by His, Arg and Trp, respectively. 



[Cit8 ] -a-MSH6 Q and p-His6, O-Phe7, D-Arg8, 2-Trp9 ] -ct-MSH6 ̂  , were 

potent MSH inhibitors, but effected only weak antagonistic activities. 

In contrast, three stereoisomeric analogues of a-MSHg_I() having P-Phe-7 

and/or ZJ-Trp-9 substitutions exhibited significantly increased (3- to 

30-fold) melanosome dispersing activity relative to the native penta-

peptide (Table 5). 

8 7 
The early studies on a-MSH6_10 also provided some insight 

into understanding the structure-activity relationships involved for 

heat-alkali-treated (partially racemized) a-MSH, 0-MSH and ACIH which 

were previously reported*^ to effect prolonged (increased duration) 

melanosome dispersing activity in vitro and in vivo. Recent 

116 117 
reports ' of structure-activity analysis of several heat-alkali-

treated a-MSH and P^-MSH analogues have provided more detailed informa

tion concerning the altered biological properties of partially racemized 

MSH, including prolongation, potentiation (increased activity over 

untreated peptide) and retardation (slower rate of activity relative 

to untreated peptide). These studies have also resulted in the synthe

sis of an a-melanotropin analogue, [Nle\ Z5-Phe7]-a-MSH, which mimics 

the prolonged biological activity of heat-alkali-treated a-MSH on 

13 7 118 
amphibian (Rana pipiens) melanophores in vitro ' and in vivo. 

Of several stereoisomeric analogues of a-MSH known (Table 6), this is 

the first definitive a-melanotropin peptide reported to effect such a 

prolonged biological action. 

90 
According to a recent report, a-MSH and several of its 

analogues and fragments have been shown to display a relative potency 

profile on Cloudman S-91 mouse melanoma tyrosinase stimulation in vitro 



Table 6. Summary of relative frog skin melanosome dispersing potencies 
for various a-MSH stereoisomeric analogues in vitro. 

a-MSH: 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

1 4 7 10 13 

a-MSH Analogue Relative Potencj^ Reference 

1. a-MSH 1.0 

2. [Me"]-a-MSH 2.3 93,119 

3. [D-Ser1]-a-MSH 1.0 120 

4. [ZJ-Tyr2] -a-MSH 0.4 119 

5. [Z?-His6, Z?-Phe7, D-Arg8, 
Z)-Trp9 ] -a-MSH 

0.00002 121 

6. !Nle\ D-Phe7]-a-MSH 60.0 
b 

7. [B-Lys11]-a-MSH 0.05C 51 

Relative potency was calculated by either of two methods: 
(1) concentration (M) of a-MSH at 50% response/concentration of 
peptide at 50% response or (2) activity (U/g) of peptide/activity 
of a-MSH. 

i .  
Refer to Chapter 3, this dissertation. 

cThe relative potency of [ZJ-Lys11]-a-MSH was calculated by: 
activity (log U/mmol) of peptide/activity of a-MSH. 



which is nearly identical to that observed for MSH stimulated amphibian 

melanosoma dispersion in vitro. This would suggest similar MSH struc

tural requirements for the melanotropin receptor systems of these two 

pigment cell types. However, there have been a few reported examples 

of MSH analogues for which notable differences were observed between 

the amphibian and mouse melanoma MSH receptor systems based on biologi

cal activities monitored by using the melanosome dispersing bioassay and 

119 122 
the melanoma adenylate cyclase or tyrosinase in vitro assays. ' 

Recently, the use of the melanoma tyrosinase assay for comparative MSH 

40 
biological potency measurements has been questioned, when performed in 

the presence of proteolytic serum enzymes which may inactivate MSH 

117 
peptides. Thus, unfortunately, this area of comparative structure-

activity analysis of a-MSH and its analogues and fragments on different 

pigment cell types requires much more investigation. This is important 

since only a single report exists for human melanoma stimulation by 

52 
a-MSH, and because structure-activity correlations of a-MSH peptides 

on human malignant melanocytes must still be based on other model verte

brate pigment cell types. Such considerations are of the utmost impor

tance for the design of MSH peptides having medicinal value, including 

the diagnosis or treatment of human melanoma in vivo. 

An essentially new area of structure-activity research on a-MSH 

and ACTO has developed in the realm of the central nervous system (CNS). 

a-MSH has been reported to affect mammalian brain functions in vivo 

including facilitated arousal, attention, motivation, memory and 

learning.79,123,124 or ACTH-stimulated behavioral activ

ity has been evaluated in rats in vivo by such methods as two-way 
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active-avoidance shuttle-box and one-way active-avoidance pole-jumping 

123 124 
tests. ' These tests provide information on MSH- or AClH-stimulated 

motivation, learning ability and memory retention. The behavioral 

activity of a-MSH or ACTH is apparently structurally localized pri

marily within their common heptapeptide sequence, Met-Glu-His-Phe-Arg-

Trp-Gly, and this has been a target MSH/ACTH fragment of structure-

123 
activity investigation in the CNS. Recently, two quantitative 

structure-activity analyses of ot-MSĤ jo/ACTĤ jQ analogues using the 

125 126 
pole-jumping test conducted on rats have been reported 5 CTable 7) . 

High behavior potencies (3- to 3000-fold relative to the native hepta

peptide fragment) of MSH/ACTH fragments studied were observed for those 

peptides having Met(0)-4, Z?-Lys-8 and Phe-9 structural modifications 

(Table 7). Extension of the carboxyl-terminus on some of these modified 

MSH/ACTH fragments to include the ACTHj1_lg-NH2 sequence, Lys-Pro-Val-

Gly-Lys-Lys-NH2, resulted in four peptides ([MetfO)1*, D-Lys8, Phe9]-

ACTH1|_16-NH2, [Met(O)", Z)-Lys8, Phe9 , D-Lys1 *] -ACTH^.I6-NH2, 

[Met(02)", Ala5, Ala6, D-Lyse, Phe9, D-Lys11]-ACTHll_16-NHz and 

[Met(02)**, Ala5, Ala6, Ala7, O-Lys8, Phe9, D-Lys1-ACrait_16-NH2) 

which exhibited even higher behavior potencies (100,000- to 3,000,000-

125 
fold relative to the native heptapeptide). 

Interestingly, MSH or ACTH peptides apparently affect only 

short-term behavior effects (several hours) as compared to the long-term 

activities observed for the neurohypophyseal peptide hormone, vaso

pressin, based on measurements of the delay of extinction of pole-jumping 

124 127 
avoidance response in intact rats. ' In addition, two stereoiso

mer̂  MSH/ACTH peptide fragments ([D-Phe7]-a-MSHtt_10 and 
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Table 7. Summary of behavioral potencies for various a-MSHlt_10/AC,IHJt_10 
analogues and fragments in vivo. 

a-MSHlf_10/ACTOu_10: H-Met-Glu-His-Phe-Arg-Trp-Gly-OH 

4 7 10 

a-MSHi»_io Analogue/Fragment Relative Potency* Reference 

1. 1 

2. [Met (0) ** ] - a-MSH x 0 3-10 125,126 

3. [Met(02) 10 125,126 

4. [D-Met1*]-a-MSH lt_i0 3 125,126 

5. [g-Ala*]-a-MSH 3 125,126 

6. [Abâ J-a-MSĤ ,, 1 125 

7. [Val*]-a-MSĤ  1 125 

8. [AlasJ-a-MSH|>_10 1 125,126 

9. [Tyr7]-a-MSH ̂  10 1 125 

10. [Phe9]-a-MSH 3 125 

11. a-MSHlf_9 1 125,126 

12. [D-Lys 8J-a-MSH 4 _ 9 10-30 125 

13. [2-Lys8, Phe9]-a-MSHl|_9 30-100 125 

14. [Met(0)4, f-Lys8, Phe9]-a-l USH^.g 3000 125,126 

15. [Met(02)", D-Lys8, Phe9]-a -MSH,., 1000 125 

16. [Met CO J\ f-Glu5, Z)-Lys8, 
a-MSH^.g 

Phe9]- 3000 125 

17. [MetfOg)1*, C-His6, P-Lys8, 
a-MSH„_9 

Phe9]- 3000 125,126 

18. [Met(02) Ala5, Ala6, Ala 
P-Lys8, Phe9]-a-MSH9 

7 9 3000 125 
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Table 7—Continued. 

*Relative potencies are based on conditioned avoidance behavior experi
ments using pole-jumping tests conducted on intact rats. They are 
uncorrected for molecular weight or content of free peptide and are 
calculated by: dose (weight) of a-MSHl|_10/dose of peptide to effect 
and equal response. 



[0-Phe7]-a-MSHJ_i(}) and y-MSH have been reported^'128,129 exhibit 

dramatically enhanced extinction of avoidance behavior (decreased 

learning ability). Unfortunately, the mechanism of action of MSH or 

ACTH, including other putative neurotransmitters or neuromodulators, 

in the CNS is not well-understood which makes those structure-activity 

studies more difficult to interpret. 

Clinical studies on healthy human volunteers administered 

a-MSH^_10/ACTH1|_10 have shown behavioral activities including improved 

level of attention, enhanced short-term visual memory, increased general 

arousal and reduced performance deficits during serial reaction-time 

1 2 3  
tasks. a-MSHi»_10/ACTHlt_10 was also shown to enhance attention in 

the mentally retarded, and to facilitate retrieval from memory and 

1 2 3  
reduce depression and confusion in the elderly. Structure-activity 

studies of a-MSH or ACITi peptides in the CNS may eventually result in 

therapeutically useful drugs for the treatment of brain dysfunctions or 

1 3 0  
psychopathology related to learning, memory and motivation. 

Hormone Receptor-Mediated Mechanism 
of Action of q-Melanotropin 

Presently, there is substantial evidence that MSH effects its 

biological activity on vertebrate pigment cells by initial interaction 

(binding and signal transduction) with plasma membrane-localized melano-

tropin receptors: (1) Rapid reversal of a-MSH stimulated amphibian or 

reptilian melanosome dispersion -in vitro is observed following removal 

of the hormone (rinsing with a-MSH-free media). (2) Covalent 

complexes between MSH peptides and high molecular weight poly-

4 6 , 1 3 1  4 9 , 5 0  .  .  9 1 , 1 3 2 , 1 3 3  .  ,  
saccharide, proteins or virus particles stimulate 



frog (Rana pipiens) skin melanosome dispersion or Cloudman S-91 mouse 

melanoma cell tyrosinase activity in vitro (Table 8). These MSH-

conjugates are unlikely to be internalized into the target cell. 

( 3 )  a-MSH which has been iontophoretically injected into single frog 

(Rana pipiens) melanophores does not effect melanosome dispersion as 

viewed microscopically; however, cyclic AMP similarly injected intra-

134 
cellularly does stimulate these melanophores. (4) a-MSH only binds 

to the plasma membrane of a human melanoma cell line as based on an 

52 a 
immunocytochemical-microscopy method, and H-labeled a-MSH binds 

"specifically" to Cloudman S-91 mouse melanoma cells in vitro as based 

X 35 upon a radioreceptor binding study. The results of 125I-labeled 

Bp-MSH and its interaction with Cloudman S-91 mouse melanoma cells has 

46 
also been documented; however, these data are questionable as this 

136 
radioligand was later reported to be biologically inactive. Recently 

several radio-labeled, biologically-active a-MSH analogues have been 

prepared: [3'-125I-Tyr2]-a-MSH,120 [3',5,-3H2-Tyr23-a-MSH,120 

[3Hlf-Nva13]-a-MSH,1and [125I-Tyr2, Nle4]-a-MSH.137 Such MSH radio

ligands can provide quantitative information of melanotropin receptor 

number and MSH-receptor binding affinity, identification of melanotropin 

receptors (or diagnosis of MSH-responsive target cells), and insight 

into the molecular and physiological regulation of melanotropin recep

tors for in vitro and in vivo studies. 

Signal transduction of the biologically-active MSH-receptor 

complex to adenylate cyclase has been supported by a number of observa

tions on vertebrate pigment cells: (1) a-MSH stimulates increased intra 

cellular production of cyclic AMP in intact frog (Rana pipiens) skin 



Table 8. Summary of MSH-conjugates derived from MSH peptides covalently-bound to high molecular 
weight polysaccharides, proteins or virus particles and their related biological activity 
in vitro. 

MSH-Conjugate Biological Activity Reference 

1 .  Bp-MSH-Sepharose Stimulation of Cloudman S-91 mouse melanoma 
tyrosinase activity in vitro.* 

46 

2. [O-Ala1, Gly3, Nvâ J-a-MSH-
Human serum albumen 

Stimulation of frog (Rana pipiens) skin 
melanosome dispersion in vitro. 

49 

3. [N01 -maleimidohexanoyl]-a-MSH-
or [t^-maleimidocaproyl] -
a-MSH-Tobacco mosaic virus 

Highly potent, prolonged stimulation of frog 
('Rana pipiens) skin melanosome dispersion 
and Cloudman S-91 mouse melanoma cell 
tyrosinase activity in vitro. 

91,132,133 

4. a-MSH-Equine ferritin/FITC** Stimulation of frog (Rana pipiens) skin 
melanosome dispersion and Cloudman S-91 
mouse melanoma cell tyrosinase activity 
in vitro. 

50 

131 
*These results have been later questioned, however, as it was demonstrated that such synthetic 
complexes of covalently-bound organic amines may be slowly dissociated by solvolysis. 

**The equine ferritin was fluorescently-labeled with fluorescein isothiocyanate. 



238 45 55 58 67 
melanophores and in Cloudraan S-91 mouse melanoma cells ' ' ' 

in vitro; (2) cyclic AMP or N6,02'-dibutryryl cyclic AMP mimic (presum

ably, after directly entering into the cells) MSH stimulated melanosome 

139-141 dispersion on intact amphibian or reptilian skin melanophores 

and tyrosinase activity in Cloudman S-91 mouse melanoma cells in 

46 72 142 144 
vvtro\ > > > (3) cyclic AMP which has been iontophoretically 

injected into single frog (.Hana pipiens) skin melanophores stimulates 

134 melanosome dispersion; (4) methylxanthines, which are inhibitors 

of cyclic nucleotide phosphodiesterase (an intracellular cyclic nucleo

tide degrading enzyme), mimic both MSH stimulated melanosome dispersion 

144 
on intact lizard {Anolis aarolinensis) melanophores and tyrosinase 

67 68 
activity in Cloudman S-91 mouse melanoma cells ' in vitro; and 

(5) a-MSH and other MSH agonists stimulate adenylate cyclase of Cloud

man S-91 cell-free plasma membrane preparations in a dose-response 

manner.53,60,117,119,145 ^ schematic representation of these results 

is shown in Figure 3. 

Melanotropin receptor-mediated signal transduction to adenylate 

cyclase apparently requires functional interaction of both an MSH 

agonist and calcium ion based on several studies on vertebrate pigment 

cellŝ '*̂ '*̂  (Table 9). These results provide evidence that 

calcium ion is involved in both receptor binding and signal transduction 

processes for a-MSH. Based on other hormone-sensitive cellular systems, 

several regulatory proteins (including guanyl nucleotide binding pro-

6 7 8 
teins, methyltransferase enzymes and calmodulin ) may participate in 

calcium ion-modulated melanotropin receptor-mediated signal transduction 

in the plasma membrane. Interestingly, recent studies on ACTH have 
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Table 9. Summary of MSH-specific calcium ion requirements for the biological action of MSH in vitro. 

Calcium Ion 
Pigment Cell System(s) Biological Activity MSH/Agent Requirement Reference 

1. Lizard (Anolis cctralinensis) , 
frog (Rana pipiens), 
'toad (Seaphiopus couahi), 
skin melanophores 

Melanosome dispersion a-MSH 
Prostaglandin E2 
Isoproterenol 
Theophylline 

Yes 
No 
No 
No 

118,146-149 

2. Tadpole (Xenopus laevis) 
skin melanophores 

Photoaffinity-labeling of 
melanotropin receptors 
and "irreversible" 
melanosome dispersion 

[p-azido-Phe13]-
ct-MSH 

Yes 149 

3. Lizard (Analis carolinensia) 
skin melanophores 

"Irreversible" melanosome 
dispersion 

[Me", D-Phe7]-
«-MSH 

Yes 118 

4. Cloudman S-91 mouse melanoma 
cell-free plasma membrane 

Adenylate cyclase stimulation a-MSH 
Prostaglandin 

Yes 
No 

53 

m  in 
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reported that calcium ion is not required for ACTH-receptor binding, 

but does directly modulate signal transduction*^ (primarily through 

153 
guanyl nucleotide binding proteins ) to adenylate cyclase in adrenal 

cell-free plasma membrane preparations. 

The present research on a-MSH-receptor interaction is directed 

towards three major goals: (1) preparation of a highly potent, 

metabolically-stable a-melanotropin analogues which are suitable for 

use as radiolabeled tracers or drug-delivery agents for the localiza

tion or treatment of human melanoma -in vivo, (2) determination of the 

biologically-active conformation of a-MSH at its receptor, and (3) deter

mination of the molecular mechanism of a-MSH-receptor binding and trans

duction of hormonal stimuli at the plasma membrane. A multidisciplinary 

approach is utilized to accomplish these studies through the design, 

synthesis and comparative biological analysis of structural, stereo-

isomeric and conformationally-restricted analogues of a-MSH. A few 

of the published results of this dissertation are included in this 

introductory chapter in order to provide a more thorough update on 

a-MSH-target cell interaction. 



CHAPTER 2 

SYNTHESIS OF STRUCTURAL, STEREOISOMERS AND 
CONFORMATIONAL-RESTRICTED ANALOGUES OF ct-MELANOTROPIN 

Soon following the structural determination of natural occurring 

a-MSH*5̂ '1̂  (Figure 4), this peptide hormone was first synthesized by 

classical solution-phase methods.^6-158 Employing modern solid-phase 

159 
peptide synthetic methodology, a-MSH was first prepared using a 

91 p-hydrophenylacetoxy resin and, more recently, a benzhydrylamine 

resin*̂  as insoluble supports (Figures 5 and 6). The basic strategy 

of solid-phase chemical synthesis of a-MSH has involved: (1) covalent 

attachment of the carboxyl-terminal amino acid to the insoluble support, 

(2) stepwise, analytically-controlled coupling cycles utilizing protected 

amino acid derivatives to effect elongation of the growing peptide chain 

CH j l  Qi 

1̂ s 1 
o h  at 

<?<2 ai 
• • 

nil, i  1  

?*' 

r  ̂?h v* v p* m" ?•. ̂ HjC. 
CH, CH, oi, oi, CH, ai, ai, ai, oi, ai, at 
i  i  i  i  i j  i  *  i j  i  *  i s  i  2  \ I i  

CHjC-WaiCO-MlCHCO-NHaiCO-NHCHCO-NHCHCO-rjHalCO-NHaiCO-NIICHCO-NHCHCO-KHaijCO-NliaiCO-N-CHCO-NHCHCO-NHj 

Ac Ser Tyr Ser Met Glu His Phc— Arg Trp Gly Lys Pro Val—NHj 

1 2 3 4 5 6 7 B 9 10 11 12 13 

Figure 4. Chemical structure of a-melanotropin. 

27 
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p-Hydroxyphenylacetoxy-poly(styrene-eo-divinylbenzene) (HPA-resin) 

a) Na-Boc-Val/CDI/CH2Cl2 

Boc-Val-HPA resin 

b) CF3C02H/CH2C12 

c) (C,H ) N/CHC1 "2"v3"" 3 
d) N01 -Boc-amino acid/DCC/CH2Cl2 

e) (CH.CO) ,0/DiMF 

coupling cyale-1 
(repeated for each 
amino acid added) 

Bzl Tos Tos 
> 1  i 

Boc-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-HPA resin 

f) CF3C02H/CH2C12 

g) (c2h5)3n/chci3 

h) N°-Bpoc-amino acid/DCC/OICl3 

i) (CM3C0)20/DMF 

j) HC1/CHC13/dioxane 

coupling cycle-2 
(repeated) 

Tos O-Bzl O-Bzl Bzl Tos 
i i  i i  i 

H-Ser-Tjr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-HPA resin 

O-Bu* 

k) (C2H5)3N/CHC13 

3C0)20/N-met 

m) CFaC02H/Ql2Cl2 

O-Bzl 

k) 

1) 

m) 

O-Bzl 
1 

Ser-Tyr-S er-Met-G 

O-Bzl 

n) NH3/DMF 

Bzl 
i  

Tos 
i  

Tos 
i  

O-Bzl O-Bzl Bzl Tos Tos 
i i  1  i  i  

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

O-Bzl 

o) Na/liquid NH3 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 a-MSH 

Figure 5. Schematic outline of the solid-phase peptide synthesis method 
of Elake and Li®* used for the preparation of a-MSH. 

See Appendix A for abbreviations used. 
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coupling cyole 
(repeated for each 
amino acid added) 

Phenylaminomethyl-polyCstyrene-ec-divinylbenzene) 

(benzydrylamine resin, BHA resin) 

a) Na-Boc-Val/DCC/CH2Cl2 

Boc-Val-BHA resin 

b) CF3C02H/anisole/CH2Cl2 

c) C(CH3)2CH)2N-CH2CH3/CH2CI2 

d) Na-Boc-amino acid/DCC/CH2Cl2 

/ 

O-Bzl O-Bzl Tos Tos 2,4-Cl2-Z 
1  i  i  i  i  

Boc-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-BHA resin 
i  j  i  
| O-Bzl For 
0-2,6-Cl2-Bzl 

e) CF3C02H/anisole/CH2Cl2 

£) ((CH3)2CH)2N-CH2CH3/CH2C12 

g) N-acetylimidazole/CH2Cl2 

O-Bzl O-Bzl Tos Tos 2,4-Cl,-Z 
i i  i i  i  

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-BHA resin 
i  '  i  
I O-Bzl For 
0-2,6-Cl2-Bzl 

h) liquid HF/anisole 

For 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

i) aqueous NaOH 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 a-MSH 

Figure 6. Schematic outline of the solid-phase peptide synthesis method 
of Yang and co-workersl̂ O used for the preparation of a-MSH. 

See Appendix A for abbreviations used. 
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in the amino-terminal direction, and (3) cleavage and deprotection of 

the fully assembled a-MSH(protected)-resin to yield relative pure ot-MSH. 

The principal advantages of solid-phase peptide synthesis relative to 

solution-phase methods have been documented.I5?,161-163 

covalently-bound, insoluble peptide intermediates can be efficiently 

separated from soluble reagents and by-products by repeated washing and 

filtering steps. This procedure avoids the material losses normally 

experienced during isolation and purification steps in solution-phase. 

(2) The covalently-bound insoluble peptide intermediates can be prepared 

in high chemical yield by using an excess of soluble reagents to drive 

the reactions to completion. (3) All of the individual reactions 

required in the stepwise assembly of the desired, covalently-bound 

peptide chain can be conducted quickly and conveniently in a single 

reaction vessel, which also minimizes material losses by eliminating 

physical transfer of synthetic intermediates. In addition, the entire 

method can be automated. 

Experimentally, the principal disadvantage of solid-phase peptide 

synthesis is the potential final product microheterogeneity*^'*^ which 

can result from: (1) repeated incomplete (< 99%) deprotection, neutrali

zation or coupling reactions which can effect the formation of deletion 

or truncated peptides, (2) insufficient stability of resin-bound, peptide 

side-chain protecting groups occurring during the coupling cycles effect

ing, through side reactions,the formation of peptides incorporating 

structurally modified amino acids, and (3) trace racemization occurring 

during the coupling reaction effecting the formation of stereoisomeric 

peptides. In addition, partial decomposition of the final peptide 



product has been observed* -̂*  ̂following the use of hydrogen fluoride 

to effect cleavage (and peptide side-chain deprotection) of the peptide 

from its insoluble support. For a-MSH, the potential problems of final 

product microheterogeneity or partial decomposition have been minimized 

by the type of solid support, functional group (including both a-amino 

and side-chain groups) protection, and peptide(protection)-resin cleav

age and side-chain deprotection methods utilized (Figures 5 and 6). In 

general, total functional group protection (termed "global" protection) 

can provide maximum safety against undesired side reactions and by

products, and provide flexibility in the choice of coupling procedures 

, 164 
used. 

The type of functional group protection utilized in the solid-

phase syntheses of a-MSH (Table 10) has been previously developed to 

provide for selective a-amino deprotection, prior to each coupling reac

tion, under conditions which conserve side-chain protection of the 

peptide(protected)-resin. Similarly, the coupling agent, N,N'-dicyclo-

178 
hexylcarbodiimide (DCC), has proven quite successful in solid-phase 

159 179 ct 
peptide synthesis ' for a-carboxy-activation of solution-phase N -

tert-butyloxycarbonyl-amino acid derivatives in situ effecting subsequent 

acylation of the N-terminal amino group of the solid-phase amino acid-

or peptide-resin (Figure 7). The initial carboxy-activated intermediate 

o t  
(an 0-acyl urea) can react directly or indirectly (as a symmetric N -Boc-

amino acid anhydride) with the solid-phase N-terminal amino nucleophile; 

however, a competing side reaction is 0-»-N acyl migration to form a 

N-acyl urea which is unreactive to acylation. Again, the presence of 

such a highly reactive coupling agent necessitates total functional 



Table 10. Specific functional group protection utilized in the solid-
phase peptide syntheses of a-MSH. 

Functional Group Protecting Group" Reference 

1. a-Amino 
& 

tert-Butyloxycarbonyl (N -Boc) 
stable: H2/Pd, Na/liquid NH3 
cleaved: TFA, HC1 

2 - ( 4-BipKenylyl)-2-propyloxycarbonyl 
(NP'-Bpoc) 
stable: H2/Pd 
cleaved: dilute HC1 

167-169 

169,170 

2. e-Amino 
(of Lys) 

3. y-Carboxyl 
(of Glu) 

2,4-Dichlorobenzyloxycarbonyl 
(N£-2,4-Cl2-Z) 
stable: TFA 
cleaved: HF 

4-Toluenesulfonyl (Ne-Tos) 
stable: TFA, HC1, HF 
cleaved: Na/liquid NH3 

Benzyl (y-Bzl) 
stable: TFA 
cleaved: HF, HBr-TFA, H2/Pd 

tert-Butyl (y-Bû ) 
stable: dilute HC1 
cleaved: TFA 

171 

172 

172 

172 

4. 6-Guanido 
(of Arg) 

5. f3-Hydroxyl 
(of Ser) 

6. Hydroxyl, 
•phenoVic 
(of Tyr) 

4-Toluenesulfonyl (N -Tos) 
stable: TFA, HC1, HBr-TFA 
cleaved: HF, Na/liquid NH3 

Benzyl (O-Bzl) 
stable: TFA, HC1, HBr-TFA 
cleaved: HF, Na/liquid NH3, H,/Pd 

2,6-Dichlorobenzyl (0-2,6-Cl2-Bzl) 
stable: TFA 
cleaved: HF 

172 

172 

171 

Benzyl (O-Bzl) 
stable: TFA, dilute HC1 
cleaved: Na/NH3, HBr-TFA, HF, H2/Pd 

172 
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Table 10—Continued. 

Functional Group Protecting Group* Reference 

7. 3-Imidazole 
(of His) 

4-Toluenesulfonyl (N̂ -Tos) 
stable: TFA 
cleaved: HF, NH3/DMF 

172-174 

Benzyl (N*m-Bzl) 
stable: TFA, dilute HCl 
cleaved: Na/liquid NH3, H2/Pd 

172 

8. 3-Indole 
(of Trp) 

Formyl CNa-For) 
stable: TFA, HCl, HF 
cleaved: liquid NH3, NaOH(aq), 

piperidine(aq) 

172, 
175-177 

*See Appendix A for structural formulas. 



CHS 0 /N 0 
i  i i  i  i  i i  

H3C-C-0-C-N—CH-C-(H + CgH j j -N=C=N— CgH l j 

CH3 

Not-Bcr:-Pro 

activation 

DCC 

n 0 N-C.H., h  o i l  
Boc-N—CH-C-O-C 

NH-C6Hn 

f^-Boc-Pro O !  ! r i  
BOC-N—CH-C-O-C-Ol—N'BOC + DCU 

hf-Boc-Pro-anhydride 

NO-Boc-Pro-O-CN.N'-dicyclohexylJurea 

acylation 

H,C CH, 
3 \ / 3 

CH 
i  

H„N-CH-C-X-resin (X = NH, 0) 
2 n 

0  

Val-resin 

HsCn ^CH, 

r̂ i °. ? 
Boc-NH-CH-C-NH-CH-C-X-resin + DCU 

i i  
0  

ff-Boc-Pro-Val-resin 

acylation Val-resin 

Na-Boc-Pro-Val-resin • N°-Boc-Pro 

Figure 7. Schematic outline of N,N'-dicyclohexylcarbodiimide-mediated coupling reaction 
(activation and acylation) between N^-Boc-Pro and Val-resin. 

See Appendix A for abbreviations used. 
c s )  



group protection. In addition to the high popularity of DCC as a 

coupling agent in solid-phase peptide synthesis, other useful a-carboxy-

179-181 
activating agents that deserve mention include: (1) preformed 

182 
p-nitrophenyl esters (especially for coupling Asn and Gin) and 

183—185 ot 
benzotriazole esters formed in situ between N -Boc amino acid, 

DCC and 1-hydroxybenzotriazole (particularly for suppressing racemiza-

tion and N-acyl urea formation), and (2) preformed symmetric 

186 187 
anhydrides ' which have been shown to improve the final yield 

of purer peptide product. 

In retrospect, a majority of synthetic melanotropins have been 

86—89 
prepared by solution-phase methodology. ~ However, the application 

of solid-phase peptide synthesis to the preparation of melanotropins, 

particularly a-MSH analogues and fragments,91>95,117,119,160 âs 

established a definite improved and facile alternative method. In the 

present structure-activity investigation on a-MSH, the solid-phase 

peptide synthetic methodology previously developed by Yang and co

workers*1̂ '"^ is utilized with some modifications. The experimental 

details of the preparation of structural, stereoisomeric and 

conformationally-restricted analogues of a-MSH are presented below. 

Strategy and Methodology of Solid-Phase Peptide Synthesis, 
Purification and Analysis of Homogeneity Utilized in 

the Preparation of a-Melanotropin Analogues 

To achieve the preparation of a-MSH analogues and fragments 

presently investigated (Table 11), the solid-phase synthetic strategy 

consisted of: (1) semi-permanent anchoring of the carboxy-terminal 

amino acid to a p-me'thylphenylaminomethyl-poly(styrene-co-divinylbenzene) 



Table 11. Summary of a-melanotropin analogues and fragments prepared by solid-phase peptide synthesis 
in this investigation. 

a-MSH Analogue or Fragment Primary Structure 

1. [Nlê ]-a-MSH Ac-Ser-Tyr-Ser Nle-Glu-His-Phe-Arg-Trp-Gly Lys-Pro-Val-NH2 

2. Ac- [Nle1* ] -a-MSH,, _j 3 -NH2 Ac Nle-Glu-His-Phe-Arg-Trp-Gly Lys-Pro-Val-NHz 

3. Ac-[Nle'l]-a-MSH1_6-NH2 Ac-Ser-Tyr-Ser Nle-Glu-His-NH2 

4. Ac-a-MSH11_13-NH2 Ac Lys-Pro-Val-NH2 

5. Ac-a-MSH7_10-NH2 Ac-Phe-Arg-Trp-Gly •NH2 

6. Ac-[Nle'l]-a-MSHu_10-NH2 Ac Nle-Glu-His-Phe-Arg-Trp-Gly nh2 

7. Ac-[Nlê , Z)-Phe7]-a-MSĤ _10-NH2 Ac Nle-Glu-Hi s-Fhe-Arg-Trp-Gly nh2 

8. [Nle1*, £>-Phe7]-a-MSH Ac-Ser-Tyr-Ser Nle-Glu-His-P?ze-Arg-Trp-Gly Lys-Pro-Val-NH2 

9. Ac-a-MSĤ  _ 10 -NH2 Ac Met-Glu-His-Phe-Arg-Trp-Gly •nh2 

10. Ac-tTyrI,]-a-MSĤ _10NH2 Ac Tyr-Glu-His-Phe-Arg-Trp-Gly •nh2 

11. [Half-Cys*1, half-Cys10]-a-MSH Ac-Ser-Tyr-Ser 
i i 
Cys-Glu-His-Phe-Arg-Trp-Cys -Lys-Pro-Val-NH2 

*Phe denotes P-phenylalanine. 

& 



resin (p-methylbenzyhydrylamine resin, p-MBHA resin) which has been 

188 
reported to yield higher recoveries of the carboxamide forms of 

covalently bound amino acid-p-MBHA resins following HF cleavage, 

(2) analytically-controlled, repetitive coupling cycles (Table 12) for 

190 
each amino acid added using an orthogonal protection scheme (selec-

160 
tive functional group deprotection as previously described for a-MSH 

and summarized in Figure 6 and Table 9), and (3) acetylation of the 

ct 
N -amino-terminal, and HF cleavage and side-chain deprotection (except 

for N -For-Trp) of the fully-assembled solid-phase peptide(protected)-

p-MBHA resin. Post solid-phase synthetic procedures included 

deformylation of Î -For-Trp-containing a-MSH peptides as previously 

described.160,191 addition, the synthesis of [half-Cys4, hal-Cys10]-

a-MSH (Figure 8) specifically required oxidative-cyclization of the 

deprotected free-disulfhydryl intermediate to give the desired intra-

192 19 
molecularly-bridged peptide product by methods previously reported. ' 

N -Boc amino acids and amino acid derivatives (including their 

Ct £ 
-̂enantiomeric correlates), except for N.-Boc-N -2,4-Cl2-Z-Lys and 

Na-Boc-S-3,4-Me2-Bzl-Cys, used for solid-phase peptide synthesis were 

obtained from Chemical Dynamics (South Plainfield, NJ), Galactica 

Biochemical (Cleveland, OH), Peninsula Laboratories (San Carlos, CA), 

Vega Biochemical (Tucson, AZ), Biosynthetica (Oberdorf, Switzerland) 

or Bachem (Bachendorf, Switzerland). N0l-Boc-Ne-2,4-Cl2-Z-Lys was pre

viously prepared (D. A. Upson and V. J. Hruby, Department of Chemistry 

University of Arizona, unpublished results) by methods similar to a 

reported171 procedure. Na-Boc-S-3,4-Me2-Bzl-Cys was previously prepared 

(P.S. Darman and V. J. Hruby, Department of Chemistry, University of 
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Table 12. Coupling scheme used in solid-phase peptide synthesis of 
a-MSH analogues or fragments. 

Step Purpose Solvent or Reagenta Time 
(min) 

Repetitions 

1 wash ch2ci2 2 4 

2 deprotection̂  TFA/anisole/CH2Cl2 
(45:2:53, v/v) 

2 1 

3 deprotection TFA/anisole/CH2Cl2 
(45:2:53, v/v) 

20 1 

4 wash ch2ci2 2 3 

5 neutralization0 DIEA/CH2C12 (1:9, V/V) 2 2 

6 wash ch2ci2 2 4 

7 deprotection 
analysis 

Ninhydrin test̂  - 1 

8 couple6 Na-Boc amino acid/CH2Cl2 variable 1 

9 couple DCC/H0BT(optional)/CH2Cl2 variable 1 

10 coupling 
analysis 

Ninhydrin test - 1 

11 wash CH2C12 2 3 

12 wash EtOH 3 3 

aSee Appendix A for abbreviations used. 

D̂eprotection of Nw-Boc group. 

Neutralization of the amino-terminus. 

N̂inhydrin test was used as previously described*̂  for semi-quantitative 
analysis of the coupling reactions or determination (qualitative) of 
N̂ -Boc deprotection. 

eCoupling with 3-fold excess Na-Boc amino acid, 2.4-fold excess DCC and 
3-fold excess HOBT (optional reagent). 
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p-MethylphenyXaminomethyl-poly(styrene-co-divinylbenzene) 

(p-methylbenzhydrylamine resin, p-MBHA resin) 

a) l^-Boc-Val/DCC/CH2Cl2 

Boc-Val-p-MBHA resin. 

b) CF3C02H/anisole/CH2Cl2 

c) C(CH3)2CH)2N-CH2CH,/CH2CI2 

d) Na-Boc-araino acid/DCC/H0BT/CH2Cl2 

coupling ay ale 
(repeated for each 
amino acid added) 

S-3,4-Me2-Bzl O-Bil O-Bzl O-Bzl Tos 
' I ' l l  

Boc-Ser-Tyr-Ser—Cys-Glu-His-Phe-Arg-Trp—Cys.-Lys-Pro-Val-p-MBHA resin 
i i i | 
| Tos For 2,4-Cl2-Z 

S-3,4-Me2-Bzl 

0-2,6-C12-BZ1 

e) CFJCOJH/anisole/Ql2Cl 2 

f) ((CH3)2CH)2N-CH2CH3/CH2CI2 

g) N-acetylimidazole/ai2Cl2 

O-Bzl O-Bzl O-Bzl Tos S-3,4-Me,-Bzl 
i i i ii 

Ac-Ser-Tyr-Ser—Cys-Glu-His-Phe-Arg-Trp—Cy s - Ly s - Pro-Val-p-MBHA resin 

Tos 

S-3,4-Mc2-Bzl 

0-2,6-Me2-Bzl 

h) liquid HF/anisole 

SH 

For 2',4-Cl2-2 

For 
J 

SH 
i 

Ac-Ser-Tyr-Ser—Cys-Glu-His-Phe-Arg-Trp—Cys-Lys-Pro-Val-NH2 

i) aqueous NaOH (N2-purged) 

j) K3Fe(CN)6 

k) Rexyn 203 (Cl" form) 

Ac-Ser-Tyr-Ser—C?ys-Glu-His-Phe-Arg-Trp—Cys-Lys-Pro-Val-NH2 

[Half-Cys\ half-Cys10]-o-MSH 

Figure 8. Schematic outline of the solid-phase peptide synthesis method 
used for the preparation of [half-Cys**, half-Cys10]-a-MSH. 

See Appendix A for abbreviations used. 
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Arizona, unpublished results) by methods similar to reported ' 

ct i 
procedures. In addition, N -Boc-N -For-Trp was available from a pre

viously reported*̂  preparation. Thin-layer chromatography (TLC) was 

performed on silica gel G plates using the following solvent systems 

(all vol/vol): (A) 1-Bu0H/H0Ac/H20 (4:1:5, upper phase only); 

(B) l-Bu0H/H0Ac/Pyr/H20 (15:3:10:12); (C) l-Bu0H/Pyr/H0Ac/H20 

(6:6:1.2:4.8); (D) 2-PrOH/25% aqueous NH3/H20 (3:1:1). Other param

eters of routine TLC procedure included 50-100 yg load sizes, chromato

graphic lengths of 12-18 cm and detection by ninhydrin, fluorescamine 

and iodine vapors. Amino acid analyses were obtained using a Beckman 

196 
120C amino acid analyzer (as previously described ) following hydroly

sis for 22 h at 110°C in either of the following reagents: (1) 6 N HC1 

197 
containing 0.2% phenol, (2) 4 M mercaptoethanesulfonic acid (MESA) 

or (3) 3 M methanesulfonic acid (MSA) containing 0.2% 3-(2-aminoethyl) 

198 indole. No corrections were made for the destruction of amino acids 

during hydrolosis. Optical rotation values were obtained using a Perkin-

Elmer 241 MC polarimeter and measured at the mercury green line (546 nm). 

Infrared (IR) spectra were obtained using a Perkin Elmer 337 spectro

photometer. 

Purification of a-MSH peptides was accomplished by conventional 

gel filtration (as performed on Sephadex IH-20, G-10, G-15 or G-25; 

obtained from Pharmacia Fine Chemicals, Piscataway, NJ) or ion-exchange 

(as performed on carboxymethyl-cellulose; obtained from Sigma Chemical 

Company, St. Louis, M0) column chromatography, and the peptides (in 

eluents) were detected by ultraviolet (UV) spectroscopy (at 280 nm) using 

189 
a Gilford 240 UV/VIS spectrophotometer or by the ninhydrin method. 
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The homogeneity of the purified synthetic a-MSH peptides was demon

strated by single, uniform TLC spots using four different solvent systems 

(as described in detail above). Other analytical tests performed 

included amino acid analysis and optical rotation (as described in 

detail above). 

Preparation of p-Methylbenzhydrylamine Resin 

A highly reproducible synthesis of p-methylbenzhydrylamine resin 

was obtained following slightly modified Friedel-Crafts acylation and 

160 193 199 
Leuckart reductive amination procedures reported ' ' for the 

preparation of benzhydrylamine resin, and is described herein. To 10.0 

g beaded polystyrene cross-lined with 1% divinylbenzene (Bio-Beads S-Xl, 

200-400 mesh; Bio-Rad Laboratories, Richmond, CA) in 125 ml of CH2C12 

was added, under nitrogen, 3.33 ml (25.0 mmol) of p-toluoyl chloride. 

The mixture was cooled to 0° in ice and 2.31 g (17.2 mmol) of A1C13 was 

added in approximately three equal proportions. The dark brown-colored 

mixture was stirred at 0° for 2 h, at 25° for 1.5 h, and finally at 

reflux for 2.5 h. The mixture was then cooled, poured into 400 ml of 

ice-H20 and filtered. The resin was washed three times with 50 ml por

tions each of H20, MeOH, and subsequently washed four times with 50 ml 

portions each of EtOH, 50% aqueous EtOH and H20. The resin was then 

suspended in 150 ml of H20 and treated with 25 ml concentrated HC1 with 

stirring for 1 hr. The resin was filtered, washed three times with 50 

ml portions of H20, and treated with 50 ml 0.5 N NaOH with stirring for 

10 min. The resin was then filtered, and washed four times with 50 ml 

portions each of H20, 50% aqueous EtOH, EtOH and CH2C12. The 
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cream-colored resin was dried in vacuo to give 12.96 g p-toluoyl-

poly(styrene-eo-divinylbenzene) resin (p-methylphenylketone resin). 

IR (KBr) analysis showed: 3100 (aromatic), 1650 (C=0) and 1600 cm"1 

(aromatic). Based on weight gain, the carbonyl content corresponded 

to about 1.9 mmol/g resin. 

To a three-necked flask (equipped with a thermometer, an over

head mechanical stirrer and a distillation assembly) was added 167 ml 

(3.96 mol) of 88% aqueous HC02H and, with stirring at 0° in ice, 

200 ml (2.96 mol) of concentrated NĤ OH. The H20 (̂  210 ml) was dis

tilled off until the inner temperature reached 150-160°. To the hot 

ammonium formate solution was added 5.14 g of the p-methylphenylketone 

resin. The reaction mixture was stirred and maintained at 170° (oil 

bath temperature) for 48 h. The mixture was then cooled, filtered and 

washed four times with 50 ml portions each of H20, MeOH and CH2C12. 

The N-formylated resin was then suspended in 80 ml of concentrated HC1-

propionic acid (1:1, vol/vol) and refluxed for 5 h. After filtration, 

the deformylated resin-HCl salt was washed with four 50 ml portions each 

of H20, 50% aqueous EtOH, CH2Cl2> anc* subsequently neutralized with two 

50 ml portions of 10% diisopropylethylamine in CH2C12. The resin was 

then washed with four 50 ml portions of CH2C12, and dried in vacuo to 

give 4.58 g cream-colored p-methylbenzhydrylamine resin. IR (KBr) 

analysis showed: 3400 (weak, NH2), 3050 (aromatic), 1650 (unreacted 

C=0) and 1600 cm-1 (aromatic). 

Following this standard procedure, several p-methylbenzhydryl

amine resins were prepared (approximately 50 g) for use in the solid-

phase synthesis of a-MSH peptides. The degree of amino substitution 
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was determined by acylation with a N01 -Boc amino acid (Gly, Val or 

Nlm-Tos-His) to completion (negative ninhydrin test**̂ ), and subsequent 

measurement of the amino acid substitution by quantitative amino acid 

analysis following hydrolysis for 22 h at 110° in concentrated HC1-

propionic acid (1:1, vol/vol) containing 0.2% phenol. 

Preparation of [4-Norleucine]-q-MSH 

To 4.00 g p-MBHA resin in 80 ml of CH2C12 was added 0.35 g 

(1,6 mmol) of Np-Boc-Val and 0.26 g (1.28 mmol) of DCC, each in 5 ml 

of CH2C12. The mixture was stirred for 24 h at room temperature, and 
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at this time the resin gave a negative ninhydrin test. The resin 

was filtered off and was washed four times with 40 ml portions each of 

CH2C12, EtOH and CH2C12. After drying -in vacuo, 4.22 g of Boc-Val-

p-MBHA resin was obtained, and the level of amino acid substitution was 

0.18 mmol/g following quantitative amino acid analysis (hydrolysis for 

22 h at 110° in concentrated HC1-propionic acid [1:1, vol/vol] contain

ing 0.2% phenol). 

Solid-phase peptide synthesis commenced following the coupling 

scheme outlined in Table 12. Each coupling reaction was achieved with 

a 3-fold excess of Na-Boc-amino acid (or derivative) and a 2.4-fold 

excess of DCC. Each individual step of the synthesis was performed in 

a single reaction vessel which would accommodate approximately 10 ml 

solvent/g resin used, and all solvent transfer processes were conducted 

using a semi-automated solid-phase peptide synthesizer which was pre

viously designed and built in this laboratory (V. J. Hruby, Department 

of Chemistry, University of Arizona, unpublished results). To 2.11 g 



(0.38 mmol) of Boc-Val-p-MBHA, were coupled (in order of addition): 

N01 -Boc-Pro (6 h) , Na-Boc-Ne-2,4-Cl2-Z-Lys (7 h), Na-Boc-Gly (4 h) , 

N01-Boc-N1-For-Trp (5 h) , t̂ -Boc-Î -Tos-Arg (12 h) , hP-Boc-Phe (7 h) , 

Na-Boc-Nlm-Tos-His (4 h), Na-Boc-Y-Bzl-Glu (3.5 h) and N̂ Boc-Nle (4.5 h). 

The resultant Boc-Nle-Glu(Y-Bzl)-His(Nim-Tos)-Phe-Arg-(N̂ -Tos)-Trp 

(N*-For)-Gly-Lys(NE-2,4-Cl2-Z)-Pro-Val-p-MBHA resin (2.11 g, dry weight) 

was divided into two portions. To 1.08 g (̂ 0.19 mmol) of the protected 

decapeptide-resin, solid-phase synthesis of the title peptide was 

achieved directly after the stepwise coupling of r̂ -Boc-O-Bzl-Ser (3 h), 

Na-Boc-0-2,6-Cl2-0-Bzl-Tyr (3 h) and Na-Boc-0-Bzl-Ser (3 h) . Again, a 

3-fold excess (0.58 mmol) of Na-Boc-amino acid (or derivative) and 

2.4-fold excess (0.47 mmol) of DCC was used. Acetylation of the pro

tected tridecapeptide-resin was achieved with a 6-fold excess of 

ot 
N-acetylimidazole in CH2C12 (15 h) after deprotection of the N -Boc 

group and subsequent neutralization of the amino terminus (see Table 12). 

The resultant Ac-Ser(O-Bzl)-Tyr(0-2,6-Cl2-Bzl)-Ser(O-Bzl)-Nle-Glu(y-Bzl)-

His(Nim-Tos) -Phe-Arg(Ng-Tos) -Trp̂ -For) -Gly-Lys(Ne-2,4-Cl2-Z) -Pro-Val-

p-MBHA resin was dried in vacuo (1.01 g) and treated with 15 ml of 

anhydrous HF in the presence of 3.0 ml of anisole and 100 yl of 1,2-

dithioethane for 30 min at 0°. After evaporation of the HF, anisole 

and 1,2-dithioethane in vacuo, the dried product mixture (free peptide 

and resin) was washed with three 30 ml portions of EtOAc, and the peptide 

was subsequently extracted with three 30 ml portions each of 30% HOAc, 

1 N HOAc and H20. The combined aqueous extracts were lyophilized to 

give 108.9 mg crude [Nle4, N1-For-Trp9]-a-MSH. 



The crude tridecapeptide (108.9 mg) was dissolved in 5 ml of H20, 

and the pH was adjusted to 11.5 with 4 N NaOH. After 3 min at pH 11.5, 
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the deformylation reaction was terminated as the solution was acidi

fied to pH 4.5 with glacial HOAc. The solution was chromatographed 

directly on a Sephadex G-15 column (2.5 x 32.0 cm) using 200 ml of 30% 

HOAc as the eluant solvent (Figure 9a). The major peak (280 nm detec

tion) was lyophilized to give 84.9 rog, and a portion of this material 

(46.4 mg) was further purified by ion-exchange chromatography on a 

carboxymethyl-cellulose column (1.75 x 10.0 cm) using 250 ml 0.01 M 

NHi,0Ac at pH 4.5 as the initial eluant solvent (Figure 9b) . A stepwise 

gradient of 250 ml each of 0.1 0.2 M and 0.4 M NĤ OAc (pH 6.8) was 

then applied to the column. The major peak (280 nm detection) eluted 

during the 0.1 M NĤ OAc (pH 6.8) fraction was lyophilized to give 27.1 

mg white powder (overall yield = 20%); [«]̂ 6 
= "57.5°, o = 0.25 in 10% 

HOAc (literature1̂ 0 [oOgjjg = -45.5°, c = 0.44 in 10% HOAc; Peninsula 

commercial [Nle1*]-a-MSH gave [oÔ g = -60.0°, a = 0.25 in 10% HOAc). 

The purified title peptide gave single uniform spots (ninhydrin and 

iodine detection) on TLC: R̂  = 0.24 (A), = 0.68 (B), R̂  = 0.68 (C) 

and = 0.80 (D). Amino acid analysis (hydrolysis for 22 h at 110° in 

4 M MESA) gave the following molar ratios: Ser (1.75), Tyr (0.94), 

Nle (1.07), Glu (1.04), His (1.01), Phe (0.93), Arg (1.01), Trp (0.91), 

Gly (1.06), Lys (1.05), Pro (1.04) and Val (1.09). 

Preparation of Ac-[4-Norleucine]-q-MSHk_xa-NH, 

To 1.09 g {y 0.19 mmol) of Boc-Nle-Glu(y-Bzl)-His(Nlm-Tos)-Phe-

Arg(Ng-Tos)-Trp(N1-For)-Gly-Lys(N£-2,4-Cl2-Z)-Pro-Val-p -MBHA resin 
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Figure 9. Chromatographic behavior of [Nlê j-a-MSH during purification. 

Panel a. Gel filtration of [Nle1*, N1-For-Trp9]-a-MSH (108.9 mg) on Sephadex G-15 (2.5 x 
13.20cm) using 30% HOAc as the eluant solvent (6.0 ml/tube). Panel b. Cation-exchange 
chromatography of [Nle4]-a-MSH (56.0 mg) on carboxymethyl-cellulose (1.75 x 10.0 cm) using 
a stepwise gradient of 0.01 M NHi»0Ac (pH 4.5), and 0.1 M, 0.2 M and 0.4 M NHi»0Ac (pH 6.8) 
as the eluant solvents (7.3 ml/tube). Darkened circles represent the tube number corre
sponding to the major peaks which were isolated during each purification. 
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(prepared above), acetylation was achieved with a 6-fold excess of 

N-acetylimidazole in CH2CL2 (15 h) after deprotection of the Na-Boc group 

and subsequent neutralization of the amino-terminus (see Table 12). The 

resultant Ac-Nle-Glu(y-Bzl)-His(Nlm-Tos)-Phe-Arg(N̂ -Tos)-Trp(N̂ -For)-Gly-

Lys(N£-2,4-Cl2-Z)-Pro-Val-p-MBHA resin was dried -in vacuo (1.03 g) and 

treated with 15 ml of anhydrous HF in the presence of 3 ml of anisole and 

100 yl of 1,2-dithioethane for 30 min at 0°. After evaporation of the 

HF, anisole and 1,2-dithioethane in vacuo, the dried product mixture was 

washed with three 30 ml portions of EtOAc, and the peptide was extracted 

with three 30 ml portions each of 30% HOAc, 1 N HOAc and H20. The com

bined aqueous extracts were lyophilized to give 117.9 mg of crude 

Ac- [Nle1*, N1-For-Trp9]-a-MSHlt_X3-NH2. 

A portion of the crude decapeptide (65.0 mg) was dissolved in 

3 ml of 30% HOAc and chromatographed on a Sephadex G-15 column (2.5 x 

32.0 cm) using 300 ml of 30% HOAc as the eluant solvent. The major peak 

(280 nm detection) was lyophilized to give 56.0 mg, and this material 

was further purified by ion-exchange chromatography on a carboxymethyl-

cellulose column (1.75 x 10.0 cm) using 250 ml of 0.01 M NHlf0Ac at pH 

4.5 as the initial eluant solvent. A stepwise gradient of 250 ml each 

of 0.1 M, 0.2 M and 0.4 M NĤ OAc (pH 6.8) was then applied to the 

column. The major peak (280 nm detection) eluted during the 0.1 M 

NĤ OAc (pH 6.8) fraction was lyophilized to give 30.8 mg of Ac-tNle4, 

N1-For-Trp9]-a-MSHl|_13-NH2. A portion of the purified decapeptide 

(22.8 mg) was dissolved in 3 ml H20, and the pH was adjusted to 11.5 
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with 4 N NaOH. After 3 min at pH 11.5, the deformylation reaction 

was terminated as the solution was acidified to pH 4.5 with glacial 



HOAc. The solution was chromatographed directly on a Sephadex G-15 col

umn (2.5x3.2 cm) using 225 ml of 30% HOAc as the eluant solvent. The 

major peak (280 nm detection) was lyophilized to give 20.0 mg white pow

der (overall yield = 17.4%); [w]"6 = 55.4°, e = 0.25 in 10% HOAc (litera

turê  ̂[ot]p5 =-45.4°, c = 0.28 in H2O) . The purified title peptide gave 

single uniform spots (ninhydrin and iodine detection) on TLC: R̂ =0.19 

(A), Rj.= 0.61 (B), R̂  = 0.60 (C) and R̂ =0.83 (D) . Amino acid analysis 

(hydrolysis for 22 h at 110° in 4 M MESA or 3 M MSH containing 0.2% 3-

[2-aminoethyl]indole) gave the following molar ratios: Nle (0.98), Glu 

(0.99), His (0.98), Phe (0.93), Arg (1.04), Trp (0.80), Gly (1.01), 

Lys (1.00), Pro (1.05) and Val (1.04). 

Preparation of Ac-[4-Norleucinel-q-MSH,_R-NH, 

To 3.14 g p-MBHA resin in 100 ml of CH2C12 was added 1.15 g 

(2.81 mmol) of l̂ -Boc-N̂ -Tos-His, 0.46 g (2.25 mmol) of DCC and 0.38 g 

(2.81 mmol) of HOBT, each in 5 ml of CH2C12. The mixture was stirred 

for 48 h at room temperature, and at this time the resin gave a negative 
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ninhydrin test. The resin was filtered off and was washed four times 

with 25 ml portions each of CH2C12, EtOH and CH2C12. After drying in 

vacuo, 3.56 g of Boc-His(Nlm-Tos)-p-MBHA resin was obtained, and the 

level of amino acid substitution was 0.38 mmol/g following quantitative 

amino acid analysis (hydrolysis for 22 h at 110° in concentrated HC1-

propionic acid {1:1, vol/vol] containing 0.2% phenol). 

Solid-phase peptide synthesis commenced using 3.65 g (1.38 mmol) 

of Boc-His(Nlm-Tos)-p-MBHA resin following the coupling scheme outlined 

in Table 12. Each coupling reaction was achieved with a 3-fold excess 

of Na-Boc-amino acid (or derivative), 2.4-fold excess of DCC and a 



3-fold excess of HOBT. After Î -Boc-y-Bzl-Glu (4.28 jnraol) was coupled 

(3 h), the Boc-Glu(y-Bzl)-His(Nlm-Tos)-p-MBHA resin (3.73 g) was 

divided into two portions. To 2.00 g (̂ 0.76 ramol) of the protected 

ct 
dipeptide resin, were coupled (in order of addition): N -Boc-Nle (3 h) , 

N01 -Boc-O-Bzl-Ser (3 h) , N°l-Boc-0-2,6-Cl2-Bzl-Tyr (3 h) and Na-Boc-0-Bzl-

Ser (3 h). The resultant Boc-Ser(O-Bzl)-Tyr(0-2,5-Cl2-Bzl)-Ser(O-Bzl)-

Nle-Glu(y-Bzl)-His(Nlm-Tos)-p-MBHA resin (2.11 g, dry weight) was 

divided into two portions. To 1.41 g (̂  0.53 mmol) of the protected 

hexapeptide-resin, acetylation was achieved with a 3-fold excess (1.6 

iranol) N-acetylimidazole in CH2C12 (14 h) following deprotection of the 

ot 
N -Boc group and subsequent neutralization of the amino-terminus (see 

Table 12). The resultant Ac-Ser(O-Bzl)-Tyr(0-2,6-Cl2-Bzl)-Ser(O-Bzl)-

Nle-Glu(y-Bzl)-His(Nlra-Tos)-p-MBHA resin was dried in vaauo (1.41 g) 

and treated with 15 ml anhydrous HF in the presence of 3 ml of anisole 

for 30 min at 0°. After evaporation of the HF and anisole in vacuo, 

the dried product mixture was washed with three 30 ml portions of EtOAc, 

and the peptide was subsequently extracted with three 30 ml portions 

each of 30% HOAc, 1 N HOAc and H20. The combined aqueous extracts were 

lyophilized to give 364.7 mg crude Ac-[Nle't]-a-MSH1_6-NH2. 

A portion of the crude hexapeptide (70.5 mg) was dissolved in 

1 ml 30% HOAc and chromatographed on a Sephadex G-10 column (2.0 x 38.0 

cm) using 200 ml 30% HOAc as the eluant solvent. The major peak (280 nm 

detection) was lyophilized to give 65.2 mg, and a portion of this material 

(46.3 mg) was further purified by ion-exchange chromatography on a 

carboxymethyl-cellulose column (2.0 x 11.0 cm) using 170 ml of 0.01 M 

NĤ OAc at pH 4.5 as the eluant solvent. The major peak (280 nm 
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detection) was lyophilized to give 30.9 mg white powder (overall yield 

= 51.5%); [ot] f ®6 = -54.7°, a = 0.25 in 10% AcOH. The purified title pep

tide gave single uniform spots Cninhydrin and iodine detection) on TLC: 

R£ = 0.58 (A), R£ = 0.81 (B), R£ = 0.78 (C) and Rf = 0.85 (D). Amino 

acid analysis (hydrolysis for 22 h at 110° in 4 M MESA) gave the follow

ing molar ratios: Ser (1.83), Tyr (0.96), Nle (0.97), Glu (1.06) and 

His (0.93). 

Preparation of Ac-a-MSH11_ -̂NĤ  

To 2.50 g p-MBHA resin in 75 ml CH2C12 was added 0.54 g (2.5 

mmol) of Na-Boc-Val and 0.41 g (2.0 mmol) of DCC, each in 5 ml of CH2C12. 

The mixture was stirred for 22 h at room temperature, and at this time 
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the resin gave a slightly positive ninhydrin test. After washing 

twice with 50 ml portions each of CH2C12, EtOH and CH2C12, the coupling 

Ot 
reaction was repeated with 0.43 g (2.0 mmol) of N -Boc-Val and 0.33 g 

(1.6 mmol) of DCC. The reaction was completed (negative ninhydrin test) 

after 5 h, and the resin was filtered, washed (as described above) and 

dried in vacuo to give 2.06 g of Boc-Val-p-MBHA resin. The level of 

amino acid substitution was 0.78 mmol/g following quantitative amino 

acid analysis (hydrolysis for 22 h at 110° in concentrated HCl-propionic 

acid [1:1, vol/vol] containing 0.2% phenol). 

Solid-phase synthesis commenced using 1.00 g (0.78 mmol) of 

Boc-Val-p-MBHA resin following the coupling scheme outlined in Table 12. 

Each coupling reaction was achieved with a 3-fold excess 2.3 mmol of 

Na-Boc-amino acid (or derivative) and 2.4-fold excess 1.9 mmol of DCC. 

After stepwise coupling of l̂ -Boc-Pro (7 h) and Na-Boc-NE-2,4-Cl2-Z-Lys 



(6 h) to give the protected tripeptide-resin, acetylation was achieved 

with a 6-fold excess (4.66 mmol) of N-acetylimidazole in CH2C12 (10 h) 

following deprotection of the N01 -Boc group and subsequent neutralization 

of the amino-terminus (see Table 12). The resultant Ac-Lys(NE-2,4-Cl2-

Z)-Pro-Val-p-MBHA resin was dried in vacuo (1.32 g) and treated with 

15 ml anhydrous HF in the presence of 3 ml of anisole for 30 min at 0°. 

After evaporation of the HF and anisole in vacuo, the dried product 

mixture was washed with three 30 ml portions of EtOAc, and the peptide 

was subsequently extracted with three 30 ml portions each of 30% HOAc, 

1 N HOAc and H20. The combined aqueous extracts were,lyophilized to 

give 266.7 mg of crude Ac-a-MSHi;i_13-NH2. 

A portion of the crude tripeptide (51.5 mg) was dissolved in 

0.5 ml H20 and chromatographed on a Sephadex LH-20 column (1.0 x 40.0 

cm) using 100 ml of H20 as the eluant solvent. The major peak (ninhy-
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drin test detection) was lyophilized to give 37.3 mg white powder 

(overall yield = 56.1%); [a]"6 = -43.8°, e = 0.25 in 10% AcOH (litera

turê 0 [a]" = -67.6, a = 1.0 in MeOH) . The purified title peptide 

gave single uniform spots (ninhydrin and iodine detection) on TLC: R̂  = 

0.18 (A), Rf = 0.68 (B), Rf = 0.60 (C) and Rf = 0.76 (D). Amino acid 

analysis (hydrolysis for 22 h at 110° in 6 N HC1 containing 0.2% phenol) 

gave the following molar ratios: Lys (1.05), Pro (0.97) and Val (0.94). 

Preparation of Ac-a-MSH,.,n-NH, 

To 5.00 g p-MBHA resin in 100 ml CH2C12 was added 0.52 g (3.0 

mmol) of Na-Boc-Gly and 0.49 g (2.4 mmol) of DCC, each in 5 ml of 

CH2C12. The mixture was stirred for 4 h, and at this time the resin 
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gave a negative ninhydrin test. The resin was filtered off and was 

washed twice with 50 ml portions each of CH2C12, EtOH and CH2C12. After 

drying in vacuo, 5.10 g of Boc-Gly-p-MBHA resin was obtained, and the 

level of amino acid substitution was 0.27 mmol/g following quantitative 

amino acid analysis (hydrolysis for 22 h at 110° in concentrated HC1-

propionic acid [1:1, vol/vol] containing 0.2% phenol). 

Solid-phase synthesis commenced using 3.21 g (0.87 ramol) of 

Boc-Gly-p-MBHA resin following the coupling scheme outlined in Table 

12. Each coupling reaction was achieved with a 3-fold excess of Î -Boc-

amino acid (or derivative), 2.4-fold excess of DCC and 3-fold excess of 

H0BT. After stepwise coupling of Na-Boc-N1-For-Trp (18 h) and Na-Boc-N̂ -

Arg (4 h) , the Boc-Arg(N̂ -Tos) -Trp̂ -For) -Gly-p-MBHA resin (3.66 g, 

dry weight) was divided into two portions. To 2.44 g (**» 0.57 mmol) 

of the protected tripeptide resin, Na -Boc-Phe was coupled (3 h) to give 

2.25 g of Boc-Phe-Arg(N®-Tos)-Trp(N1-For)-Gly-p-MBHA resin after drying 

in vacuo. To 1.12 g of the protected tetrapeptide -resin, acetylation 

was achieved with a 6-fold excess (1.58 mmol) of N-acetylimidazole 

in CH2C12 (16 h) after deprotection of the N01 -Boc group and subsequent 

neutralization of the amino terminus (see Table 12). The resultant 

Ac-Phe-Arg( N®-Tos)-Trp(N1-For)-Gly-p-MBHA resin was dried in vacuo 

(1.12 g) and treated with 17 ml of anhydrous HF in the presence of 

3.3 ml of anisole and 110 ̂ 1 of 1,2-dithioethane for 30 min at 0°. 

After evaporation of the HF, anisole and 1,2-dithioethane in vacuo, 

the dried product mixture was washed with three 30 ml portions of 

EtOAc, and the peptide was subsequently extracted with three 30 ml 

portions of each of 30% HOAc, 1 N HOAc and H20. The combined 
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aqueous extracts were lyophilized to give 126.5 mg of crude Ac-fl̂ -For 

Trp9]-a-MSH7_10-NH2. 

A portion of the crude tetrapeptide (60.4 mg) was dissolved in 

3 ml of H20, and the pH was adjusted to 11.5 with 4 N NaOH. After 3 min 

191 at pH 11.5, the deformylation reaction was terminated as the solution 

was acidified to pH 4.5 with glacial HOAc. The solution was chromato-

graphed directly on a Sephadex G-10 column (2.0 x 38.0 cm) using 300 ml 

of 30% HOAc as the eluant solvent. The major peak (280 nm detection) 

was lyophilized to give 32.1 mg white powder (overall yield = 36.0%); 

[a]"6 = -24.0°, a = 0.25 in 10% AcOH. The purified title peptide gave 

single uniform spots (ninhydrin and iodine detection) on TLC: = 

0.21 (A), Rf = 0.76 (B), Rf = 0.82 (C) and Rf = 0.81 (D). Amino acid 

analysis (hydrolysis for 22 h at 110° in 4 M MESA) gave the following 

molar rates: Phe (0.93), Arg (1.04), Trp (0.87) and Gly (1.07). 

Preparation of Ac- [4-Norleucinel-a-MSH,, _j B-NH7 

To 1.13 g (̂  0.27 mmol) of Boc-Phe-Arg(N̂ -Tos)-Trp̂ -For)-Gly-

p-MBHA resin (prepared above), solid-phase synthesis of the title 

peptide was achieved directly after the stepwise coupling of Na-Boc-Nlm-

Tos-His (2.5 h), l̂ -Boc-y-Bzl-Glu (2.5 h) and Î -Boc-Nle (3.0 h). Each 

coupling reaction was achieved with a 3-fold excess of N01 -Boc-amino acid 

(or derivative), 2.5-fold excess of DCC and a 3-fold excess of HOBT 

following the coupling scheme outlined in Table 12. Acetylation of the 

protected heptapeptide-resin was achieved with a 6-fold excess of N-

acetylimidazole in CH2C12 (15 h) after deprotection of the N01 -Boc group 

and subsequent neutralization of the amino terminus (see Table 12). 



The resultant Ac-Nle-Glu(y-Bzl)-His(Nlm-Tos)-Phe-Arg(Ng-Tos)-Trpf̂ -For)-

Gly-p-MBHA resin was dried in vacuo (1.18 g) and treated with 18 ml of 

anhydrous HF in the presence of 3.6 ml of anisole and 120 yl of 1,2-

dithioethane for 30 min at 0°. After evaporation of the HF, anisole 

and 1,2-dithioethane in vacuo, the dried product mixture was washed with 

three 30 ml portions of EtOAc, and the peptide was subsequently extracted 

with three 30 ml portions each of 30% HOAc, 1 N HOAC and H20. The com

bined aqueous extracts were lyophilized to give 170.0 mg of crude Ac-

[Nle\ N1-For-Trp9]-a-MSH|(_10-NH2. 

A portion of the crude heptapeptide (50.0 mg) was dissolved in 

3 ml of H20, and the pH was adjusted to 11.5 with 4 N NaOH. After 3 min 
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at pH 11.5, the deformylation reaction was terminated as the solution 

was acidified to pH 4.5 with glacial HOAc. The solution was chromato-

graphed directly on a carboxymethyl-cellulose column (2.0 x 11.5 cm) 

using 200 ml of 0.01 M NĤ OAc at pH 4.5 as the initial eluant solvent. 

A stepwise gradient of 200 ml each of 0.1 M, 0.2 M and 0.4 M NHt,0Ac (pH 

6.8) was then applied to the column. The major peak (280 nm detection) 

eluted during the 0.1 M NH OAc (pH 6.8) fraction and was lyophilized to 

give 19.9 mg white powder (overall yield = 21.5%); [a]|®6 = -39.1°, 

c = 0.25 in 10% HOAc. The purified title peptide gave single uniform 

spots (ninhydrin and iodine detection) on TLC: = 0.30 (A), = 

0.72 (B), R̂  = 0.70 (C) and R̂  = 0.86 (D). Amino acid analysis (hydrol

ysis for 22 h at 110° in 4 M MESA) gave the following molar ratios: 

Nle (1.01), Glu (1.05), His (0.94), Phe (0.91), Arg (0.98), Trp (0.94) 

and Gly (1.09). 
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Preparation of Ac-[4-Nprleucine, 
y-iP-Phenylalaninel-a-MSHit.T n-NH, 

From 1.22 g (*\> 0.29 mmol) Boc-Arg(N̂ -Tos)-Txpf̂ -For)-Gly-p-MBHA 

resin (prepared above), solid-phase synthesis of the title peptide was 

ot 
achieved directly after the stepwise coupling of N -Boc-Z)-Phe (3 h), 

Na-Boc-Nlin-Tos-His (2.5 h), Na-Boc-y-Bzl-Glu (2.5 h) and Na-Boc-Nle 

(3 h). Each coupling reaction was achieved with a 3-fold excess of 

Gt 
N -Boc amino acid (or derivative) and a 2.4-fold excess of DCC following 

the coupling scheme outlined in Table 12. In addition, a 3-fold excess 

of HOBT was used for the DCC-mediated couplings of Na-Boc-Nlm-Tos-His 

Ot and N -Boc-Z?-Phe. Acetylation of the protected heptapeptide-resin was 

achieved with a 6-fold excess of N-acetylimidazole in CH2C12 (15 h) 

after deprotection of the N0-Boc group and subsequent neutralization 

of the amino terminus (see Table 12). The resultant Ac-Nle-Glu(y-Bzl)-

His(Nlm-Tos)-Z>-Phe-Arg(N®-Tos)-Trp(N1-For)-Gly-p-MBHA resin was dried 

in vacuo (1.30 g) and treated with 20 ml of anhydrous HF in the presence 

of 4 ml of anisole and 130 yl of 1,2-dithioethane for 30 min at 0°. 

After evaporation of the HF, anisole and 1,2-dithioethane in vacuo, the 

dried product mixture was washed with three 30 ml portions of EtOAc, 

and the peptide was subsequently extracted with three 30 ml portions 

each of 30% HOAc, 1 N HOAc and H20. The combined aqueous extracts were 

lyophilized to give 155.0 mg of crude Ac-fNle1*, Z?-Phe7, ̂ -For-Trp9]-

a-MSĤ _ao-NH'2. 

A portion of the crude heptapeptide (66.6 mg) was dissolved in 

3 ml of H20, and the pH was adjusted to 11.5 with 4 N NaOH. After 3 min 

191 
at pH 11.5, the deformylation reaction was terminated as the solution 



was acidified to pH 4.5 with glacial HOAc. The solution was chromato-

graphed directly on a carboxymethyl-cellulose column (2.0 x 11.5 cm) 

using 200 ml of 0.01 M NĤ OAc at pH 4.5 as the initial eluant solvent. 

A stepwise gradient of 200 ml each of 0.1 M, 0.2 M and 0.4 M NĤ OAc 

(pH 6.8) was then applied to the column. The major peak (280 nm detec

tion) eluted during the 0.1 M NĤ OAc (pH 6.8) fraction and was lyophi-

lized to give 21.8 mg (overall yield = 16.1%); [oOĵ g = -38.9°, a = 

0.26 in 10% AcOH. The purified title peptide gave single uniform spots 

(ninhydrin and iodine detection) on TLC: R̂  = 0.30 (A), = 0.68 (B) 

R̂  = 0.69 (C) and R̂  = 0.87 (D) . Amino acid analysis (hydrolysis for 

22 h at 110° in 4 M MESA) gave the following molar ratios: Nle (1.05), 

Glu (1.02), His (1.04), Phe (0.93), Arg (0.98), Trp (0.94) and Gly (1.06). 

Preparation of [4-Norleucine, 
7-D-Phenylalanine]-q-MSH 

To 4.58 g p-MBHA resin in 100 ml of CH2CI2 was added 0.50 g 

(2.3 mmol) of Î -Boc-Val and 0.38 g (1.84 mmol) of DCC, each in 5 ml of 

CH2C12. The mixture was stirred for 20 h at room temperature, and at 

189 
this time the resin gave a negative ninhydrin test. . The resin was 

filtered off and was washed four times with 25 ml portions each of 

CH2C12, EtOH and CH2C12. After drying in vacuo, 4.89 g of Boc-Val-

p-MBHA resin was obtained, and the level of amino acid substitution 

was 0.105 mmol/g following quantitative amino acid analysis (hydrolysis 

for 22 h at 110° in concentrated HC1:propionic acid [1:1, vol/vol] 

containing 0.2% phenol). 

Solid-phase peptide synthesis commenced using 2.50 g (0-26 mmol) 

of Boc-Val-p-MBHA resin following the coupling scheme outlined in 
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Table 12. Each coupling reaction was achieved with a 3-fold excess of 

Np-Boc -amino acid (or derivative) and a 2.4-fold excess of DCC. Step

wise coupling of the following N01 -Boc-amino acids (or derivatives) was 

performed (in order of addition): Na-Boc-Pro (2 h), Na-Boc-Ne-2,4-Cl2-

Z-Lys (2 h), Na-Boc-N1-For-Trp (10 h), Na-Boc-Ng-Tos-Arg (2 h), Î -Boc-

Z>-Phe (2 h), Na-Boc-Nlm-Tos-His (2 h), Na-Boc-y-Bzl-Glu (2 h), Na-Boc-

Nle (3 h), Na-Boc-0-Bzl-Ser (3 h) , N0t-Boc-0-2,6-Cl2-Bzl-Tyr (3 h) and 

Na-Boc-0-Bzl-Ser (3 h). The resultant Boc-Ser(O-Bzl)-Tyr(0-2,6-Cl2-Bzl)-

Ser(O-Bzl) -Nle-Glu(y-Bzl) -His(Nlm-Tos) -Z)-Phe-Arg(Ng-Tos) -Trp̂ -For) -Gly-

Lys(Ne-2,4-Cl2-Z)-Pro-Val-p-MBHA resin (3.04 g, dry weight) was divided 

into two portions. To 1.52 g (̂  0.13 mmol) of the protected trideca-

peptide-resin, acetylation was achieved with a 4.3-fold excess of 

ct 
N-acetylimidazole (9 h) in CH2C12 after deprotection of the N -Boc group 

and subsequent neutralization of the amino terminus (see Table 12). The 

resultant Ac-Ser(O-Bzl)-Tyr(0-2,6-Cl2-Bzl)-Ser(O-Bzl)-Nle-Glu(y-Bzl)-

His(Nlm-Tos) -D-Phe-Arg(Ng-Tos) -Trp̂ -For) -Gly-Lys(NE-2,4-Cl2-Z) -Pro-Val-

p-MBHA resin was dried in vacuo (1.40 g) and treated with 21 ml of 

anhydrous HF in the presence of 3.0 ml of anisole and 100 yl of 1,2-

dithioethane for 30 min at 0°. After evaporation of the HF, anisole 

and 1,2-dithioethane in vacuo, the dried product mixture was washed 

with three 30 ml portions of EtOAc, and the peptide was subsequently 

extracted with three 30 ml portions each of 30% HOAc, 1 N HOAc and H20. 

The combined aqueous extracts were lyophilized to give 197.7 mg crude 

[Nle", Z)-Phe7, N1-For-Trp9]-a-MSH. 

A portion of the crude peptide (69.4 mg) was dissolved in 3 ml 

of H20, and the pH was adjusted to 11.5 with 4 N NaOH. After 3 min at 
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191 
pH 11.5, the deformylation reaction was terminated as the solution 

was acidified to pH 4.5 with glacial HOAc. The solution was chromato-

graphed directly on a carboxymethyl-cellulose column (2.0 x 18.0 cm) 

using 250 ml of 0.01 M NĤ OAc at pH 4.5 as the initial eluant solvent 

(Figure 10). A stepwise gradient of 250 ml each of 0.1 M, 0.2 M and 

0.4 K NĤ OAc (pH 6.8) was then applied to the column. The major peak 

(280 nm detection) eluted during the 0.1 M NĤ OAc (pH 6.8) fraction and 

was lyophilized to give 18.1 mg white powder (overall yield = 25.0%); 

[tt]i®6 = -59.7°, a = 0.49 in 10% HOAc. The purified title peptide gave 

single uniform spots (ninhydrin and fluorescamine detection) on TLC: 

Rf = 0.24 (A), Rf = 0.79 (B), Rf = 0.74 (C) and Rf = 0.73 (D). Amino 

acid analysis (hydrolysis for 22 h at 110° in 4 M MESA) gave the follow

ing molar ratios: Ser (1.75), Tyr (0.87), Nle (0.91), Glu (1.00), 

His (1.00), Phe (0.96), Arg (1.01), Trp (0.93), Gly (1.07), Lys (1.07), 

Pro (1.06) and Val (1.00). Amino acid analysis (same conditions as 

above) was also performed on the minor peak which was isolated during 

purification of the title peptide on carboxymethyl-cellulose (Figure 10), 

and gave the following molar ratios: Ser (1.68), Tyr (0.81), Nle (0.93), 

Glu (1.04), His (0.66), Phe (0.90), Arg (0.68), Trp (0.45), Gly (0.82), 

Lys (0.72), Pro (0.41) and Val (1.00). 

Preparation of Ac-q-MSHu_1̂ -NH, 

To 2.50 g p-MBHA resin in 50 ml of CH2C12 was added 0.39 g (2.25 

ntmol) of Na-Boc-Gly and Q.37 g (1.8Q mmol) of DCC, each in 5 ml of 

CH2C12. The mixture was stirred for 1.5 h at room temperature, and at 

189 
this time the resin gave a negative ninhydrin test. The resin was 
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Figure 10. Chromatographic behavior of [Nle4, D-Phe7]-a-MSH during purification. 

Cation exchange chromatography of [Nle\ D-Phe7]-a-MSH (69.4 mg) on carboxymethyl-
cellulose column (2.0 x 18.0 cm) using a stepwise gradient of 0.01 M NĤ OAc (pH 4.5), 
and 0.1 My 0.2 M and 0.4 M NĤ OAc (pH 6.8) as the eluant solvents (8.9 ml/tube). 
Darkened circles represent the tube number corresponding to the minor peak (/?) 
and major peak (B) which were isolated and analyzed for amino acid composition. to 
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filtered off and was washed four times with 25 ml portions each of 

CH2C12, EtOH and CH2C12. After drying in vaauo, 2.50 g of Boc-Gly-

p-MBHA resin was obtained, and the level of amino acid substitution was 

0.195 mmol/g following quantitative amino acid analysis (hydrolysis for 

22 h at 110° in concentrated HC1:propionic acid [1:1, vol/vol] contain

ing 0.2% phenol). 

Solid-phase peptide synthesis commenced using 2.50 g (0.49 mmol) 

of Boc-Gly-p-MBHA resin following the coupling scheme outlined in Table 

12. Each coupling reaction was achieved with a 3-fold excess of N01 -Boc-

amino acid (or derivative), 2.4-fold excess of DCC and a 3-fold excess 

of HOBT. Stepwise coupling of the following hP-Boc-amino acids (or 

derivatives) was performed (in order of addition) : f/̂ -Boc-̂ -For-Trp 

(8 h), Na-Boc-Ng-Tos-Arg (12 h) , l̂ -Boc-Phe (3 h) , Jp-Boc-N̂ -Tos-His 

(9 h) and Na-Boc-y-Bzl-Glu (5 h). The resultant Boc-Glu(y-Bzl)-His 

(N̂ m-Tos)-Phe-Arg(N̂ -Tos)-Trp(N1-For)-Gly-p-MBHA resin (3.63 g, dry 

weight) was divided into two portions. To 1.41 g (̂  0.19 mmol) of the 

protected hexapeptide-resin, solid-phase synthesis of the title peptide 

was achieved directly after coupling Na-Boc-Met (3.5 h). Again, a 

3-fold excess (0.59 mmol) of Na-Boc-amino acid, 2.4-fold (0.45 mmol) 

of DCC and 3-fold excess of HOBT was used. Acetylation of the protected 

heptapeptide-resin was achieved with a 6-fold excess of N-acetylimidazole 

in CH2C12 (25 h) after deprotection of the N̂ -Boc group (performed with 

TFA/anisole/1,2-dithioethane/CH2Cl2 [45:2:1:52, vol/vol]) and subsequent 

neutralization of the amino terminus (see Table 12). The resultant 

Ac-Met-Glu(Y-Bzl)-His(Nlm-Tos)-Phe-Arg(Ng-Tos)-Trp(N1-For)-Gly-p-MBHA 

resin was dried in vacuo (1.36 g) and treated with 20 ml anhydrous HF 



in the presence of 4.Q ml anisole and 135 yl 1,2-dithioethane for 45 min 

at 0°. After evaporation of the HF, anisole and 1,2-dithioethane in 

vacuo, the dried product mixture was washed with three 30 ml portions of 

EtOAc, and the peptide was subsequently extracted with three 30 ml por

tions each of 30% HOAc, 1 N HOAc and H20. The combined aqueous extracts 

were lyophilized to give 196.7 mg crude Ac- [I^-For-Trp9]-a-mshlt_10-nh2. 

A portion of the crude peptide (70.2 mg) was dissolved in 3 ml 

of H20, and the pH was adjusted to 11.5 with 4 N NaOH. After 3 min at 

191 
pH 11.5, the deformylation reaction was terminated as the solution 

was acidified to pH 4.5 with glacial HOAc. The solution was chromato-

graphed directly on a carboxymethyl-cellulose column (2.0 x 20.0 cm) 

using 250 ml of 0.01 M NĤ OAc at pH 4.5 as the initial eluant solvent. 

A stepwise gradient of 250 ml each of 0.1 M, 0.2 M and 0.4 Jf NĤ OAc 

(pH 6.8) was then applied to the column. The major peak (280 nm detec

tion) eluted during the 0.1 M NĤ OAc (pH 6.8) fraction and was lyophi

lized to give 34.3 mg white powder (overall yield = 45.9%); [a]̂  = 

-34.1°,a =0.25 in 10% HOAc. The purified title peptide gave single 

uniform spots (ninhydrin and iodine detection) on TLC: R̂  = 0.30 (A), 

= 0.61 (B), R̂  = 0.64 (C) and R̂  = 0.97 (D). Amino acid analysis 

(hydrolysis for 22 h at 110° in 4 M MESA) gave the following molar 

ratios: Met (1.00), Glu (0.97), His (1.02), Phe (0.91), Arg (1.02), 

Trp (0.90) and Gly (1.07). 

Preparation of Ac-[4-Tyrosine]-ot-MSH,,..,n-NH, 

To 1.22 g ("v 0.15 mrool) of Boc-Glu(y-Bzl)-His(Nlm-Tos)-Phe-Arg 

(N̂ -Tos)-Trp(N1-For)-Gly-p-MBHA resin (prepared above), solid-phase 



synthesis of the title peptide was achieved directly after the coupling 

of Na-Boc-0-2,6-Cl2-Bzl-Tyr (20 h) . The coupling reaction was achieved 

with a 3-fold excess of Na-Boc-amino acid derivative, 2.4-fold excess of 

DCC and 3-fold excess of HOBT following the coupling scheme outlined in 

Table 12. Acetylation of the protected heptapeptide-resin was achieved 

with a 6-fold excess of N-acetylimidazole in CH2C12 (3 h) after depro-

tection of the N01 -Boc group and subsequent neutralization of the amino 

terminus (see Table 12). The resultant Ac-Tyr(0-2,6-Cl2-Bzl)-Glu(0-

Bzl) -His(Nlm-Tos) -Phe-Arg(N̂ -Tos) -TrpX̂ -For) -Gly-p-MBHA resin was 

dried -in vacuo (1.49 g) and treated with 22 ml of anhydrous HF in the 

presence of 4.5 ml of anisole and 150 yl of 1,2-dithioethane for 45 min 

at 0°. After evaporation of the HF, anisole and 1,2-dithioethane in 

vacuo, the dried product mixture was washed with three 30 ml portions of 

EtOAc, and the peptide was subsequently extracted with three 30 ml por

tions each of 30% HOAc, 1 N HOAC and H20. The combined aqueous extracts 

were lyophilized to give 206.2 mg of crude Ac-jTyr1*, Î -For-Trp9]-

a-msh^^-nh,. 

A portion of the crude heptapeptide (75.0 mg) was dissolved in 

3 ml of H20, and the pH was adjusted to 11.5 with 4 N NaOH. After 3 min 

191 
at pH 11.5, the deformylation reaction was terminated as the solution 

was acidified to pH 4.5 with glacial HOAc. The solution was chromato-

graphed directly on a carboxymethyl-cellulose column (1.8 x 15.2 cm) 

using 250 ml of 0.01 M NĤ OAc at pH 4.5 as the initial eluant solvent. 

A stepwise gradient of 250 ml each of 0.1 M, 0.2 M and 0.4 M NĤ OAc 

(pH 6.8) was then applied to the column. The major peak (280 nm detec

tion) eluted during the 0.1 M NĤ OAc (pH 6.8) fraction and was 
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lyophilized to give 35.7 mg white powder (overall yield = 52.7%); 

[a]"g = -13.3°, e = 0.26 in 10% HOAc. The purified peptide gave single 

uniform spots (ninhydrin and iodine detection) on TLC: R^ = 0.32 (A), 

= 0.63 (B), R^ = 0.65 (C) and R^ = 0.87 (D). Amino acid analysis 

(hydrolysis for 22 h at 110° in 4 M MESA) gave the following molar 

ratio: Tyr (0.94), Glu (0.99), His (1.06), Phe (0.92), Arg (1.04), 

Trp (0.93) and Gly (1.05). 

Preparation of [4-Half-Cystine, 
lO-Half-Cystine]-q-MSH 

To 4.65 g of p-MBHA resin in 100 ml of CH2C12 was added 0.60 g 

(280 mmol) of Na-Boc-Val and 0.46 g (2.24 mmol) of DCC, each in 5 ml 

CH2C12. The mixture was stirred for 24 h at room temperature, and at 

189 
this time the resin gave a negative ninhydrin test. The resin was 

filtered off and was washed three times with 30 ml portions each of 

CH2C12, EtOH and CH2C12. After drying in vaauo, 4.57 g of Boc-Val-p-

MBHA resin was obtained, and the level of amino acid substitution was 

0.13 mmol/g following quantitative amino acid analysis (hydrolysis for 

22 h at 110° in concentrated HC1rpropionic acid [1:1, vol/vol] contain

ing 0.2% phenol). 

Solid-phase peptide synthesis commenced (see Figure 8) using 

4.57 g (0.59 mmol) of Boc-Val-p-MBHA resin following the coupling scheme 

outlined in Table 11. Each coupling reaction was achieved with a 3-fold 

excess of l^-Boc-amino acid (or derivative), 2.4-fold excess of DCC and 

a 3-fold excess of H0BT. Stepwise coupling of the following N01 -Boc-

amino acids (or derivatives) was perfomed (in order of addition): 



l^-Boc-Pro (2.5 h), Î -Boc-N6̂ ,4-Cl2-Z-Lys (3.5 h), Î -Boc-S-Ŝ -Me.,-

Bzl-Cys (5 h), Na-Boc-N1-For-Trp (16 h), Na-Boc-Ng-Tos~Arg (7 h), N01-

Boc-Phe (4 h), Na-Boc-Nlm-Tos-His (10 h), Na-Boc-y-Bzl~Glu (3.5 h), 

Na-Boc-S-3,4-Me2-Bzl-Cys (24 h), t^-Boc-O-Bzl-Ser (4 h), Na-Boc-0-2,6-

Cl2-Bzl-Tyr (15 h) and l̂ -Boc-O-Bzl-Ser (8 h) . Acetylation of the 

protected tridecapeptide-resin was achieved with a 6-fold excess (3.54 

mmol) of N-acetylimidazole in ch2c12 (24 h) following deprotection of 

ct the N -Boc group and subsequent neutralization of the amino terminus 

(see Table 11). The resultant Boc-Ser(0-Bzl)-Tyr(0-2,6-Cl2-Bzl)-Ser 

(O-Bzl)-Cys(S-3,4-Me2-Bzl)-Glu(y-Bzl)-His(Nim-Tos)-Phe-Arg(Ng-Tos)-

Trp(N1-For)-Cys(S-3,4-Me2-Bzl)-Lys(Ne-2,4-Cl2-Z)-Pro-Val-p-MBHA resin 

was dried in vacuo (5.11 g) , and a portion of this material (2.0 g) was 

treated with 30 ml of anhydrous HF in the presence of 6.0 ml of anisole 

for 45 min at 0°. After evaporation of the HF and anisole in vacuo, the 

dried product was washed with three 30 ml portions of EtOAc, and the pep

tide was subsequently extracted with three 30 ml portions each of 30% 

HOAc, 1 N HOAc and H20. The combined aqueous extracts were lyophilized 

to give 216.6 mg [half-Cys(SH)'*, N̂ For-Trp9, half-Cys(SH)10]-a-MSH. 

The crude disulfhydryl tridecapeptide (216.6 mg) was dissolved 

in a 10 ml of deaerated H20, and the pH was adjusted to 11.5 with de-

aerated 4 N NaOH under an atmosphere of nitrogen. After 3 min at pH 

191 
11.5, the deformylation reaction was terminated as the solution was 

acidified to pH 8.5 with deaerated 0.1 N HOAc (350 ml) and deaerated 

192 193 
3 N NHijOH. Oxidation-cyclization ' commenced with the addition 

of 15.2 ml of 0.01 N K3Fe(CN)6 (50% excess by volume after observed 

equivalence point), and the solution was stirred for 30 min. The 



reaction was then terminated as the solution was acidified to pH 5.0 

with 10% HOAc, and the ferro- and excess ferri-cyanide were removed by 

addition of Rexyne 203 resin (Cl" form). After filtration to remove 

the Rexyne 203 resin, the solution was lyophilized to give 272.3 mg 

crude [half-Cys1*, half-Cys10]-a-MSH. A portion of the crude peptide 

(110.8 mg) was dissolved in 5 ml of 0.01 M NH^OAc at pH 4.5, and the 

solution was chromatographed directly on a carboxymethyl-cellulose 

column (2.0 x 18.0 cm) using 250 ml of 0.01 M NH^OAc as the initial 

eluant solvent (Figure 11). A stepwise gradient of 250 ml each of 

0.1 M, 0.2 M and 0.4 M NH40Ac (pH 6.8) was then applied to the column. 

The major peak (280 nm detection) eluted during the 0.1 M NH40Ac (pH 

6.8) fraction and was lyophilized to give 8.02 mg white powder (overall 

yield = 4.6%); [a]g®6 = -58.8°, a = 0.25 in 10% HOAc. The purified title 

peptide gave single uniform spots (ninhydrin and iodine detection) on 

TLC: Rf = 0.21 (A), Rf = 0.55 (B), Rf = 0.61 (C) and Rf = 0.67 (D). 

Amino acid analysis (independent hydrolysis for 22 h at 110° in 4 M 

MESA and 3 M MSA containing 0.2% 3-(2-aminoethyl)indole) gave the 

following molar ratios: Ser (1.86), Tyr (0.98), i-Cys (1.91), Glu (1.04), 

His (1.0), Phe (0.92), Arg (1.0), Trp (0.91), Lys (1.03), Pro (0.96) 

and Val (1.06). Amino acid analysis (same conditions as above) was 

also performed on the minor peak (M̂ g = -52.6°, o = 0.25 in 10% HOAc) 

which was isolated during purification of the title peptide on carboxy

methyl -cellulose (Figure 11), and gave the following molar ratios: 

Ser (1.77), Tyr (0.91), iCys (1.66), Glu (1.26), His (0.97), Phe (0.96). 

Arg (1.04), Trp (0.87), Lys (1.01), Pro (1.20) and Val (1.18). In 

addition, the minor peak gave multiple spots (ninhydrin and iodine 
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Figure 11. Chromatographic behavior of [half-Cys11, half-Cys10]-a-MSH during purification. 

Cation exchange chromatography of [half-Cys1*, half-Cys10]-a-MSH (110.8 mg) on carboxy-
methyl-cellulose column (2.0 x 18.0 cm) using a stepwise gradient of 0.01 M NH^OAc 
(pH 4.5), and 0.1 M, 0.2 M and 0.4 M NH^OAc (pH 6.8) as the eluant solvents (7.8 ml/tube, 
except for 0.2 M NĤ OAc which was 6.1 ml/tube). Darkened circles represent the tube 
number corresponding to the minor peak (/4) and the major peak (B) which were isolated 
and analyzed for amino acid composition. 



detection) on TLC: = 0.27 major spot (A), = 0.60 major spot (B), 

R^ = 0.63 major spot (C) and R^ = 0.81 major spot (D). 

Solid-Phase Synthesis of a-Melanotropin Analogues: 
Summary of Results and Future Perspectives 

The analytical results of the synthetic a-MSH analogues and 

fragments are summarized in Table 13. With the exception of [half-Cys1*, 

half-Cys10]-a-MSH, the overall chemical yields of the a-MSH peptides 

prepared generally reflect an increase which was dependent upon the 

type of C-terminal p-MBHA-anchoring amino acid in the relative order: 

His > Gly > Val. These experimental results were consistent with pre-

188 
vious studies which correlated the relative stability of different 

ot 
N -acetylated amino acid-p-MBHA resin derivatives to standard cleavage 

methods using anhydrous HF (30 min at 0° in the presence of anisole) : 

Val (7) > Gly (4) > His (1). However, it should be noted that other 

factors may have contributed to decreased chemical yields, including: 

(1) microheterogeneity of the unpurified peptides (formation of resin-

bound deletion, truncated or multiply-coupled synthetic peptide inter

mediates) and (2) purification losses. Specifically, the minor peptide 

product isolated during the ion-exchange purification of [Nle1*, D-Phe7]-

a-MSH is consistent with incomplete coupling reactions (including Pro, 

Lys, Gly, Trp, Arg and His) based on amino acid analysis. In addition 

to the above possible factors, the low overall chemical yield observed 

for [half-Cys1*, half-Cys10]-a-MSH may have been partially related to 

less than quantitative production of monomeric disulfide-bridged peptide 

intermediate formed during the K3Fe(CN)6-mediated oxidation-cyclization 

step. The heterogeneous minor peptide produce isolated during the 



Table 13. Summary of analytical results of a-MSH analogues and fragments prepared in this 
investigation. 

TLC Rf in Various Systems [ct] | ®6 (degrees) Yield 
Peptide A B C D in 10% AcOH (%) 

1. a-MSH 0.18 0.67 0.63 0.90 

o
 

00 LO 1 (e = 0.50)a 18.0b 

2. [Nle1*]-a-MSH 0.24 0.68 0.68 0.80 -57.5 O = 0.25) 20.0 

3. [Nle*, ZJ-Phe7]-a-MSH 0.24 0.79 0.74 0.73 -59.7 (c = 0.49) 25.0 

4. [Half-Cys", half-Cys10]-a-MSH 0.21 0.55 0.61 0.67 -58.8 (e = 0.25) 4.6 

5. Ac- [Nle1*] -a-MSĤ j 3-NH2 0.18 0.61 0.60 0.83 -55.4 O = 0.25) 17.4 

6. Ac-a-MSH^_1Q-NH2 0.30 0.61 0.64 0.97 -34.1 O = 0.25) 45.9 

7. Ac- [Nle1*] -a-MSH,, _ 2 0 -NH2 0.30 0.72 0.70 0.86 -39.1 O = 0.25) 21.5 

8. Ac - [Nle4 j f-Phe7]-a-MSĤ _10-NH2 0.30 0.68 0.69 0.87 -38.9 O = 0.26) 16.1 

9. Ac- [Tyr1* ] -a-MSH,, _10-NH2 0.32 0.63 0.65 0.87 -13.3 (c = 0.25) 52.7 

10. Ac- [Nle1,]-a-MSH1_6-NH2 0.58 0.81 0.78 0.85 -54.7 O 
= 0.25) 51.5 

11. Ac-a-MSH7_10-NH2 0.21 0.76 0.82 0.81 -24.0 O = 0.25) 36.0 

12. Ac-a-MSHjj.jj-NHj 0.18 0.68 0.68 0.76 -43.8 O = 0.25) 56.1 

Overall yield of purified peptide based on p-MBHA resin-bound, C-terminal amino acid percursors. 

^Literature values of Yang and co-workers 
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ion-exchange purification of [half-Cys1*, half-Cys10]-a-MSH was consis

tent with multiply-coupled Glu, Pro and Val residues (or, alternatively, 

due to incomplete coupling of other residues) based on TLC and amino 

acid analysis .• 

Future synthetic modifications of solid-phase methodology 

employed in the preparation of a-MSH analogues may include: (1) use 

of poly(N-acrylylpyrrolidine-eo-N,N'-bis[acrylyl]-1,2-diaminoethane-

eo-N-acrylyl-1,6-diaminohexane) (PAP resin) as an improved insoluble 

201 
support based on its reported enhanced physicochemical compatibility 

with the backbone structure of the growing peptide chain and more 

favorable swelling properties in a variety of solvents of different 

polarities relative to poly(sytrene-e<?-divinylbenzene)-type resins; 

(2) utilization of 6-carboxymethyl-3-nitro-2-pyridinesulfenyl groups 

for reversible e-amino protection and resin-anchoring of Lys-containing 

202 
peptides (Figure 12) based on modifications of previously reported 

procedures; and (3) development of efficient solid-phase strategies 

which employ the above synthetic intermediates (PAP resin and Lys side-

chain pyridinesulfenyl-type bridging moieties) to prepare C-terminal 

carboxamide derivatives of a-MSH analogues (Figure 13). Such metho

dology may offer enhanced flexibility in the choice of a-amino and side-

chain protecting groups as based on previous studies'*̂  >203 documenting 

the utilization of the 3-nitro-2-pyridinesulfenyl group for selective 

protection or activation of amino (and hydroxyl) functionalities in 

peptide synthesis. Several other dual functionalized amino acid side-

chain protecting/resin-anchoring groups which have been employed in 

solid-phase peptide synthesis which deserve mention include: 



no2 

HO2C-CH2 S-CL 

6-Carboxymethyl-3-nitro-2-pyridinesulfenyl chloridc 

(CNpys chloride) 

Synthesis (proposed) 
s 

d) (C6H5)jC-OH/BFi-othcrate 

c) HC1 

e) ch3 
SH X }-CH,Li 

CH3 

f) HC1 

:o 

rQx r « >  m n o ^ " ? s ° - —rQi^ 
CHĵ N-̂ S-Cl h) K3r°(CN)6 CHj^N^SH 
C02H i) Cl2 COzH 

Figure 12. Proposed new e-amino protecting/resin-anchoring group for 
solid-phase synthesis of Lys-containing peptides. 
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poly(N-acrylylpyrrolidine-eo-N.N'-bis[acrylyl]-l,2-diarainoethane-co-

N-acrylyl-l,6-diaminohexane) resin (PAP resin) 

a) l/*-Fmoc-Ne-CNpys-Lys-NH2/DCC/CH.!Cl2 

CNpys"PAP "si" 
FMOC-Lys-NH2 

b) Piperidine/CH2C12 

c) if1 -Boc-amino acids/DCC/HOBT/CH2Cl2 

d) CF,C02H/anisoJe/CH2Cl2 

e) ((CHj)2ai)2N-ai2ai3/ai2ci2 

coupling cycle-1 
(repeated for each 
amino acid added) 

Tos Tos 
i 

CNpysTPAP resin 

H-His-Phe-Arg-Trp-G1y-Lys-NH2 

N1-For 

f) I^-Fmoc-amino acid/DCC/H0BT/ClI2CJL2 

g) Piperidine/CH2C12 

h) N-acetylimidazole/CH2Cl2 

Bu* Tos ^Npys'PAP resin 

Ac-Nle-Glu-His-Phe-Arg-Trp'-Gly-Lys-NH-
1 'i Tos N -For 

i) CF3C02H/anisole/CH2Cl2 

j )  ( (CH 3 ) 2 a i ) 2 N-CH 2 Cl l 3 /CH,C l 2  

k) 2-pyridinethiol 1-oxide or (C6H5)3P 

Tos Tos 
l i 

Ac-Nle-Glu-His-Phe-Arg-Trp-Gly-Lys-NH2 
I 1 
N -For 

1) Na/liquid NH3 

n) Aqueous NaOH 

coupling cycle-Z 

Ac-Nle-Glu-His-Phe-Arg-Trp-Gly-Lys-NH2 Ac-[NleIf]-a-MSH1(.1,-NH2 

Figure 13. Proposed strategy for the preparation of C-terminal Lys 
carboxamide analogues of ot-MSH on PAP resin. 

See Appendix A for abbreviations used. 



(1) 1,6-diisocyanatohexane for S-carbamoyl linkage of Cys(SH) to PAP 

r e s i n , ( 2 )  1,5-difluoro-2,4-dinitrobenzene f o r  N* m - 2 , 4 - d i n i t r o -

203 
phenylene attachment of His to PAP resin, (3) 4-(chloromethyl) 

phenylacetic acid for C02Ĥ -4-(oxymethyl)phenylacetamido bridging of 

203 £ 
Glu to PAP resin, and (4) phosgene for N -benzyloxycarbonyl linkage 

of Lys to poly(styrene-co-4-[hydroxymethyl]styrene-co-divinylbenzene) 

204 
resin. Finally, an important feature of reversible anchoring of an 

amino acid side-chain to the insoluble support is the development of 

203 204 
flexible bidirectional solid-phase peptide synthetic schemes. ' 



CHAPTER 3 

DESIGN AND COMPARATIVE BIOLOGICAL ANALYSIS IN VITRO 
OF SYNTHETIC a-MELANOTROPIN ANALOGUES ON 
DIFFERENT VERTEBRATE PIGMENT CELL TYPES 

It is generally accepted*'2that the major functional 

determinants of biological specificity and potency of peptide hormone-

receptor binding and transduction processes in a particular target 

cell system are three-dimensional chemical (topochemical) complementar

ity and reversible (or pseudo-irreversible) molecular interactions 

which may require spatially-fixed hydrogen bonding, ionic, hydrophobic, 

charge transfer or dipole-dipole forces in effect (Table 14). An ideal 

approach to investigate specific steveostructural (stereochemical, 

steric and electronic), conformational, topochemical and dynamic 

properties of peptide hormone-receptor interaction would be direct 

biophysical examination of the peptide and its isolated receptor 

complex. However, the isolation and purification of functionally-active 

plasma membrane receptors has been a major limiting factor to this 

approach. Alternative indirect approaches exist and include: 

205 206 
(1) theoretical methods (empirical predictions, ' computer-assisted 

, . 207 , . . . . . • 208,209. 
design, and interactive three-dimensional molecular graphics J, 

210 211 
(2) X-ray crystallographic studies ' and (3) spectroscopic investi

gations (nuclear magnetic resonance [NMR], circular dichroism [CD] and 

212-217 laser Raman). However, in these approaches the examined 

73 



Table 14. Characterization of several potential, reversible bonding forces involved 
in a-MSH-receptor interaction and their typical individual bond strengths.a 

k Binding Energy 
Bond Type Site Bond Characteristics (kcal/mol) 

1. Hydrogen bonding Peptide backbone Hydrogen acceptor/donor amide -Cl to 7)C . 

Ser, Tyr Hydrogen acceptor/donor hydroxyl -Cl to 7) 

Met Hydrogen acceptor -Cl to 7) 

Glu Hydrogen acceptor -Cl to 7) 
His Hydrogen donor -Cl to 7) 

Arg, Lys Hydrogen donor -Cl to 7) 

2. Ionic Glu Anionic carboxylate -5 

His Cationic imidazole ring -S 

Arg Cationic guanidiniura -5 

Lys Cationic ammonium -S 

3. Hydrophobic Tyr, His, Phe, Trp Aromatic ring -ld 

Met Linear alkyl sulfide -1 

Pro Saturated ring -1 

Val Branched alkyl -1 

aDerived from information previously reported.For specific examples of charge transfer or dipole-
dipole bonding forces refer to P.S. Farmer. 

''Based on the peptide backbone or amino acid side-chain moieties (see Appendix A for amino acid 
nomenclature and structural formulas. 

cBinding energy per individual amide unit of the peptide backbone. For a-MSH, 14 amide units exist. 

Binding energy per individual aromatic ring species or methylene unit (CH2) of the amino acid side-
chains . 



environment (vacuum, crystal or solution) of the peptide hormone 

generally neglects possible receptor-effected perturbation of the 

spatial molecular organization of the compound which is related to 

its biological activity. 

Quantitative in vitro structure-activity analysis may provide 

another approach to rational peptide hormone design, and be used to 

•infer conformational and dynamic properties which are important for 

biological activity.*'1̂  For a-MSH, in vitro structure-activity 

analysis of various structural and stereoisomeric melanotropin peptides 

t „ 51,87-111,119-122,132,133,149 , 
on different pigment cell types has pro

vided much information related to melanotropic potency (Tables 4-7, 

Chapter 1) and/or prolongation (Tables 6-8, Chapter 1) activities. For 

instance, Met-Glu-His-Phe-Arg-Trp-Gly and Lys-Pro-Val-NH2 apparently are 

two independent active sites but effect very low individual biological 

potencies**^ relative to a-MSH. Structural modification of the Met-4 

93 
position (des-Met, Met[0], or Nle substitutions ) significantly affects 

the biological potency of the resulting analogues. Stereochemical modi

fication of the Phe-7 position, in addition to replacement of Met-4 by 

117 
Nle, resulted in a highly potent, long-lasting derivative. Similar 

prolonged effects are observed by a-MSH-tobacco mosaic virus conju-

Q1 1.'?'? . 149 
gates ' ' and photoaffinity-labeled a-MSH derivatives. However, 

conformational analysis of the available data has been generally ex-

51 88 218 
eluded, and reported ' ' theoretical considerations have not been 

further explored experimentally. 

It is the aim of this chapter to define a rational and compre

hensive bio-organic approach to the development of highly synthetic 
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a-MSH analogues demonstrating high melanotropic potency and prolonged 

biological activity for future in vitro and in vivo studies (described 

previously; refer to Chapter 1). The design of these analogues is based 

on conformation-activity analysis of a-MSH-receptor interaction inferred 

from several key in vitro experiments, including: (1) previous radio-

17 1 **7 
labeling studies of [Nle1*]-a-MSH, ' (2) structure-activity and 

racemization studies of [Nle1*]-a-MSH and its fragments, (3) comparative 

biological analysis of [Nle\ D-Phe7]-a-MSH, (4) structure-activity 

studies of active site (Met-Glu-His-Phe-Arg-Trp-Gly) analogues of a-MSH, 

and (5) conformation-activity studies of a conformationally-restricted 

cyclic analogue of a-MSH, [half-Cys1*, half-Cys10]-a-MSH. In addition, a 

theoretical model for the biologically-active conformation (conformation 

of the peptide hormone when bound to its receptor at the moment that 

signal transduction, effecting a biological response, is elicited) of 

a-MSH at its pigment cell receptor is proposed based on interpretation 

of experimental data reported herein and other related literature. 

Finally, the design of potential a-MSH inhibitors is suggested based 

on stereostructural modification of functionally-important amino acid 

constituents of a-MSH as identified in the proposed conformational 

model, and is supported by other related experimental observations. 

Three model vertebrate pigment cell systems are used to achieve 

a comparative biological analysis in vitro of the a-MSH analogues 

studied, and include: (1) the frog (Rana pipiens) skin bioassay, 

(2) the lizard (Anolis carolinensis) skin bioassay and (3) the Cloudman 

S-91 mouse melanoma cell-free adenylate cyclase assay. The experimental 
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details of the standard methods employed for each of these in vitro 

assay systems are presented below. 

Cloudman S-91 Mouse Melanoma Cell-Free 
Adenylate Cyclase Assay 

Cloudman S-91 3960 (CCL 53.1) melanoma cells (American Type 

Culture Collection, Rockville, MD) were grown in tissue culture as 

previously reported̂  ̂  using Ham's F10 culture medium fortified with 

2% fetal calf serum, 10% horse serum, 10 U/ml penicillin and 100 yg/ml 

streptomycin. A highly melanotic and fast growing subculture (herein 

referred to as Mel 11A) was isolated from the parent cell line, and was 

grown independently in tissue culture as described above. Transplanta

tion of cell cultured Mel 11A melanoma to DBA/2J mice (Jackson Labora

tory, Bar Harbor, MA) commenced using approximately 2 x 10e cells/0.2 

ml of 0.1 M phosphate-buffered saline at pH 7.4 per subcutaneous injec

tion per animal. After three to five weeks, melanotic tumor-bearing 

mice were sacrificed, and the encapsulated melanoma tumors (2 to 3 cm 

in diameter) were excised, dissected from contaminating tissue and 

transferred immediately to 1 mMNaHCC^ buffer at pH 7.5 maintained at 0°. 

Preparation of a partially purified particulate membrane fraction iso

lated from the melanoma tumors proceeded using the following procedure 

(all manipulations were conducted at 0° using 1 mM NaHC03 buffer at pH 

7.5): (1) tumors were minced, homogenized with 8 strokes in a loose-

fitting Dounce homogenizer (type B pestle, Wheaton) and filtered through 

four layers of cheesecloth; (2) the filtrate was further homogenized in 

a loose-fitting (24 strokes with a type B pestle, Wheaton) and tight-

fitting (8 strokes with a type A pestle, Wheaton) Dounce homogenizer; 



(3) the resultant crude homogenate was centrifuged for 15 min at 

10,000 x g, and the pellet was twice resuspended in fresh 1 mM NaHC03 

buffer at pH 4.5 and centrifuged (15 min at 10,000 x g); and (4) the 

title particulate membrane fraction pellet was resuspended in a small 

volume of 1 mW NaHCOs buffer at pH 7.5, and aliquots (2 ml) were 

immediately transferred to a liquid nitrogen storage dewar. The 

protein content of the particulate membrane fraction was determined 

219 
by a modified Lowry procedure using crystalline bovine serum albumen 

as a standard. 

Adenylate cyclase activity (Figure 3, Chapter 1) was assayed 

220 221 
following published procedures ' in a medium containing 1 mM 

[a-32P]-ATP (New England Nuclear, Boston, MA) at a specific radio

activity of 30 to 60 cpm/pmol, 5 mM MgCl2, 1 mM cyclic AMP, 1 mM 

3-isobutyl-l-methylxantnine, 20 mM creatine phosphate, 100 U/ml creatine 

phosphokinase, 10 \iM guanosine 5'-triphosphate (GTP) and 1 mM threo-

1,4-dimercapto-2,3-butanediol (DTT) in 30 mM 2-amino-2(hydroxymethyl)-

1,3-propandiol-HCl (Tris-HCl) buffer at pH 7.5. Individual reactions 

were initiated by the addition of 40 yl of particulate membrane fraction 

(50 to 100 yg protein per assay) to 60 yl of reaction mixture which 

consisted of 50 yl medium and 10 yl test solution (peptide hormone in 

Tris-HCl buffer at pH 7.5). After a 10 min incubation at 30°, each 

reaction was terminated by the addition of 100 yl of a 2% sodium 

dodecyl sulfate solution which also contained 5 mM ATP and 1.4 mM 

[3H(G)]-cyclic AMP (New England Nuclear, Boston, MA) at a specific 

radioactivity of 10,000 to 30,000 cpm/assay in 30 mM Tris-HCl buffer 

at pH 7.5. This was followed immediately by heating for 3 min at 97° 



(boiling H20-bath). Purification of the [32P]-cyclic AMP for each 

220 221 
individual assay was achieved following reported ' two-step 

chromatographic methods employing: (1) Dowex AG50W-X4 (Bio-Rad, 

Richmond, CA) column containing 2. ml of the anion-exchange resin 

and using H20 as the eluant solvent and (2) neutral alumina WN-3 

(Sigma Chemical Co., St. Louis, MO) containing 0.6 g of the neutral 

A1203 and using 0.1 M imidazole-HCl at pH 7.5 as the eluant solvent. 

Detection and quantitation of individual [32P]-cyclic AMP assay samples 

was accomplished using a Beckman LS-8000 scintillation spectrometer 

following the addition of aqueous counting scintillant (Amersham, 

Arlington Heights, IL) to each test vial. Specific adenylate cyclase 

activities are expressed as pmol of cyclic AMP formed per 10 min per mg 

of protein, and the results given herein represent the mean value of 

triplicate determinations. 

Frog {Rang pipiens) Skin and Lizard 
CAnolis carolinensis) Skin Bioassays 

The frogs. (Rana pipiens) were obtained from Nasco (Fort 

Atkinson, WI) and the lizards (Anolis oavolinensis) from the Snake 

Farm (LaPlace, LO). The animals were sacrificed, and their skins were 

isolated and prepared for photoreflectance measurement following 

X16 222 223 
published procedures. ' ' Skins were incubated for 2 h in 

amphibian Ringer which contained 111 mM NaCl, 2 mM NaHC03, 2 mM KC1 

and 1 mM CaCl2 at pH 7.3 to 7.5. During this pre-experimental equi

libration period, the skins become quite light in color due to slow 

perinuclear aggregation of melanosomes (melanin granules) within the 

individual melanophores. 
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Melanosome dispersing (skin darkening) activity (Figure 3, 

1X6 222 223 
Chapter 1) was assayed following reported ' ' standard methods 

using a Photovolt reflectometer. The initial mean photoreflectance 

value for each group of skins in amphibian Ringer is taken as the base 

(zero) value. After the addition of peptide hormone, succeeding mean 

average values are recorded as the % change (response) relative to the 

initial reading. Any modifications of the standard procedure are 

described in figure captions referring to melanosome dispersing activity 

data reported herein. All of the bioassay results reported in this 

dissertation were acquired through research collaboration with Prof. 

M. E. Hadley (Department of General Biology, University of Arizona). 

Structure-Activity and Racemization Studies 
of Fragments of [Nile1*]-a-MSH 

Previous investigations have shown that [Nlet,]-a-MSH (Figure 14) 

is significantly more potent than a-MSH in stimulating both frog (Rana 

pipiens) skin melanosome dispersing activity^"*'and Cloudman S-91 

mouse melanoma adenylate cyclase activity*^'in vitro. In addition, 

1*7 136 137 
recently reported ' ' radiolabeling studies performed on this 

analogue and a-MSH utilizing several different oxidants (chloramine-T, 

Iactoperoxidase/H202 or Iodogen) for peptide hormone iodination with Nal 

(or Na12sI) have shown that [Nle^j-a-MSH demonstrated better chemical 

and biological properties relative to the native hormone (Figure 15). 

Oxidation of the Met residue to its sulfoxide form may occur during the 

225 
iodination conditions, and this would account for the markedly 

decreased biological activity of a-MSH versus [Nle4]-a-MSH following 

exposure to the oxidants employed. 



a-MSH: 

Ac-Ser-Tyr-Ser-m-cH-co Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

[Nle1*]-a-MSH: 

Ac-Ser-Tyr-Ser NH-CH-CO 

Nle-4 

Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

Figure 14. Chemical structure comparison of a-MSH and [Me1*]-a-MSH 
at position-4 of their primary sequences. 
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Figure 15. Comparative effects of several different iodination methods 
on the melanosome-dispersing activity in vitro of a-MSH 
versus [Nle^] -ot-MSH. 

The frog (Bona pipiens) skin darkening activities of a-MSH 
and [Nle1*] -a-MSH following iodination using either chlor-
amine T (panel A), Iactoperoxidase-H202 (panel B) or Iodogen 
(panel C) as oxidants, in the presence or absence of Nal, 
were compared at an identical concentration (1.0 x 10~1C M). 
For experimental details, refer to C. B. Heward.^24 ^ 
[Reprinted by permission of M. E. Hadley and co-workers. ] 



Earlier reports*^ have shown that heat-alkali treatment 

(60° for 80 min or 97® for 10 min in 0.1 M NaOH) of naturally occurring 

or synthetic a-MSH produces a partially racemized product with altered 

melanosome-dispersing activities on frog melanophores both in vitro and 

in vivo. The changes in biological effects resulting from racemization 

(conversion of stereochemistry; in this case, from L to D) of certain 

amino acid residues within a-MSH or its analogues have been character

ized in terms of -prolongation (increased duration), -potentiation 

(increased maximal activity) or retardation (slower rate of activity) 

for the heat-alkali-treated MSH peptides relative to the untreated 

derivatives (Figures 16-18) . 

117 Recently, heat-alkali-treated [Nle1*]-a-MSH has been reported 

to effect similar prolongation effects to partially racemized a-MSH 

(Figure 19). In addition, the extent of racemization for several amino 

acid residues within a-MSH, [Nlê ]-a-MSH and other related MSH peptides 

117 226 have been quantitatively determined. ' Utilizing a high-resolution 

gas chromatographic technique, significant racemization (D/L value ̂  0.1) 

was noted for Ser-1 and 3, Met-4, Glu-5 and Phe-7 of amino acid residues 

examined within a-MSH or {Nle1*]-a-MSH (Table 15). From these studies, 

two facts provide reasonable evidence that stereochemical modification 

of position-4 (Met) of the native hormone is unrelated to the prolonga

tion phenomenon: (1) Nle-4 was not significantly racemized in [Nle4]-

a-MSH relative to Met-4 of a-MSH following heat-alkali treatment and 

(2) partially racemized [Nlê -a-MSH mimics the prolonged melanosome 

dispersing activity of heat-alkali-treated a-MSH. In an attempt to 

correlate the stereostructural requirements for the observed prolonged 
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Raceroized a-MSH 

a> is 

a-MSH 
<D ClO 

Rinse 

Time (hours) 

Figure 16. Prolonged melanosome-dispersing activity in vitro of heat-
alkali-treated a-MSH. 

The frog (Rccna pipiens) skin darkening activities of a-MSH 
(A) and heat-alkali-treated (60° in 0.1 If NaOH for 80 min) 
a-MSH (i) were compared at an identical concentration (2.0 
x 10~10 AT) . After 2 h incubation, both groups of skins were 
transferred to fresh Ringer (without hormone) with subse
quent transfers to fresh Ringer each hour. One group of 
skins (0) were maintained as a basal (no hormone) control. 
[Reprinted with some modifications by permission of A. M. 
Bool and co-workers .H6] 
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Racemized [des-Ac]-a-MSH 

ĵft iq © 

I tn c a a> 
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Time (hours) 

Figure 17. Potentiated melanosome-dispersing activity in vitro of heat-
alkali-treated [des-Ac]-a-MSH. 

The frog (Rana pipiens) skin darkening activities of [des-
Ac] -a-MSH (0) and heat-alkali-treated (97° in Q.l M NaOH for 
10 min) {des-Ac]-a-MSH (•) were compared at an identical 
concentration (5 x 10"? M) . After 2 h incubation, both 
groups of skins were transferred to fresh Ringer (without 
hormone). [Reprinted with some modifications by permission 
of A. M. Bool and co-workers ,H6] 
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a-MSH 

p< f* 
in rt 
a> -a 

/ Racemized a-MSH 
a> tn 

J Control 

2 3 

Time (hours) 

Figure 18. Retarded melanosome-dispersing activity in vitro of heat-
alkali-treated a-MSH. 

The frog (Bona pipiens) skin darkening activities of a-MSH 
(A) and heat-alkali-treated (97° in 0.1 M NaOH for 10 min) 
a-MSH (•) were compared at an identical submaximal concen
tration (5 x 10"11 M) . One groups of skins (0) were main
tained as a basal control. [Reprinted with some modifica
tions by permission of A. M. Bool and co-workers.116] 
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\ Racemized [Nlê J-a-MSH' 
o 

\ .-ass® [Nle"]-a-MSH 
\ 

Rinse 

Time (hours) 

Figure 19. Prolonged melanosome dispersing activity in vitro of heat-
alkali-treated [Nle4]-a-MSH. 

The frog (Rana pipiens) skin darkening activities of [Nle1*]-
a-MSH (0) and heat-alkali-treated (97° in 0.1 M NaOH for 10 
min) [Nle^]-ot-MSH (©) were compared at an identical concen
tration (1.0 x 10"J(! M). After 2 h incubation, both groups 
of skins were transferred to fresh Ringer (without hormone). 
{Reprinted with some modification by permission of T. K. 
Sawyer and co-workers.117] 
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Table 15. Amino acid D/L values of heat-alkali-treated a-MSH and 
[Nlê -a-MSH. 

L 
Heat-Alkali Amino Acid D/L Value 

MSH Peptide Treatment*5 Ser Met Nle Glu Phe Pro Val 

1. a-MSHC No 0.10 0.03 - 0.03 0.03 0.03 0.02 

2. a-MSH Yes 1.19 0.33 - 0.11 0.27 0.02 0.04 

3. [Nlê j-a-MSH0 No 0.13 - 0.02 0.02 0.03 0.02 0.02 

4. [Me"] -a-MSH ' Yes 1.24 - 0.04 0.10 0.28 0.02 0.03 

a100° in 0.1 N NaOH for 10 min. 

 ̂Amino acid D/L values are an average of at least 3 gas chromatographic 
determinations, and the experimental error for each value is < ±0.01 

cThe low D/L values (except for Ser, which represents 2 residues for 
each respective MSH peptide) are primarily the result of slight racemi-
zation occurring during acid hydrolysis and a minor (-)-2-butanol 
impurity in the (+)-2-butanol used for pre-column esterification pro
cedures as described by M. H. Engel and co-workers.226 [Reprinted with 
some modifications by permission of M. H. Engel and co-workers.226j 



melanosome-dispersing activity of partially racemized [Nle^]-a-MSH, 

structure-activity studies on various synthetic fragments of the title 

compound were performed employing the heat-alkali treatment and the 

frog (Eana pipiens) skin bioassay. In addition, the comparative bio

logical activities of the native [Nle1*]-a-MSH fragments were examined 

using the Cloudman S-91 mouse melanoma adenylate cyclase assay. 

The relative potencies of several fragments of [Nle'' ] -a-MSH on 

effecting frog (Eana pipiens) skin melanosome dispersion or Cloudman 

S-91 mouse melanoma adenylate cyclase activity in vitro are shown in 

Table 16. Two fragments, Ac-[Nle't]-a-MSHI_6-NH2 and Ac-a-MSH7_10-NH2, 

were devoid of biological activity on both assay systems. The C-

terminal fragments (Ac-a-MSHJI_13-NH2 and Ac-A-MSH7_!3) were very 

weak agonists and effected melanotropic (melanosome-dispersing or 

adenylate cyclase-stimulating) potencies ^ 1/1,000 that of a-MSH. 

For the central heptapeptide fragment, Ac-[Nle'*]-a-MSHl(_10-NH2, the 

increased melanotropic potencies (2/1,000 and 9/100 the potency of 

a-MSH on the frog skin and mouse melanoma adenylate cyclase assays, 

respectively) was consistent with the results of previous structure-

function studies (see Chapter 1) which identified Met-Glu-His-Phe-Arg-

Trp-Gly (a-MSHlt_10) as the primary aative site in a-melanotropin. 

Extension of the C-terminus of Ac-[Nle'*]-a-MSH1J_10-NH2 to include Lys-

Pro-Val-NH2 resulted in a dramatic increase in the melanosome-dispersing 

activity (about 500-fold high potency relative to Ac-[Nlel>]-a-MSH1|_10-

NH2) for the resultant decapeptide, Ac-[Nle1*]-a-MSH4_j3-NH2. Such an 

observation was previously reported**̂  for Ac-a-MSHlf_13-NH2, and was 

interpreted as a "multiplicative, cooperative effect" between the two 
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Table 16. Summary of relative frog skin melanosome-dispersing and mouse 
melanoma adenylate cyclase-stimulating potencies for various 
[Nlê ]-a«MSH fragments in vitro. 

[NleI,]-a-MSH: 

Ac-Ser-Tyr-Ser-Nle-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

Relative Potency5 

MSH-Peptide 
Frog 

(Rana pipiens) 
Skin Bioassay 

Cloudman S-91 Mouse 
Melanoma Adenylate 
Cyclase Assay 

1. a-MSH 1.0 1.0 

2. [Nle*]-a-MSH 2.3 2.0 

3. Ac- [Nle*1] -a-MSH|t_13-NH2 1.0 0.5 

4. Ac- [Nle4 ] -a-MSH,, _ 10 -NH2 0.002 0.09 

5. Ac-a-MSH7_13-NH2 0.0001 0.001b 

6. Ac-a-MSHa j _j 3-NH2 0.00002 0.001C 

7. Ac-a-MSH7_10-NH2 inactive inactive 

8. Ac-[Nle4]-a-MSHj_ 6-NH2 inactive inactive 

aRelative potency = concentration (M) of a-MSH at 50% response/concentra
tion of the peptide at 50% response. 

b ^ 
On the adenylate cyclase assay, Ac-a-MSH7_i3-NH2(at 1.0 x 10" M) 
reached about 50% the maximal activity of a-MSH; however, it was not 
determined if it was a true partial agonist or only a very weakly 
potent agonist because of the high concentration required. 

c0n the adenylate cyclase assay, Ac-a-MSHi1_i3-NH2 (at 1.0 x 10~3 M) 
reached about 145% the maximal activity of a-MSH, which may be 
accounted for by two facts: (1) Incomplete exchange of fluoride salt 
(derived from HF-cleavage) by acetate during purification. It has been 
reported^S'^O that fluoride, itself, stimulates melanoma adenylate 
cyclase. (2) Non-specific membrane perturbation and indirect adenylate 
cyclase activation by Ac-a-MSH11_13-NH2. 



proposed active sites (Met-Glu-His-Phe-Arg-Trp-Gly and Lys-Pro-Val-NH2) 

when covalently combined according to the native primary sequence. In 

the melanoma adenylate cyclase assay, Ac-[Nle'*]-a-MSHlt_13-NH2 was only 

about six times more potent than Ac-[Nlê j-a-MSĤ jg-N̂ . This result. 

and the fact that Ac-[Nle'*]-a-MSHlt_10-NH2, itself, was markedly more 

potent on the melanoma adenylate cyclase assay suggested a significant 

divergence in structural specificity between the frog melanophore and 

mouse melanoma cell receptor systems for MSH binding and transduction. 

Finally, extension of the N-terminus of Ac-[Nle1,]-a-MSHlf_13-NH2 to 

include Ac-Ser-Tyr-Ser resulting in only a minor increase in melano-

tropic activity (about 2-fold higher potency relative to Ac-fNle1*]-

a-MSH„_13-NH2) for the resultant parent molecule, [Nlê -a-MSH. Inter-

119 
estingly, a recent structure-function study of the N-terminal extrem

ity (Ac-Ser-Tyr-Ser) of a-MSH and [Nle4]-a-MSH have shown that stereo-

structural modification at Tyr-2 can significantly lower the melanotropic 

potencies of the resultant anlogues (ranging from 1/10 to 4/100 the 

potency of the parent compounds) . 

Next, heat-alkali treatment of the biologically-active fragments 

of [Nle1* ]-a-MSH was performed (except for Ac-[Nle4]-a-MSĤ _10-NH2; see 

section entitled "Structure-Activity Studies of Analogues of a-MSĤ ,.̂  

Modified at the Met-4, Phe-7 and Gly-10 Positions," in this Chapter, 

for further information on stereostructural modification of this MSH 

peptide), and the resultant melanosome-dispersing activities were 

characterized in terms of prolongation, potentiation or retardation 

relative to their untreated correlates (Figure 20). For Ac-[Nleu]-

a-MSH„_13-NH2, the marked prolongation and retardation effects observed 
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Figure 20. Altered melanosome-dispersing activities in vitro of several heat-alkali-treated 
fragments of [Nle -̂a-MSH. 

The frog [Rana pipiens) skin darkening activities of Ac-[Nlê j-a-MSH!,.!3-NH2 (panel A), 
Ac-a-MSH7_13-NH2 (panel B) and Ac-a-MSHj3-NH2 (panel C) and their heat-alkali-treated 
(97° in 0.1 M NaOH for 10 min) correlates were compared. The concentrations of the MSH 
peptides (racemized or native) were: Ac-[Nleu]-a-MSH,,_J3-NH2 (1*0 x 10-10 M), Ac-a-
MSH7_13-NH2 (5.0 x 10~8 M) and Ac-a-MSHn_13-NH2 (1.3 x 10"1*) . After a selected period 
of incubation (noted by arrow), the skins of each group were transferred to a fresh 
Ringer (without hormone). 
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for the partially racemized product (Figure 20, panel A) were very simi

lar to those previously seen for heat-alkali-treated [Nle1*] -a-MSH 

(Figure 19). This suggests that the N-terminal tripeptide sequence, 

Ac-Ser-Tyr-Ser, did not play an important role in the prolongation phe-

119 120 
nomenon. This is supported by the fact that previously published ' 

synthetic analogues of a-MSH containing either D-Ser or D-Tyr have not 

been reported to possess prolonged melanosome-dispersing activity rela

tive to the native hormone. For Ac-a-MSĤ j3-NH2, dramatic potentiation 

was effected by heat-alkali treatment relative to the unracemized pep

tide (Figure 20, panel B). However, no significant prolongation for 

the partially racemized product occurred following rinsing of the frog 

skins with melanotropin-free Ringer. This fact suggested the existence 

of a structural requirement for prolongation, effected by heat-alkali-

treatment, within the Nle-Glu-His amino acid sequence. For Ac-a-

MSHj1-13~NH2, only a retardation effect was observed for the partially 

racemized product (Figure 20, panel C) . However, the native tripeptide 

did exhibit slight intrinsic prolonged melanosome-dispersing activity. 

226 
Finally, it has been reported that the heat-alkali treatment does not 

effect the structural integrity of partially racemized [Nle1*]-a-MSH 

under identical conditions as used in the above studies. This is 

supported by the present investigation by the fact that only Ac-[Nle14]-

a-MSĤ .j3-NH2 was shown to mimic the biological properties (prolongation 

and retardation) of heat-alkali-treated [Nle1*]-a-MSH at identical con

centrations (1.0 x 10~10 M). 

The precise biochemical mechanism(s) underlying the altered 

biological effects manifested by heat-alkali-treated a-MSH (or related 



MSH peptides) on frog skin melanophores in vitro or in vivo are at 

present unknown. However, pseudo-irreversible peptide hormone-receptor 

binding and signal transduction may provide one reasonable explanation 

to account for the prolonged melanosome-dispersing activities of ot-MSH, 

[Nle^-a-MSH or Ac-[Nle4]-a-MSĤ ,! 3-NH2 . This hypothesis is supported 

by two related facts: (1) photoaffinity labeling of tadpole (Xenopus 

laevis) melanophore receptors in vitro with [p-azido-Phe13]-a-MSH has 

149 
been reported to effect prolonged melanosome-dispersing activity and 

(2) a-MSH-tobacco mosaic virus conjugates (having approximately 300 

91 132 133 
a-MSH derivatives per virus) have been reported ' ' to effect 

significant prolongation of melanosome dispersion in vitro. In the 

latter case, prolongation may be interpreted in terms of an enhanced 

probability of receptor occupation rates and increased overall binding 

energies effected by the conjugate which may express multiple hormone-

receptor interactions simultaneously. In the present study, the 

observed prolonged biological activities of heat-alkali-treated a-MSH, 

[Nlê J-a-MSH and Ac-[Nlê J-a-MSĤ .j3-NH2 in vitro are undoubtedly 

related to the effects of altered stereochemical, conformational and 

dynamic properties of hormone-receptor interaction which are intrinsic 

to these partially racemized peptides. 

In summary, comparative structure-activity analysis and racemi-

zation studies on [Nle^]-a-MSH have shown the following results: 

(1) Ac- [Nle^J-a-MSH^.jj-NHj and Ac-[Nle1,3-a-MSH,l_j0-NH2 (and analogues 

thereof) may represent the minimal structural requirements for high 

melanotropic potency in vitro on the frog skin melanophore and mouse 

melanoma adenylate cyclase systems, respectively. (2) Ac-fNlê ]-



a-MSH,,..}3-NH2 may represent the minimal structural requirement to effect 

prolonged (comparable to the parent molecule) melanosome-dispersing 

activity in vitro following heat-alkali treatment. (3) Significant race-

mization of Ser-1 and Ser-3 (D/L = 1.24.), Phe-7 (D/L = 0.28) and Glu-5 

(D/L = 0.10) was determined quantitatively in heat-alkali-treated 

[Nlê -a-MSH. These results provide insight into the stereostructural 

determinants of the prolonged biological activity in vitro and in vivo 

observed previously for heat-alkali-treated a-MSH. Finally, this infor

mation successfully lead to the design of a "definitive" synthetic 

stereoisomer of [Nle1*]-a-MSH which has been shown to exhibit remarkable 

117 118 
biological properties in vitro and in vivo (refer to following 

section) . 

[Nle1*, g-Phe 7] -a-MSH: A Highly Potent Stereoisomeric 
a-Melanotropin with Ultralong Biological Activities 

The design of a definitive stereostructural analogue of a-MSH 

capable of effecting high melanotropic potency and prolonged activity, 

and retaining such properties following radiolabeling (iodination) for 

future investigation of MSH receptor systems in vitro and in vivo was 

based on several considerations. Substitution of Met by Nle at the 

4-position was an obvious choice based on the results of structure-

activity and iodination studies performed on [Nle^]-a-MSH (refer to 

previous section). Racemization studies on a-MSH and [Nle^J-a-MSH 

suggested stereochemical modification of Phe at position-7 may be 

related to the prolonged melanosome-dispersing activities in vitro 

(and in vivo) previously observed for heat-alkali-treated MSH 
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p e p t i d e s . T h i s  h y p o t h e s i s  w a s  i n d i r e c t l y  s u p p o r t e d  b y  p r e v i o u s  

reports, 1°5»1̂ 6,227 [z?-Phe7]-a-MSH6_10 and [3-Ala1, ZJ-Phe7, 

Orn1s]-ACTHa_j8-NH2 were shown to possess higher melanotropic activities 

in vitro relative to a-MSH6_10 and a-MSH, respectively. Thus, [Nle1*, 

O-Phe7]-a-MSH was prepared by total synthesis to unambiguously correlate 

its biological properties to a defined stereochemical modification. In 

addition, [file1*, £>-Phe7]-a-MSH provided a useful molecular probe to 

examine the functional role of calcium ion in a-MSH-receptor interaction 

(binding and signal transduction). 

On the frog (Rana pipiens) skin bioassay, [Nle\ Z>-Phe7]-a-MSH 

effected remarkably high potency (about 60 times relative to a-MSH) and 

prolonged melanosome-dispersing activity (> 4 hrs) in vitro (Figures 21 

and 22). In addition, the stereoisomeric analogue effected ultralong 

(about 6 wks) melanosome-dispersing activity in vivo in frog (Rana 

pipiens) as shown in Figure 23. These results provided substantial evi

dence that O-Phe-7 may represent a minimal stereochemical requirement 

for the prolongation phenomenon observed previously for heat-alkali-

treated MSH peptides. 

It has been reported̂ '̂  ̂  that the initial biochemical event 

effected by MSH peptides on either frog skin melanophores or mouse mela

noma cells is hormone-receptor binding and signal transduction to 

adenylate (refer to Figure 3, Chapter 1). On the Cloudman S-91 mouse 

melanoma adenylate cyclase assay, [Nleu, Z?-Phe7]-a-MSH was approximately 

26 times more potent than a-MSH in stimulating cyclic AMP production 

(Figure 24). This result correlated well to the enhanced mouse melanoma 

tyrosinase-stimulating activity following brief exposure to [Nle1*, 
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Figure 21. High melanosome-dispersing potency in vitro of [Nle1*, f-Phe7]-a-MSH. 

The frog (Eana pip-tens') skin darkening activities of a-MSH (0) and [Nle*1, Z>-Phe7]-a-MSH (•) 
were compared in a dose-response manner at 60 min incubation. vo 
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Figure 22. Prolonged melanosome-dispersing activity in vitro of [Nle\ Z?-Phe7]-a-MSH. 

The frog (Rana pipiens) skin darkening activities of a-MSH (0), [Nle4]-a-MSH (A) and [Nle\ 
D-Phe7]-a-MSH (•) were compared at an identical concentration (1.0 x 10~10 M). After 1.5 
h incubation, each group of skins were transferred to fresh Ringer (without hormone!. 
[Reprinted with some modifications by permission of J. B. Burnett and co-workers.22'] °° 
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Figure 23. Ultralong melanosome-dispersing activity in vivo of [Nle1*, D-Phe7]-a-MSH. 

The frog (Rana pipiens) skin darkening activities of a-MSH (A), [Nle1*]-a-MSH (0) and 
[Nle1*, D-Phe7]-a-MSH (®) where compared after subcutaneous injection of an identical con
centration (100 pi of a 1.0 x 10-tf M peptide solution per 10 g frog body weight) of 
melanotropin. For experimental details, refer to M. E. Hadley and co-workers.̂ 8 jn 
other experiments it was reportedH-8 that a single injection of [Nle\ Z?-Phe7]-a-MSH at 
lower concentrations (1/10 to 1/100 the dose shown here) were nearly as effective as the 
present case. [Reprinted with some modifications by permission of M. E. Hadley and co
workers .US] 
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Figure 24. High adenylate cyclase-stimulating potency in vitro of 
[Nle", Z?-Phe7]-a-MSH. 

The Cloudman S-91 mouse melanoma adenylate cyclase-
stimulating activities of a-MSH (§), [Nle1*]-a-MSH (0) and 
[Nle1*, Z?-Phe7]-a-MSH (A) were compared in a dose-response 
manner at 10 min incubation under standard assay conditions. 
[Reprinted with some modifications by permission of T. K. 
Sawyer and co-workers.H7] 
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Z?-Phe7]-a-MSH (> 20-fold at time = 0.5 h) versus either a-MSH or [Nle1*]-

a-MSH (Figure 25). Furthermore, [Nle\ ZJ-Phe7]-a-MSH was significantly 

more resistant to degradative-inactivation by serum enzymes present in 

tyrosinase assay versus either a-MSH or [Nle1*] -a-MSH following increas

ing incubation time (0 to 72 h) in tissue culture media (Figure 26). 

The precise biochemical mechanism(s) involved in the expression 

of the unique biological properties reported here for [Nle1', D-Phe7]-

a-MSH have not been unequivocably proven to date. Prolonged melanosome-

dispersing activity -in vitro has been previously demonstrated for 

149 91 132 133 photoaffinity-labeled and tobacco mosaic virus-conjugated ' ' 

derivatives of a-MSH (refer to previous section and Chapter 1). However, 

the remarkably longer (ultralong) duration of biological activity in 

vitro and in vivo have been an unprecedented property observed only for 

stereochemically-modified MSH peptides. As discussed earlier (refer to 

previous section), pseudo-irreversible binding of [Nle1*, Z?-Phe7]-a-MSH 

to its pigment cell receptor, and subsequent signal transduction to 

adenylate cyclase, may provide a reasonable interpretation of the pro

longed melanosome dispersing and, possibly, tyrosinase-stimulating 

activities. The significantly higher melanotropic potencies in vitro 

of [Nle1*, P-Phe7]-a-MSH may represent increased binding affinities of 

5 228 the stereoisomer to the melanotropin receptor. It has been reported ' 

that a prolonged phase of slow or incomplete reversal can occur for 

hormone-receptor complexes, following an initial rapid phase of disso-

5 228 
ciation, as based on kinetic studies. Furthermore, it was suggested ' 

that initial hormone interaction with its receptor may effect a confor

mational change at the receptor which can result in tighter binding of 
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Figure 25. High tyrosinase-stimulating activity in vitro of 
[Nle\ £>-Phe7]-a-MSH. 

The Cloudman S-91 mouse melanoma tyrosinase-stimulating 
activities of a-MSH (filled bars), [Nle^]-a-MSH (hatched 
bars) and [Nlê , Z?-Phe7J-a-MSH (open bars) were compared 
following pre-incubation with an identical concentration 
(1.0 x 10"' M) of melanotropin. After selected time 
intervals (time of pre-incubation = 0.5, 4 or 8 h), each 
group of cells were rinsed with fresh melanotropin-free 
culture media and then exposed (time of final incubation 
= 24 h) to fresh media (without hormone) containing radio
labeled tyrosine. Tyrosinase activities are expressed as 
% activity of basal control cells. For experimental 
details, refer to T. K. Sawyer and co-workers.H? 
[Reprinted with some modifications by permission of T. K. 
Sawyer and co-workers.1*^] 
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Figure 26. High melanosome-dispersing activity in vitro of [Nlê , D-
Phe7]-a-MSH following incubation in serum enzyme-containing 
tissue culture media. 

The frog {Rana pipiens) skin darkening activity of a-MSH (i), 
[Nle*1]-a-MSH (A) and [Nle1', D-Phe7]-a-MSH (A) were compared 
after incubation in tissue culture media (containing 10% 
horse serum and 2% fetal calf serum), which is used in the 
Cloudman S-91 mouse melanoma tyrosinase activity, at an 
identical initial concentration (1.0 x 10"8 M) . For experi
mental deatils, refer to T. K. Sawyer and co-workers. 17 

[Reprinted with some modifications by permission of T. K. 
Sawyer and co-workers.117] 
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the hormone-receptor complex. Such an effect is consistent with thermo-

1 229 
dynamic considerations and the "zipper" model ' of hormone action. 

Interaction of the hormone-occupied receptor complex with adenylate 

230 
cyclase has been implicated to effect this type of higher-affinity, 

hormone-binding site. Examples of other peptide hormones (or deriva

tives) which have been reported to effect irreversible binding to their 

231 232 cell surface receptors, include prolactin, epidermal growth factor 

and [2-nitro-5-azidobenzoyl-Gly25]-cholecystokinin25_33-NH (after 

233 photolysis). Possibly, as a result of its intrinsic stereostructural 

and conformational properties, [Nle*1, 0-Phe7]-a-MSH may similarly effect 

such tighter (pseudo-irreversible) binding to its melanotropin receptor, 

and lead to a very sustained, biologically-active hormone-receptor-

adenylate cyclase complex. However, alternative hypotheses may include 

that [Nle4, Z?-Phe7]-a-MSH in some manner irreversibly activates signal 

transduction to adenylate cyclase or that the stereoisomeric analogue 

is metabolically stable at the receptor site and this is related to 

its prolonged biological activity. Enzymatic stability has been 

2 34 
reported to partially explain the higher potency of [£>-Ala2, Met5]-

enkephalinamide on its opiate receptors. In the present study, radio

receptor analysis using radio-labeled [Nle\ f-Phe7]-a-MSH may provide 

direct information on the dose-binding and hormone-receptor dissocia

tion properties of the stereoisomeric analogue. These studies are in 

progress in this laboratory. 

The [Nle4, Z?-Phe7]-a-MSH provided a unique molecular probe to 

2 + 
further examine the functional role(s) of calcium ion (Ca ) in the 
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mechanism of action of melanotropin on vertebrate pigment cells. It has 

been previously reported*^"3"^ that Ca2+ is specifically required for 

MSH-stimulated melanosome dispersion in vitro on a number of melano-

phore systems (refer to Table 9, Chapter 1). Recently, photoaffinity-

labeling of tadpole (Xenopus laevis) skin melanophores with [p-azido-

Phe13]-a-MSH and subsequent melanosome-dispersing activity in vitro were 

149 
reported to be dependent upon the presence of calcium ion. These 

results suggest that Ca2+ was required for both a-MSH binding to its 

receptor and signal transduction to adenylate cyclase. In the present 

investigation, the prolonged stimulatory activity in vitro of [Nle1*, 

£>-Phe7] -a-MSH on lizard (Anolis carolinensis) skin melanophores was 

shown to be temporarily reversed in the absence of exogenous Ca2+ 

(Figure 27). These results provide further evidence that Ca2+ may 

reversibly modulate signal transduction (presumably, to adenylate 

cyclase) effected by [Nle\ Z?-Phe7]-a-MSH. Interestingly, in the 

absence of Ca2+, [Nle4, Z>-Phe7]-a-MSH effected reversible melanosome-

dispersing activity in vitro in the lizard skin bioassay (Figure 28). 

This reversible biological activity has been recently found to be 

dose-dependent to [Nle1*, Z?-Phe7]-a-MSH (M. E. Hadley, Department of 

General Biology, University of Arizona, unpublished results). As in 

the earlier experiment (Figure 27), the melanosome-dispersing activity 

could be re-established following the addition of Ca2+ (without roelano-

tropin). These results infer the possibility of two metanotropin 

receptor populations: (1) a ,subpopulation of MSH receptors (R^g^ ca2+) 

which bind [Nle^, 2?-Phe7]-a-MSH irreversibly and are Ca2+-dependent 

to be functionally-active and effect signal transduction to adenylate 
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Figure 27. Calcium-dependent, prolonged melanosome-dispersing activity in vitro of 
[Nle", D-Phe7]-a-MSH, 

The lizard (Anolis aarolinensis) skin darkening activities of a-MSH (0) and [Nle", D-Phe7J -
a-MSH (©) were compared at an identical concentration (5.0 x 10"9 M). After 1 h incuba
tion, each group of skins was transferred to fresh Ringer (without hormones). At subse
quent time periods, the [Nle", Z>-Phe7]-a-MSH-treated group of skins was alternatively 
transferred to fresh Ringer in the absence ( ) or presence ( ) of Ca2+ (1 mM). The 
Ca2+-free Ringer contained 1 mM ethylenediaminetetraacetic acid (EDTA). [Reprinted with 
some modifications by permission of M. E. Hadley and co-workers.H®] 

o 
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Figure 28. Calcium-independent, reversible melanosome-dispersing activity in vitro of 
[Nle", £>-Phe ]-a-MSH. 

The lizard (Anolis carolinensis) skin darkening activities in vitro of [Nle1*, Z?-Phe7]-
a-MSH (2.0 x 10"9 M) were compared during incubation in Ringer ( ) or Ca2+-free 
Ringer (—). After 1 h incubation, each group of [Nle4, Z>-Phe7]-oc-MSH-treated skins 
were transferred to fresh Ringer (without melanotropin) in the absence ( ) or presence 
( ) of Ca2+ (1 mM) . At a subsequent time period, one group of skins (bottom curve) 
was alternatively transferred to fresh Ringer, in the presence or absence of Ca2+ as 
described above. The Ca2+-free Ringer contained 1 mM EDTA. Under identical experimental 
conditions, a-MSH was devoid of biological activity in the absence of Ca2+ or in the 
presence of Ca2+ directly following the rinse step (M. E. Hadley, Department of Biology, 
University of Arizona, unpublished results). 



108 

cyclase and (2) a second subpopulation of MSH receptors which 

bind [Nle1*, 2?-Phe7]-a-MSH reversibly and are Ca2+-independent to be a 

functionally-active species. A proposed model of the mechanism of action 

on melanotropin at the receptor level is schematically outlined in Figure 

146-148 2+ 
29. It has been reported that Ca is not an absolute ionic re

quirement for melanosome dispersion per se, since several different 

vertebrate melanophores were shown (refer to Table 9, Chapter 1) to be 

stimulated by prostaglandins, 3-adrenergic agonists, theophylline or 

N6,02•-dibutyryl cyclic AMP in the presence or absence of Ca2+ in vitro. 

These results, and the present data, support the suggested MSH receptor-

specificity for calcium ion. Further studies to examine the functional 

role(s) of Ca2+ for the biological actions of melanotropin are in prog

ress in this laboratory. 

In summary, [Nle1*, I>-Phe7]-a-MSH demonstrated the highest 

melanotropic potency and most prolonged (ultralong) activity of any MSH 

analogue reported to date. Based on the results of the frog (Rana 

pipiens) skin bioassay, mouse melanoma adenylate cyclase and tyrosinase 

assays, it is suggested that both of these two different pigment cell 

receptor systems may recognize the specific stereostructural (and con

formational) properties of [Nle\ Z)-Phe7]-a-MSH in a similar manner. 

The Ca2+-dependent dynamic property of [Nle1*, Z?-Phe7]-a-MSH on effecting 

pseudo-irreversible melanosome-dispersing activity on lizard (Anolis 

carolinensis) skin melanophores may be primarily a specific ionic 

requirement for signal transduction of [Nle1*, Z?-Phe7]-a-MSH-occupied 

type I melanotropic receptors. Guanyl nucleotide-binding proteins are 

suggested to be the functionally-active, molecular entities involved in 



MSH Receptor Type Mechanism of Binding and Signal Transduction Characteristics 

HmSH Ca2+ CType ̂  MSH+ R-NBP(GTP) ̂==i (MSH)R-NBP(GTP) 

MSH binding 

Ca2++ (MSH) R-NBP(GTP) ̂==t (MSH)R(Ca2+)-NBP(GTP) 

Caz+ binding 

(MSH)R(Ca2+)-NBP(GTP)+AC ?==* (MSH)R(Ca2+)-NBP(GTP)-AC 

Signal transduction 

Rmsh (Type II) MSH + R-NBP(GTP)r=i (MSH)R-NBP(GTP) 

MSH binding 

(MSH) R-NBP(GTP) +AC 5=̂  (MSH) R-NBP(GTP)-AC 

MSH binding and signal transduction 

R = Melanotropin receptor (Type I or II) 
NBP = Stimulating nucleotide regulatory protein 
GTP = Guanosine 5•-triphosphate AC = Adenylate cyclase 

M̂SH,Ca2+ are 

affinity MSH receptors 
([Nle1*, 0-Phe7]-a-MSH 
» a-MSH) and are Ca2+-
dependent to be func
tionally active. For 
[Nle", Z)-Phe7]-a-MSH, 
receptor binding is 
pseudo-irreversible. 
For a-MSH, receptor 
binding is reversible. 

Rmsh are low affinity 

receptors (again, [Nle1*, 
Z?-Phe7] -a-MSH » a-MSH) 
and are Ca2 "̂ -indepen
dent to be functionally-
active . For [Nle1*, D-
Phe7]-a-MSH, receptor 
binding is reversible. 
For a-MSH, receptor 
binding is ineffective. 

Figure 29. Proposed mechanistic model of MSH-receptor binding and transduction of hormone signal to 
adenylatye cyclase: Two MSH receptor hypothesis. 
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the signal transduction process for MSH based on analogy to most other 

6 153 
peptide hormone-receptor-adenylate cyclase systems ' and from recent 

experimental results (T. K. Sawyer, M. D. Bregman, V. J. Hruby and M. E. 

Hadley, Departments of Chemistry and General Biology, University of 

Arizona, unpublished observations). Overall, these results demonstrate 

the successful preparation of a definitive melanotropin which mimics the 

altered biological properties in vitro and in vivo of partially-

racemized MSH peptides. The title compound, [Nle1*, £>-Phe7]-a-MSH should 

provide a highly potent and metabolically-stable MSH analogue suitable 

for use as a radiolabeled tracer or drug-delivery agent for the locali

zation or treatment of human melanoma in vivo. 

Structure-Activity Studies of Analogues of a-MSB̂ m 
Modified at the Met-4, Phe-7 and Gly-10 Positions 

Based on previous structure-activity studieŝ *'̂  (refer to 

Chapter 1), the -primary active site of a-MSH has been determined to be 

Met-Glu-His-Phe-Arg-Trp-Gly. The corresponding synthetic fragment, 

97 
H-Met-Glu-His-Phe-Arg-Trp-Gly-OH (a-MSĤ _x„), has been reported to be 

a weak agonist (approximately 1/10,000 the activity of a-MSH, in U/g; 

refer to Table 4, Chapter 1) on frog skin melanophores in vitro. 

40 
Recently, heat-alkali-treated a-MSH,, ..jo has been reported to effect 

significantly potentiated and prolonged melanosome-dispersing activity 

in vitro (versus the unracemized isomer) within frog (Rana pipiens) 

skin melanophores as shown in Figure 30. This result suggested that 

chemical modification of a-MSH,,_10 might provide a highly potent hepta-

peptide fragment of the native hormone. In the present investigation, 

several synthetic stereostructural analogues of a-MSH4_10 (referred to 
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Figure 30. Potentiated and prolonged melanosome-dispersing activity 
in vitro of heat-alkali-treated a-MSHIt_10. 

The frog [Rana pipiens) skin darkening activities of 
a-MSH,, _10 (0) and heat-alkali-treated (97° in 0.1 M NaOH 
for 10 min) a-MSH,, _10 (@) were compared at an identical 
concentration (1.0 x 10"5 M). After 1 h incubating, both 
groups of skins were transferred to fresh Ringer (without 
hormone). [Reprinted with some modifications by permis
sion of M. E. Hadley and co-workers.^®] 
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as "active site" analogues herein) were examined for their comparative 

biological activities in vitro using the frog (Rana pipiens) skin and 

lizard (Anolis carolinensis) skin bioassays and the Cloudman S-91 mouse 

melanoma adenylate cyclase assays. 

The design of a highly potent, synthetic active site analogue of 

a-MSH was based on several considerations. Charge neutralization of the 

N-terminal amino (of Met-4) and C-terminal (of Gly-10) moieties of 

a-MSĤ .jg (by acetylation and amidation, respectively) seemed reasonable 

on the basis of structural analogy to the native hormone, a-MSH. In 

addition, the des-acetyl derivatives of several fragments of a-MSH 

(refer to Table 4, Chapter 1) have demonstrated markedly reduced frog 

skin melanosome-dispersing in vitro versus their N-terminally-acetylated 

analogues. To determine the "intrinsic" functional roles of Nle-4 and 

Z?-Phe-7 within the active site of a-MSH and provide correlation to pre

vious studies on [Nle1*]-a-MSH and [Nlê , Z?-Phe7]-a-MSH (preceding sec

tions, this Chapter), the appropriate stereostructural substitutions 

were made. Finally, a Tyr-4-substituted active site analogue (a poten

tial MSH peptide candidate for radioiodination) was examined for its 

biological activities. 

The relative potencies of a-MSH^_x0, Ac-a-MSH,,_10-NH2, Ac-fNle4]-

a-MSH[(_10-NH2, Ac-tNle", ZJ-Phê -a-MSĤ o-NHj, and Ac-tTyr^-a-MSH^,,-

NH2 on stimulating frog (Rana pipiens) skin melanosome dispersion are 

shown in Table 17. The a-MSĤ .j,, was a very weak agonist (1/100,000 the 

potency of a-MSH), and N-terminal acetylation and C-terminal amidation 

of this fragment to yield Ac-a-MSH,,_10-NH2 resulted in a 30-fold increase 

in potency on the frog skin bioassay. Substitution of Met-4 by Nle-4 or 



Table 17. Summary of relative frog skin and lizard skin melanosome-dispersing and mouse melanoma 
adenylate cyclase-stimulating potencies for several a-MSĤ .jo analogues -in vitro. 

a-MSH4_1Q: H-Met-Glu-His-Phe-Arg-Trp-Gly-OH 

4 7 10 

Relative potencya 

Frog {Rami pipiens] 
Skin Bioassay 

Lizard (Anolis oaxvlimnsis) 
Skin Bioassay 

Cloudman S-91 Mouse Melanoma 
Adenylate Cyclase Assay 

1. a-MSH 1.0 1.0 1.0 

2. a-MSH,_10b 0.00001 0.0004 NDC 

3. Ac-a-MSH„_10-NH2 0.0003 0.004 NDC 

4. Ac-fNle1*]-
a-MSH,_1o-NH2 

0.002 0.06 0.09 

5. Ac- [Nle1*, D-Phe7]-
a-MSH,_j„-NH2 

0.2 7.5 7.7 

6. Ac - [Tyr1*]-
a-MSH,_j0-NHZ 

0.002 0.001 NDd 

aRelative potency = concentration (Af) of a-MSH at 50% response/concentration of the peptide at 50% 
response. 

^a-MSH^_10 was obtained from Peninsula Laboratories (San Carlos, CA). 

c Not determined. 

dAc-[TyrIf]-a-MSH was a partial agonist on the adenylate cyclase assay (refer to Figure 31). 
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[Nle\ Z?-Phe7]-a-MSH 
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Ac-[Nle", D-Phe*]-a-MSHi,_j0-NH. 
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Figure 31. Comparison of prolonged frog skin melanosome-dispersing 
activities in vitro for [Nlê , Z)-Phe7]-a-MSH and Ac-tNle1*, 
P-Phe 7]-a-MSH^_10-NH2. 

The frog (Rana pipiens) skin darkening activities of [Nle1', 
Z?-Phe7]-a-MSH (4.0 x 10-11 M) and Ac-[Nle", i?-Phe7]-a-
MSĤ .jj-NHg (4.0 x 10"9 AQ were compared. After 1 h incu
bation, both groups of skins were transferred to fresh 
Ringer (without hormone). 
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Tyr-4 yield two heptapeptides (Ac-[Nle\ Z3-Phe7]-a-MSHlt_10-NH2 and 

Ac-[Tyr'*]-a-MSHlf_j0-NH2) which were about 200-fold more potent than 

a-MSHIf_10. Finally, the stereostructural active site analogue, Ac-

[Nle1*, TJ-Phe'j-a-MSH^.jjj-NHj, was shown to be 20,000-fold more potent 

than oi-MSĤ .JU and nearly equipotent to the native hormone (a-MSH). 

Interestingly, Ac-fNle1*, Z>-Phe7]-a-MSHlt_10-NH2 did not possess the 

intrinsic prolonged melanosome-dispersing activity in vitro on the 

frog skin melanophore system as effected by [Nle1*, Z)-Phe7]-a-MSH 

(Figure 31). 

On the lizard (Anolis oarolinensis") skin bioassay, this series 

of analogues effected similar (but not identical) dose-response 

relationships to a-MSH (Table 17 and Figure 32) in comparison to their 

frog skin melanosome-dispersing activities in vitro. The a-MSH^.m was 

about 4/10,000 as potent as a-MSH, and Ac-fNle1*, £>-Phe7]-a-MSH was 7.5-

fold move potent than the native hormone. Interestingly, the Ac-fTyr̂ ]-

a-MSH^.jo-NHz was equipotent to Ac-MSH^jq-NHj in stimulating lizard 

skin melanosome dispersion in vitro. These results were significantly 

different in comparison to their relative frog skin melanosome-dispersing 

potencies. On both pigment cell types, however, the effect of introduc

ing P-Phe into position-7 of the active site analogues was greater 

(> 100-fold relative to the L-Phe-7 correlate) than any other structural 

modification. This result was consistent with the higher potency (about 

30-fold) observed for [Nle1', Z?-Phe7]-a-MSH relative to its L-Phe-7 corre

late, [Nle1*]-a-MSH, on stimulating frog skin melanosome dispersion in 

vitro. 
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Figure 32. Relative dose-response lizard skin melanosome-dispersing activities in vitro for several 
a-MSH4_10 analogues. 

The lizard (Anolis oarolinensis) skin darkening activities of a-MSH (A), a-MSĤ .jo (0), 
Ac-a-MSĤ o-NH, (•), Ac- [Tyr" ] -ct-MSH„ _ j 0-NH2 (T), Ac- [Me" ] -a-MSH^ _ x „ -NH2 (B) and 
Ac-lNle11, Z)-Phe ]-a-MSH4_10-NH2 (•) were compared at 20 min incubation. 
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The Cloudman S-91 mouse melanoma adenylate cyclase assay pro

vided a third pigment cell type for the comparative biological analysis 

of a-MSH4_10 analogues. The dose-response relationships of several of 

the active site MSH peptides are shown in Figure 33. The Ac-fNle1*, D-

Phe7]-a-MSH1|_10-NH2 was about 8-fold more potent than a-MSH, and was more 

than 80-fold more potent than Ac-[NleH]-a-MSH1)_l0-NH2in stimulating mela

noma adenylate cyclase activity. The relative potencies of Ac- [Nle1*] -a-

MSH,,_j0-NH2 and Ac-[Nle4, Z5-Phe7]-a-MSH1J_10-NH2 to a-MSH on the mela

noma adenylate cyclase were nearly identical tc the results obtained on 

the lizard skin bioassay. In contrast, Ac-[TyrI,]-a-MSHlf_10-NH2 was not 

a full agonist, but effects only 34% the maximal activity observed for 

either a-MSH, Ac-tNle^-a-MSH^.jg-NHg or its D-Phe-7 analogue. In addi

tion to its observed partial agonism, Ac-[Tyr1*] -a-MSH^.j 0-NH2 was very 

weakly potent on stimulating melanoma adenylate cyclase activity. 

In summary, this systematic structure-activity analysis provides 

the first detailed correlation of stereostructural modification to 

comparative melanotropic activity within the primary active site of 

a-melanotropin (Met-Glu-His-Phe-Arg-Trp-Gly). Structural modifications 

at the Met-4 and Gly-10 positions of a-MSH^.^ resulted in markedly 

increased (> 100-fold) melanotropic potency for the resultant peptide, 

Ac-[Nle1(]-a-MSH4_10-NH2. Furthermore, substitution of Phe-7 by its D-

enantiomer to yield Ac-[Nle\ £>-Phe7]-a-MSH1>_10-NH2 resulted in the most 

potent a-MSH^j,, analogue to date, and the potency range for the active 

site MSH peptides tested was greater than four orders of magnitude. 

Based on the biological activities effected by Ac-[Tyr'*]-a-MSHlt_10-NH2, 

it is predicted that further chemical tailoring (perhaps D-Phe-7 
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Figure 33. Relative dose-response adenylate cyclase-stimulating activities in vitro for several 
a-MSH1,_10 analogues. 

The Cloudman S-91 mouse melanoma adenylate cyclase-stimulating activities of a-MSH (0), 
Ac - [Nle4, D-Phe J-ct-MSH^o-NHz (§), Ac-[Nle^-a-MSH^o-NH,, U) and Ac-[Tyr',]-a-MSHI,_1o-
NH2 (O) were compared in a dose-response manner at 10 min incubation under standard assay ^ 
conditions, except for the removal of DTT from the incubation media. oo 



119 

substitution) of this fragment might yield a highly potent MSH hepta-

peptide capable of being radiolabeled for future studies in vitro or 

in vivo. 

THalf-Cys4, Half-CysI01-a-MSH: 
A Conformationally-Restricted Cyclic q-Melanotropin 

with Superagonistic Activity 

The design of a ayalia conformationally-restricted analogue of 

a-MSH capable of effecting high melanotropic potency and, perhaps, pro

longed biological activity on MSH receptor systems in vitro (and in 

vivo) was the result of several considerations. Based upon the enhanced 

melanotropic potencies of the D-Phe-7 analogues of both [Nle*1 ]-a-MSH 

234 235 
and Ac-[Nle1,]-a-MSHlt_10-NH2 (refer to previous sections), reported ' 

conformational effects of introducing D-amino acids into peptides and 

205 
application of Chou and Fasman analysis of protein conformation to 

2 36 
a-MSH (Table 18), it was concluded that a g-turn (peptide chain 

reversal region) within His-Phe-Arg-Trp of a-melanotropin might be 

functionally-related to its biologically-active conformation at the 

receptor site. To test this hypothesis, a semirigid cyclic analogue of 

a-MSH was predicted to provide insight into the secondary structural 

determinants of a-MSH-receptor interaction. Substitution of Met-4 and 

Gly-10 by Cys was chosen because of their projected stereoelectronic 

similarities based upon a pseudocyclic conformation of a-MSH (Figure 34). 

In addition, this substitution conserved the proposed**^ second active 

site (Lys-Pro-Val-NH2) of a-MSH. The resultant intramolecularly 

disulfide-bridge derivative, [half-Cys1*, half-Cys10]-a-MSH, was then 
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Table 18. Empirical analysis of various g-MSH-derived tetrapeptide 
sequences as related to g-turn probability. 

a-MSH primary sequence: 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

MSH Tetrapeptide Predicted Conformational Parametersa 

Sequence CPt) (Pg) Pt 

Met-Glu-His-Phe 2.47 0.25 0.47 2.5 x 10-5 

Glu-His-Phe-Arg 1.67 0.40 0.61 1.5 x 10"5 

His-Phe-Arg-Trp'3 1.20 0.52 1.53 9.5 x 10~5 

Phe-Arg-Trp-Gly 0.68 0.85 1.32 6.1 x 10~5 

Arg-Trp-Gly-Lys 0.70 1.44 0.71 1.6 x 10~5 

Trp-Gly-Lys-Pro 0.41 2.30 0.42 3.2 x 10"s 

Gly-Lys-Pro-Val 0.40 0.12 0.52 2.1 x 10~5 

Conformational parameters (Pa), (P^) and (Pg) are sequence-independent 
values for the predicted occurrence of a-helix, g-turn and g-sheet, 
secondary structural regions, respectively. In contrast, pt denotes a 
sequence-dependent value for the predicted occurrence of a g-turn 
region. These values were derived empirical values tabulated by P. Y. 
Chou and G. D. Fasman.^® Tetrapeptides with pt > 7.5 x 10"!l and (Pt) 
> 1 [and (Pa) < CPt) > (pg)] are selected as possible g-turn regions. 

^His-Phe-Arg-Trp showed high probability for g-turn based on its pt 
value; however, its (Pt) value was low (because of the Phe residue). 
It has been reported 234,235 that the introduction of a Z?-amino acid 
into the i+1 and i+2 positions stabilize g-turns. In the case of His-
Phe-Arg-Trp, the i+1 and i+2 positions are Phe and Arg, respectively. 
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a-MSH: [Half-Cys , half-Cys ]-a-MSH 
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Figure 34. Chemical structure coinparison of a-MSH and [Half-Cys1*, half-
Cys10-]-a-MSH at positions 4 and 10 of their primary sequence. 

[Reprinted with some modifications by permission of T. K. 
Sawyer and co-workers.236^ 
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prepared by total synthesis and examined for its comparative biological 

properties on several pigment cell types. 

On the frog (Bona pipiens) skin bioassay, [half-Cys\ half-

Cys10]-a-MSH was £ 10,000-fold more potent than the native hormone 

(Figure 35). In addition to its superpotency, the cyclic analogue 

effected notable prolongation (> 3 h) of frog skin melanosome-

dispersing activity (Figure 36); however, this effect was. markedly less 

than that observed previously for [Nle11, Z?-Phe7]-a-MSH. In fact, this 

result provided evidence that high potency and prolonged melanotropic 

activity were not necessarily directly-related biological properties on 

MSH-stimulated frog (Rana pipiens) melanophores. 

On the lizard (Anolis oarolinensis) skin bioassay and the Cloud-

man S-91 mouse melanoma adenylate cyclase assay, [half-Cys4, half-Cys10]-

a-MSH effected significantly increased potency (about 30-fold and 3-fold, 

respectively) relative to a-MSH as shown in Figures 37 and 38. However, 

these potency differences were far less dramatic as compared to [half-

Cys1*, half-Cys10]-a-MSH-stimulated frog skin melanosome dispersion. The 

parallel dose-response curves effected by the cyclic analogue relative 

to a-MSH suggested that the modes of receptor binding of the two MSH 

peptides were similar on both the lizard melanophore and mouse melanoma 

cell systems. Such parallelism was not observed in the frog skin system, 

and the [half-Cys\ half-Cys10]-a-MSH appeared to effect an all-or-none 

4 
type of response which suggested the possibility of oooperativity 

(intermolecular or intramolecular) being involved in its mechanism(s) 

of receptor binding and transduction. Apparently, the stereostructural 
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Figure 35. High melanosome-dispersing potency in vitro of [half-Cyshalf-Cys10]-a-MSH. 

The frog (Rana pipiens) skin darkening activities of a-MSH (0) and [half-Cys\ half-Cys10]-
a-MSH (§) were compared in a dose-response manner at 60 min incubation. [Reprinted with 
some modifications by permission of T. K. Sawyer and co-workers.237] ^ 
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Figure 36. Prolonged melanosome-dispersing activity in vitro of [half-Cys4, half-Cys10]-ot-MSH. 

The frog (Rana pipiens) skin darkening activities of ct-MSH (5.0 x 10"10 M) and [half-Cys4, 
half-Cys1°]-a-MSH (5.0 x 10"11 M) were compared. After 1 h incubation, both groups of 
skins were transferred to fresh Ringer (without hormone}. [Reprinted with some modifi
cations by permission of T. K. Sawyer and co-workers. 
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Figure 37. Dose-response lizard skin melanosome-dispersing activity in vitro of [half-Cys\ half-
Cys ] -a-MSH. 

The lizard (Anolis oarolinensis) skin darkening activities of a-MSH (0) and [half-Cys11 

half-Cys10]-a-MSH (6) were compared in a dose-response manner at 20 min incubation. 
[Reprinted with some modifications by permission of T.K. Sawyer and co-workers.237] 
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Figure 38. Dose-response adenylate cyclase-stimulating activity in 
vitro of [half-Cys , half-Cys10]-ot-MSH. 

The Cloudman S-91 mouse melanoma adenylate cyclase-
stimulating activities of a-MSH (A) and [half-Cys1*, 
half-Cys1°]-a-MSH (0) were compared in a dose-response 
manner at 10 min incubation under standard assay condi
tions; exaept for the removal of DTT from the incubation 
media. [Reprinted with some modifications by permission 
of T. K. Sawyer and co-workers.^37] 
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and conformational requirements for MSH are not identical on these 

three distantly related vertebrate pigment cell types. 

In summary, the increased melanotropic potencies effected by 

[half-Cys1*, half-Cys10]-a-MSH provide the first evidence for the possi

ble existence of a pseudocyclic biologically-active conformation of 

a-MSH at its receptor. The conformational restriction effected by Cys 

(substituting for Met-4 and Gly-10) in the cyclic semirigid analogue 

supported the hypothesis of a reverse turn ($-turn) structural require

ment for the biologically-active conformation of a-MSH. On the frog 

(Bona pipiens), [half-Cys1*, half-Cys10]-a-MSH was shown to exhibit 

superpotency (> 10,000-fold relative to a-MSH), but not exceptionally 

prolonged melanosome-dispersing activity. Overall, these studies have 

established a basis for further conformation-activity analysis of a-MSH. 

Such investigations have previously provided insight into the conforma

tion activity relationships of other naturally-occurring linear and 

239 
cyclic peptide hormones, including enkephalin, luteinizing hormone-

240 241 242 1 13 243 
releasing hormone, somatostatin, ' oxytocin ' ' and vaso-

. 1,244 
pressm. 

Proposed Conformational Model of the Functionally- ' 
Important Amino Acid Constituents of a-Melanotropin 

Related to q-MSH-Receptor Binding 
and Transduction of Hormone Signal 

Hue preceding comparative biological analysis in vitro of [Nle1*]-

a-MSH and several of its fragments (including their partially racemized 

correlates), [Nle1*, Z?-Phe7]-a-MSH, [half-Cys1*, half-Cys10]-a-MSH and 

several active site (a-MSH,,_J0) analogues provided substantial experi

mental evidence to infer possible conformational requirements for 



a-MSH-receptor interaction (binding and transduction). Utilizing [half-

Cys4, half-CysJ0]-a-MSH (Figure 39) as a lead compound, examination of 

a space-filling molecular model of this cyclic analogue indicated 

several intramolecular secondary structure-stabilizing features which 

might be functionally-related to the biologically-active information of 

a-MSH at its pigment cell receptor (Figure 40). Specifically, a 

235 
g-turn is proposed to exist within the His-Phe-Arg-Trp sequence of 

a-MSH in which a 4 - > l  intramolecular bond (H-bond) between the amide 

N-H of Trp-9 and amide C=0 of His-6 may stabilize the resultant 10-

233 234 
membered (noncovalent) ring structure. Based upon the reported ' 

intramolecular stabilization effects of introducing P-amino acids into 

the i+1 (second) and i+2 (third) positions of a g-turn, there is reason

ably good correlation of a g-turn structural requirement to the markedly 

higher melanotropic potencies observed for several £)-Phe-7-containing 

MSH peptides (including [Z)-Phe7]-a-MSH6_10,105,106 Ac-fNle1*, Z)-Phe7]-a-

MSHlt_10-NH2 and [Nle4, Z)-Phe7]-a-MSH) versus their £-Phe-7 analogues. 

Secondly, the suggested intramolecular ionic or H-bond interaction 

between the side-chain y-C02H group of Glu-5 and E-NH2 group of Lys-11 

may be functionally-related to the "multiplicative, cooperative effect" 

on melanosome-dispersing activity reported*^ for the two individual 

active sites of a-MSH (Met-Glu-His-Phe-Arg-Trp-Gly and Lys-Pro~Val-NH2) 

when they are in covalent combination (Met-Glu-His-Phe-Arg-Trp-Gly-Lys-

Pro-Val-NH2). Thirdly, the suggested intramolecular hydrophobic inter

action between the lipophilic side-chains of Phe-7, Trp-9 and Lys-11 

may provide additional stabilization of a g-turn conformation. Finally, 

the dynamic expression of the aforementioned intramolecular conformational 
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Figure 39. Chemical structure of [half-Cys1*, half-Cys10]- -melanotorpin. 

In contrast to a-MSH, this cyclic analogue contains a 23-
membered ring structure (C^s-Glu-His-Phe-Arg-Trp-Cys) and 
13 asymmetric a-carbons (including half-Cys-10) within its 
primary sequence. 



130 

N 

«-MSll: Ac-Scr-Tyr-Scr-Mot-Glu-llis-Phc-Arg-Trp-Gly-Lys-Pro-Val-NIIj 

1 . 4  7  1 0  1 3  

Figure 40. Pictorial representation of the proposed relative spatial 
disposition of the amino acid side-chain moieties of a-MSH as 
related to its biologically-active conformation. 

The peptide backbone of a-MSH is represented within the plane 
of this paper. The amino acid side-chains are subsequently 
depicted above [red) or below ([blue) the plane of the peptide 
backbone. Specific designations include: a-carbon (•), 
a-carboxyl carbon (0), N-acetyl carbons (0) and side-chain 
carbons (0 or 0, except for at Gly-10). Hydrogen atoms are 
not included for simplicity. Three intramolecular 
conformation-stabilizing features noted include: 04) hydro
gen bonding between the amide C=0 of His-6 and the amide N-H 
of Trp-9, (B) ionic or hydrogen bonding interaction between 
the side chain y-CO H group of Glu-5 and e-NH2 group of 
Lys-11 and (C) hydrophobic interaction of lipophilic side-
chains of Phe-7, Trp-9 and Lys-11. 
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determinants may require active participation of the melanotropin recep

tor. In this manner, both intermolecular and intramolecular determinants 

may modify the spatial disposition of functionally-important amino acid 

constituents within a-MSH to yield the biologically-active conformation. 

Future in vitro studies and spectroscopic analysis (NMR) of semirigid 

synthetic analogues of a-MSH (such as [half-Cys\ half-Cys10]-a-MSH) may 

provide further insight into the three-dimensional topochemical require

ments of a-MSH which may Be correlated to its agonist melanotropic activ

ities. Such information may be quite useful in the design and development 

of new highly potent MSH agonists or antagonists. 

Mechanistically, the transformation of a-MSH from a free state 

of conformational flexibility to a biologically-active receptor-bound 

state of "defined" conformation is schematically represented in Figure 

1 22° 
41. In this "zipper" model, ' ~ multi-step binding of individual seg

ments of a-MSH and their complementary receptor domains may reduce the 

loss of conformational entropy and free energy of activation of binding 

of the hormone to its receptor versus a single-step "lock and key" 

229 model ) mechanism. Thus, the "zipper" mechanism may provide for rapid 

binding of a-MSH molecules, even when the population of a "correct" 

conformation free in solution is very low. In the proposed "zipper" 

model for MSH-receptor interaction (refer to Figure 41), the hypothetical 

MSH receptor surface may include a lipophilic, pocket-like domain for 

His-Phe-Arg-Trp binding and transduction. The topochemical complemen

tarity of this lipophilic domain to His-Phe-Arg-Trp may then facilitate 

the formation of the proposed biologically-active, g-turn-containing 

conformation of a-MSH by reversible intermolecular binding forces 
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Figure 41. Schematic representation of the proposed "zipper" mechanism 
of a-MSH-receptor binding and transduction processes. 

The interaction of a-MSH with its pigment cell receptor is 
illustrated by four propagation stages: (a) an initial 
nucleation complex formed between Lys-Pro-Val-NH2 and its 
receptor domain, (b) binding of Arg-Trp-Gly to its receptor 
domain, (e) subsequent interaction of Glu-His-Phe to its 
receptor domain, and (d) final binding of Ac-Ser-Tyr-Ser-
Met to its receptor domain. Each amino acid constituent 
of a-MSH is designated to an open circle (0). The indented 
portion of the melanotropin receptor (complementary to 
residues 6-10 of a-MSH) denotes a hypothetical lipophilic 
domain. 
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(refer to introductory section, Chapter 3) as well as participating 

intramolecular stabilization forces (discussed above) within a-MSH. 

In the case of [half-Cys4, half-Cys10]-a-MSH, its superagonistic 

activity in vitro (in Rana pipiens) may be correlated to increased 

binding affinity as a result of reduced conformational flexibility 

within the primary active site (Cys-Glu-His-Phe-Arg-Trp-Cys) which 

stabilizes a g-turn structural requirement. Finally, reversal of the 

binding process (dissociation of the MSH-receptor complex) should then 

yield a biologically-inactive receptor species. However, in the case 

of [Nle1*, 23-Phe7] -a-MSH a pseudo-irreversible MSH-receptor complex may 

exist and be due to increased intermolecular binding energies at both 

Nle-4 and D-Phe-7 (refer to stages a and d in Figure 41). In contrast, 

for MSH receptors photoaffinity-labeled with [p-azido-Phe13]-a-MSH, 

incomplete dissociation of the MSH-receptor complex may be effected by 

covalent attachment of the analogue at its C-terminus to the receptor. 

In retrospect, the design and synthesis of many MSH agonists has 

51 87-111 
emerged from a systematic-structure activity analysis of a-MSH. ' ' 

119-122 132 133 149 
> > '  H o w e v e r ,  t h e  d e v e l o p m e n t  o f  a  h i g h l y  p o t e n t  a - M S H  

antagonist has been unsuccessful to date. The relative importance of 

discovering competitive inhibitors of a peptide hormone may be in three 

areas: (1) their use to differentiate binding and/or transduction roles 

of the functionally-important amino acid constituents of the native 

hormone, (2) their use as molecular probes to investigate the mechanism 

of action of the native hormone, and (3) their use as therapeutically 

useful drugs to control specific endocrinopathies. It is believed that 

the present conformation-activity analysis of a-MSH may be directly 
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applicable to the design of highly potent a-MSH antagonists. The basic 

strategy envisaged here is to preserve the $-turn secondary structure 

at positions 6 to 9 of a-MSH with simultaneous modification of specific 

amino acid side-chain moieties within the central tetrapeptide (His-Phe-

Arg-Trp) as systematically outlined in Table 19. It is noted that the 

C-terminal tripeptide, Lys-Pro-Val-NH2, is structually-conserved in 

these compounds based on the hypothesis that it may not be a secondary 

site CFigure 42) which would be in disagreement with earlier literature. 

In summary, the proposed conformational and mechanistic models of a-MSH-

receptor interaction (binding and transduction) discussed above are 

obviously oversimplified; however, they do provide a rational basis for 

interpretation of the available data, on a-MSH and may provide insight 

into the design of future MSH peptides having desired differential bio

logical activities (superagonism to antagonism). 

Summary of Progress Towards the Preparation of High Affinity, 
Metabolically-Stable a-Melanotropins Suitable for Use as 
Radiolabeled Tracers or Drug-Delivery Agents for the 
Localization or Treatment of Melanoma Tumors In Vivo 

Melanomas have been traditionally considered as one of the most 

244 
malignant derangements affecting the human body. The tumor arises 

from melanocytes (pigment cells), and malignant transformation may 

occur in skin, gastrointestinal tract, meninges, adrenals, retina, 

245 246 247 
nasal cavaties, bronchus and vagina. Clinical ' and experimental 

248 
studies have suggested that malignant melanomas may be a hormone-

responsive tumor in vitro and in vivo. Although it is not well under

stood which hormone(s) has a predominant role in regulating mammalian 

melanoma growth and differentiation, several compounds have been 
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Table 19. Proposed a-MSH antagonists based on conformation-activity 
analysis. 

a-MSH: 

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

1 4 7 10 13 

Types(s) and Position(s) of 
Parent MSH Peptide Structural Modifications3 

1. [Nle^]-a-MSH g-(3-pyrazolyl)-Ala-6, Pro-6 or Gly-6 

Pro-7 or Gly-7 

Cit-8 or Gly-8 

Gly-9 

2. [Nle1*, C-Phe7]-a-MSH 3-(3-pyrazolyl)-Ala-6, Pro-6 or Gly-6 

Cit-8 or Gly-8 

Gly-9 

3. [Half-Cys\ half-Cys,p]-a-MSH Gly-6 

Gly-7 

Gly-8 

Gly-9 

4. [Half-Cys\ Pen1"]-a-MSH None 

5. [Pen1*, half-Cys10]-a-MSH None 

6. Ac-Ser-Tyr-Ser-Nle-Glu-His-NH-CH-C0-N-CH2-C0-Trp-Gly-Lys-Pro-Val-NH2b 
I I 
ch2— ch2 

7. Ac-Ser-Tyr-Ser-Nle-Glu-His-Phe-NH-CH-C0-N-CH2-C0-Gly-Lys-Pro-Val-NH2 
t i 
ch2—ch2 

See Appendix A for amino acid nomenclature and structural formulas. 

^Following the method of R. M. Freidinger and co-workers^ (refer to 
Table 2, Chapter 1). 
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'VLys-Pro-Val -Ml2 

B 

Figure 42. Pictorial representation of the proposed structure-activity 
relationship of the amino acid side-chain moieties at 
Arg-Trp and Lys-Pro-Val-NH2 of a-MSH. 

The amide backbone of each peptide fragment is represented 
within the plane of the paper. The amino acid side-chains 
are subsequently depicted above {red) and below (blue) the 
plane of the amide backbone. Specific designations are 
identical to those referred to in Figure 40. Structure-
activities studies have shown that substitution of Arg-8 
by Lys in a-MSH6_J0 without significant loss in melano-
tropic activity in yitro.m In addition [Leu9]-a-MSH has 
been reported*^ to be nearly as potent (about 0.25 relative 
to a-MSH) as the native hormone on stimulating-melanosome 
dispersion in vitro. The postulated-^® second active site, 
Lys-Pro-Val-NH2 (B) does exhibit some structural similarity 
to the native Arg-Trp sequence. (.4) and the Arg-Leu sequence 
(C) which may be functionally-related to its low melano-
tropic activity (refer to Table 16). In addition, the 
Pro-12 is predicted^S to exhibit high $-turn nucleating 
potential which may satisfy secondary structural requirements 
at the MSH receptor to some extent. 
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implicated, including: (1) MSH and ACTH, (2) luteinizing hormone-

releasing hormone, (3) follicle-stimulating hormone, (4) nerve growth 

factor and (5) glucocorticoids and steroidhormones. Specifically, there 

have been several reports of MSH- or cyclic AMP-mediated inhibition of 

65 70 75 5 2 
growth (cell proliferation) on both mouse ' ~ and human melanoma 

ceils •In vitro. However, MSH-responsiveness of human melanoma has been 

248 
inconsistent and it has been suggested that the biological hetero

geneity of human melanoma allows a diversity of responses. 

In the present investigation, chemical modification of a-MSH has 

yielded a peptide analogue, iNle^, Z>-Phe7]-a-MSH, which -may prove useful 

in diagnostic or therapeutic treatment of malignant melanoma. The 

stereostructural analogue is highly potent (>10 times relative to a-MSH), 

effects prolonged biological activity {in vitro and in vivo), is meta-

bolically-stable to serum enzymes and may be iodinated at its Tyr-2 

position without significant loss in melanotropic activity or duration 

of action (M. E. Hadley and C. B. Heward, Department of General Biology, 

University of Arizona, unpublished results). Studies to determine 

125I-labeled [Nlê , Z?-Phe7]-a-MSH-receptor binding in vitro and in vivo 

(melanoma cell localization by tumor imaging techniques) on S-91 Cloud-

man mouse melanoma are in progress in this laboratory. In the future, 

125I-labeled [Nle1*, ZJ-Phe7]-a-MSH may provide an important diagnostic 

agent for human melanoma in vivo, especially since the primary treatment 

245 
of human melanoma remains wide local excision. Therapeutically, 

[Nle1*, O-Phe7]-a-MSH may be conjugated to highly effective anti-cancer 

drugs, including daunomycin or adriamycin. The resultant peptide-drug 

conjugate may be targeted specifically to the melanoma cell without the 
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encompanying cardiotoxicity often observed for the free drugs. It has 

been previously reported^ that an MSH-daunomycin conjugate showed 

receptor-mediated cytotoxicity (3-fold greater relative to the free 

drug) in mouse melanoma cells in vitro. Thus, {Me1*, Z?-Phe7]-a-MSH may 

have high chemotherapeutic potential against human melanoma in vivo as 

a "magic bullet" type drug carrier. Other promising MSH candidates have 

been developed, and conformationally-constrained analogues (such as 

[half-Cys1*, half-Cysll!]-a-MSH may provide useful molecular probes of 

melanoma cells. The challenge and scope of these studies has only 

begun to be met. 



APPENDIX A 

LIST OF ABBREVIATIONS 

Amino Acids 

General Structural Formula: R-CH-CO H 
i £ 

- NH, 

Name 

Alanine 

Arginine 

Asparagine 

Aspartic acid 

p-Az idophenylalanine 

Cysteine 

Cystine 

Citrulline 

N,0-Diacetylserine 

H,N-C-NH-CH.,-CH2-CH2-
g 
NH 

H.N-C-CH.-
2 II 2 

0 

CHZ-

HOjC-CHJ,-

hs-ch2-

-CH2-S-S-ffl2-

H N-C-NH-CH,CH,-CH -
2 || ^ z z 

0 

Abbreviation 

Ala 

Arg 

Asp 

Asp 

Pap 

half-Cys, 
Cys(SH) 

Cys, 
Cfs^s 

Cit 

0 
II 

CH3C-0-CH2-

(and an CH„C- group at the a-amino) 
* ii 
0 

N,0-Ac2-Ser 

a,y-Diaminobutyric acid H2N-CH2-CH2-

139 

a,y-A2bu 
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3',5'-Diiodotyrosine 

Glutamic Acid 

Glutamine 

Glycine 

Histidine 

3'-Iodotyrosine 

Isoleucine 

Leucine 

Lysine 

Norleucine 

Norvaline 

Methionine 

Methionine sulfone 

Methionine sulfoxide 

HO CH, 

ho2c-ch2-chz-

H,N-C-CH -CH -
il 

H-

/—\,CH2-
N^H 

HO CH„-

CH3-CHZ-CH-

CH, 

CH,-CH-CH, 
I 
CH.. 

h2n-ch2-ch2-ch2-ch2-

ch3-ch2-ch2-ch2-

ch3-ch2-ch2-

ch3-s-ch2-ch2-

0 
II 

ch„-s-ch„-ch,-
3 II * " 
0 

ch.-s-ch2-ch2-
3 II z 

0 

3',5'-I2-Tyr 

Glu 

Gin 

Gly 

His 

3'-I-Tyr 

He 

Leu 

Lys 

Nle 

Nva 

Met 

Met(02) 

Met(O) 

Ornithine h2n-ch2-ch2-ch2- Orn 
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Penicillamine 

Phenylalanine 

Proline 

3-(3-Pyrazolyl)alanine 

ch, 
i ' 

sh-c 
I 
ch, 

ch, 

O-00*" 

H (entire structure) 

r=vCH2-

s > 

Pen 

Phe 

Pro 

Pza 

Pyro-glutamic ;ch-co2h 

nh 
0 (entire structure) 

<Glu 

Tryptophan 

Tyrosine 

Valine 

J™2 

i 
h 

ho 

ch 

ch 

ch," 

:ch-

Trp 

Tyr 

Val 

Amino Acid Protecting Groups 

Protecting Group Structure 

Benzyl 

Abbreviation 

Bzl 



CH-
2-(4-Biphenylyl)-2- A-~n\ //^\\ 1 

n Bpoc 
propyloxycarbonyl 

ch3 0 
<OHOH:» 
I® 6-Carboxymethyl-3- f^P\T ̂<">2 Cnpys 

nitro-pyridinethiol 
"O - C - CH ' S-

il 
0 
(bi functional) 

2,6-Dichlorobenzyl 2-6-C1 

2,4-Dichlorobenzyl- ri _n_r_ 2,4-Cl 
oxycarbonyl 

Hc_ 
Formyl II For 

0 

9-Fluorenylmethyl- ffVI lf\l Fmoc 
oxycarbonyl 

ch,-0-c-
ii 
0 

Tert-butyl ch Bu^" 
i 

ch--c-
* i 
ch3 

Tert-butyloxycarbonyl ch. t-Boc 
i d 

ch--c-0-c-
I n 
ch3 0 

4-Toluenesul fonyl /p~^\ ? Tos 

CH3 \Q/" 
— 0 
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