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ABSTRACT

This research initiated an investigation of the 
structural relationships between melanocyte stimulating 
hormone (MSB) and its melanoma cell membrane receptor. It 
is hoped that this knowledge will be helpful in estab
lishing a method for the clinical detection of melanoma 
tumors in vivo. In order to characterize this peptide 
hormone receptor, a determination of the structural " 
requirements for MSB receptor binding to melanoma cell is 
required. For this purpose, it will be necessary to 
synthesize a-MSB, 3-MSB, and other agonist and antagonist 
analogues,t and to determine the relative membrane binding 
affinities of these compounds. This will require the 
development of a sensitive radioreceptor assay for MSB 
using melanoma, cell membrane as the source of receptors.

The solid phase synthesis of a-melanocyte stimulat
ing hormone using the benzhydrylamine resin and a number of 
recently described side chain protecting groups was accom
plished. The carboxamide terminal peptide was obtained 
directly by the treatment of the peptide resin with liquid 
hydrogen fluoride at 0°C in the presence of carbonium ion 
scavengers. The solid phase synthesis of the C-terminal 
carboxylate hormone. Porcine 3-melanocyte stimulating 
hormone, using a 1% cross-linked Merrifield resin and the

xii
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same side chain protecting groups as in the a-MSH synthesis
also was accomplished. Purification of both peptides was
carried out by conventional chromatographic techniques.
Both hormones were fully active, and & -MSB was slightlyP
more potent than previously reported in the literature.

Several reports in the literature had previously 
described the iodination of MSB for radioimmunoassay using 
standard techniques, but generally a substantial loss in 
biological activity was noted. Bowever, one group (Yale) 
had reported full biological activity for a highly labeled 
preparation of 3-MSB. We have not been so fortunate. Fol
lowing exactly the same methods of other investigators we 
have found that iodination of a-MSB results in the loss of 
biological activity of the a-MSB molecule. Since there are 
a number of reagents involved in the iodination of MSB it 
was necessary for us to determine the basis of this loss of 
activity.

Chloramine-T (CT) plus iodide treatment is the 
method commonly used for iodination of tyrosine residues of 
peptide hormones. CT itself (in the absence of Nal) 
destroyed the biological activity of a-MSB. CT oxidized 
the methionine residue near the active site of a-MSB. To 
avoid this action, it was decided to put a norleucine in 
the methionine position of MSB. The norleucine analogues 
of MSB, {Nle^}-a-MSB and {Nle^l-g^-MSB, possess full bio
logical activity, and were not affected by chloramine-T.



xiv
Chloramine-T in the presence of Nal, however,, did destroy
the biological activity of the molecule.

The iodination of the 2-tyrosine moiety of a-MSH
possibly could be responsible for the loss of biological /
activity of the hormone. To test this hypothesis {3',51 -
diiodo-Tyr }-a-MSH was synthesized. There was almost a
hundred-fold loss in activity for the 2-D-tyrosine analogue.

Ac-a-MSH^_^2 was synthesized and found to be active
as determined by the frog skin bioassay. However, on
treatment with CT plus iodide (but not CT alone) this
compound lost its intended biological activity. One other
technique for iodination was also examined. {Des-acetyl}-
a-MSH was preprared and then reacted with the Bolton-Hunter
reagent. However, the product did not possess significant
biological activity.

The interaction of oxytocin with the neurophysins
13is being studied using C nuclear magnetic resonance in 

conjunction with solid phase peptide synthesis. The basic
approach has been to synthesize the hormone enriched to 90%
13 13C in specific positions, and then examine the C nmr
spectrum of as equimolar (or other) mixture of neurophysin
and enriched hormone and to observe the enriched resonance.

13The synthesis of Boc-S-benzyl-{1- C}-DL-cysteine, {1-hemi-
13L-{1- c}cystineloxytocin were carried out for these 

studies.



CHAPTER 1

INTRODUCTION

In 1916 Allen and Smith independently observed that 
the skin of hyposectomized tadpoles becomes light in color, 
and finally turns a transparent gray (Allen 1916, Smith 
1916). The tadpoles of R. boylei used in the experiment of 
Smith were about 3 mm in length, at which time the tail bud 
is forming and the stomadeum can be detected. The operated 
and the control animals were kept in pre-boiled water for 
five days and then transferred to a frog tank where they 
were in an essentially normal environment. Differences in 
color began to be noticeable on the seventh to eighth day 
after the operation. Those animals without hypophysis 
showed a creamy silver color. The control animals were 
brown-black after mottling. Later it was demonstrated by 
W. J. Atwell (1919) that the skins of such animals darken 
rapidly after injection with extracts of bovine pituitary, 
or merely swimming in the solution containing this 
material. The active principle which caused the frog skin 
darkening has been termed melanocyte stimulating hormone 
(MSH) or melanotropin.

The ability of vertebrates and mammals to change 
color is under the control of melanocyte stimulating



hormone which is found mostly in the pituitary gland.
These changes of color are effected by the movement and 
redistribution of melanin granules within the melanocytes. 
When a frog is in the light-color state, the pigment 
granules in the melanocytes are clumped together about the 
cell nuclei, leaving the rest of the cell translucent. By 
the action of melanocyte stimulating hormone on the mela
nocytes, the animal can turn dark rather rapidly when the 
granules disperse through the melanocyte, rendering the 
cell opaque. The pigmentary role of melanocyte stimulating 
hormone is well established in amphibians and poikilotherm 
vertebrates (Bagnara and Hadley 1972, Lerner 1961). In 
mammals, including man, however, there is an increasing 
amount of evidence suggesting extrapigmentary actions for 
the hormone. MSH has been reported to influence the mammal 
ian reproductive system (Kastin, Kullander, Borglin, 
Dahlberg, Dyster-Aas, Krakow, Ingvar, Miller, Bowers and 
Schally 1968), the central nervous system (Krivoy and 
Guillemin 1961; Kastin, Miller, Hockton, Sandman, Schally, 
and Stratton 1973; Pelletier, Labrie, Kastin and Schally 
1975) and other parts of the endocrine system (Kastin, 
Viosca, Barrett and Schally 1967; Baschieri, de Luca, 
Cremarossa, de Martino, Oliverio and Negri 1963), in addi
tion to its darkening effects on mammalian melanocytes.

The method used in the early isolation of pituitary 
melanocyte stimulating hormone was similar to those used in



the purification of adrenocorticotropin. The defatted 
glands were treated with acidic solution and this was fol
lowed by adsorption of the acid extract on oxycellulose. 
Countercurrent distribution and zone electrophoresis of the 
oxycellulose-adsorbate were used to obtain homogenous prep
arations. The original experiments yielded only very small 
quantities of the pure material. 3-Melanocyte stimulating
hormone was isolated from an oxycellulose concentrate of 
porcine pituitary by elution on carboxymethyl cellulose and 
diethyl aminoethylcellulose. a-Melanocyte stimulating 
hormone was also isolated from defatted bovine pituitary 
glands by ion exchange chromatography. A large preparative 
scale extraction of B-MSH from about 7 million pituitary 
glands has been reported (Lande, Lerner and Uppon 1965). 
Chromatography of this extract on carboxymethy'l cellulose 
followed by gel filtration on Sephadex G-25 provided a 
large quantity of homogenous 3-MSB. The improved methods 
for the preparative isolation of homogenous MSB has made 
the characterization and structure determination of this 
hormone possible.

The chemical nature of melanocyte stimulating 
hormone remained in dispute even until the early 1950's. 
Although some investigators at that time suggested that MSB 
was not a distinct substance but an adrenocorticotropin, 
evidence was good that the major compound(s) with MSB acti
vity was (were) distinct from other pituitary hormones. In



1955 A. B. Lerner and T. H. Lee isolated from hog pituitary 
power a basic polypeptide with an isoelectric pH of 10.5-
11.0. This MSB activity of their final isolated material 
was approximately 500 times that of the original hog 
posterior pituitary powder, and had little ACTH activity. 
The isolation of highly purified melanocyte stimulating 
substances was also reported from several other laborato- 
tories (Benfey and Purvis 1955; Geschwind, Li and Barnafi . 
1956; Porath, Ross, Landgrebe and Mitchell 1955; Roos 1956) 
Materials isolated by other investigators (Geschwind et al. 
1956, Porath et al. 1955) had an isoelectric point of 5.2- 
5.8. This discrepancy was resolved by Lee and Lerner 
(1956), who demonstrated that hog pituitary extracts 
contained two different melanocyte stimulating principles; 
namely, a- and B-MSH.

Harris and Lerner in 1957, without knowing acetyl 
was the N-terminal blocking group, elucidated the correct 
sequential structure of a-MSH. However, a year later,
J. I. Harris (1958), using thin layer chromatography 
techniques, showed that a-MSH had an N-terminal acyl 
blocking group. The primary structure of a-MSH determined 
by Harris and Lerner was further proved by syntheses 
(Hofmann, Yajima and Schwartz 1959; Schwyzer,
Costopanagietis, and Siebbr 1963). a-MSH is a straight 
chain tridecaptide N-terminating with N-acetyl serine and 
C-terminating with valine amide (Harris 1959, Harris



and Lerner 1957) . Its primary structure is shown in 
Figure 1. a-Melanocyte stimulating hormone has also been 
found in the posterior patuitary glands of frogs, cattle 
(Geschwind, Li and Barnafi 1957), horses (Dixon and Li 
1961), and monkeys (Lee, Lerner, and Buettner-Janusch 1961)

The a-Melanocyte stimulating hormones which have 
thus far been isolated from mammalian sources all have the 
same primary structure. However, species variations of the 
primary structure have been observed with g-Melanocyte 
stimulating hormones.

With the exception of human 3-Melanocyte stimulat
ing hormone, which contains a peptide chain of 33 amino 
residues, the 3-Melanocyte stimulating hormones are octa- 
decapeptides. In 1956 P. Roos determined the correct 
residues for 3-Melanocyte stimulating hormone of the pig 
pituitary gland (Roos 1956). In the same year, Geschwind 
et al. (1956) reported the primary structure of pig 3- 
Melanocyte stimulating hormone, which is shown in Figure 1. 
The primary structure of this 3-Melanocyte stimulating 
hormone was also proven by synthesis (Schwyzer, Iselin, 
Kappeler, Riniker, Rittel, and Zuber 1963).

3-Melanocyte stimulating hormones from pituitary 
glands of pigs (Roos 1956, Harris and Roos 1959), cattle 
(Geschwind et al. 1957), horses (Dixon and Li 1961), 
monkeys (Lee et al. 1961), and men (Dixon 1960, Harris 
1959) have been reported. Pituitaries of sheep contain



Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH9 
1 2 3 4 5 6 7 8 9 10 11 1 2 13

o:-MSH

H-Asp-Glu-Gly-Pro-Tyr-Lys-Met-Glu-His-Phe-Arg-Trp-Gly-Ser- 
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Pro-Pro-Lys-Asp-OH 15 16 17 18
e -MSH p

Figure 1. The Primary Structure of a-MSH and 3p-MSH.



(B-M.SH of both the bovine and porcine types (Geschwind 1959) . 
On electrophoresis, extracts of ovine glands can be 
resolved into three components with MSH activity and mobi
lities identical to those of standard samples of a-MSH, $- 
(beef)-MSH, and 3-(pig)-MSH.. The melanocyte stimulating 
hormones of deer, lizards, and codfishes have also been 
studied (Burgers 1963).

A comparison of structures of ACTH and a- and 3- 
Melanocyte stimulating hormones shows that the first and 
second hormones contain identical terminal tridecapeptide 
sequences, while all three share the heptapeptide sequence 
-Met-Glu-His-Phe-Arg-Trp-Gly. This common sequence is 
considered to be the portion of the molecule directly 
responsible for eliciting the melanocyte response, and its 
presence in the corticotropin structure presumably accounts 
for the MSH activity of this peptide.

Preparing synthetic hormones are necessary for many 
reasons. The proposed structure of a natural product can 
be considered proven only when the physical, chemical, and 
biological properties of the natural and synthetic products 
are identical. When a synthetic product exhibits the 
expected biological activity, the possibility is eliminated 
that traces of a potent contaminant were responsible for 
the effect of the natural product. Furthermore synthesis 
makes available quantities of the peptide hormone, peptide 
fragments and other desired analogues containing other



amino acids. Such analogues and fragments may be very 
useful in correlating the chemical structure of a hormone 
with function or specific activity. The production of 
synthetic peptides can provide pure material in quantities 
often difficult or even impossible to obtain from natural 
sources. a-MSH and many of its analogues and fragments 
have been synthesized (Medzihradszky 1976). The first 
synthesis of a-MSH was accomplished by Guttmann and 
Boissonnas (1959). They condensed the N-terminal penta- 
peptide, Ac-Ser-Tyr-Ser-Met-Glu(y-benzyl)-OH, to the C- 
terminal octapeptide, His-Phe-Arg-Trp-Gly-N£:-Cbz-Lys-Pro- 
Val-N^ with dicyclohexylcarbodiimide. Hydrogen bromide in 
trifluoroacetic acid at -5°C proved to be the best reagent 
to remove the Cbz and benzyl protecting groups, since the 
presence of the methionine residue made the removal of the 
protecting group by catalytic hydrogenolysis or by reduc
tion with sodium in liquid ammonia difficult. -A mixture 
of methyl ethyl sulfide and diethyl phosphite were added 
to prevent side reaction. A pure product was obtained 
after countercurrent distribution and paper electrophoresis 

Four years later, Schwyzer et al. (1963) reported a
new synthetic route for a-MSH utilizing phthalyl and t- 
butyloxycarbonyl separately for the protection of the 
lysine side chain. Both groups could be removed easily by 
hydrazinolysis and acidolysis respectively. The y-carboxyl 
group of glutamic acid was protected with t-butyl which



could be removed by trifluoroacetic acid. They claimed 
that using either protecting group for the lysine side 
chain would give a high yield of a-MSH. In both cases, the 
tridecapeptide was obtained by the condensation of C- 
terminal tripeptide with N-terminal decapeptide.

In 1968 a new synthesis for a-MSH was reported by 
Yajima, Kawasaki, Okada, Minami, Kubo, and Yamashita (1968) 
Although they used the same N-terminal Ac-Ser-Tyr-Ser-Met- 

tetrapeptide hydrazide as Schwyzer et al. (1963), they
prepared it by an alternative route, and coupled the azide 
directly with the C-terminal nonapeptide containing the 5- 
13 amino acid residues. The formyl group served for pro
tection of the lysine e-amino function, and it could 
preferably be removed by the treatment with dilute aqueous

i
hydrazine acetate or hydroxylamine hydrochloride in aqueous 
pyridine.

The scheme for the solution phase synthesis is very 
flexible and can be arranged so that with a combination of 
different coupling techniques and a-amino protecting 
groups, the necessity of having to protect the side chain 
functional groups can be minimized. In the synthesis of a- 
MSH by these solution phase methods, only the e-amino of 
lysine and y-carboxyl group of glutamic acid need to be 
protected.

5In 1970 {Gin }-a-MSH was synthesized by Blake, 
Crooks and Li (1970) using the solid phase method.



Boc-valine was covalently attached to a chloromethylated 
resin which was substituted as a phenolic ester for easy 
amonolysis. Deblocking of the Na-Boc protecting group was 
accomplished with 3.6 N HC1 in dioxane, using (3-mercapto- 
ethanol to protect tryptophan from acid catalyzed oxida
tion (Marshall 1968). The coupling of Boc amino acids to 
the growing chain was achieved with dicyclohexylcarbodii- 
mide. Glutamine was coupled to the peptide resin by means 
of its Na-Boc, p-nitrophenyl ester derivative, and deblock
ing of the N-terminal glutamine peptide was effected with 
50% trifluoroacetic acid in methylene chloride to prevent 
cyclization. The fully protected tridecapeptide was 
cleaved from the Merrifield resin in dimethylformamide- 
methanol-triethylamine solution. Amonolysis of the tride
capeptide methyl ester was done in dimethylformamide 
ethyleneglycol-water solution; the product was then reduced 
with sodium in liquid ammonia to remove the protecting 
group of the side chain and purified chromatographically to 
give purified and biologically active tridecapeptide (Blake 
et al. 1970) .

A year later Blake and Li (1971) synthesized a-MSH 
using a p-hydroxyphenylacetoxy resin. The protected tride
capeptide was cleaved from the resin with ammonia and the 
peptide was treated with sodium in liquid ammonia to remove 
the protecting groups. The tridecapeptide was purified by 
gel filtration and cationic exchange chromatography.



11
The first attempts of synthesizing bovine 3-MSH 

were made by Schwyzer, Kappeler^ Iselin, Rittel and Zuber 
(1959). Having established that the natural hormone 
survived treatment with sodium in liquid ammonia with only 
minor decrease in biological activity, Schwyzer et al.
(1959) selected benzyloxycarbonyl for a-amino and tosyl 
protection for the basic side chain. Contrary to expecta
tions, the protecting groups could not be split off without 
significant destruction of the peptide chain. Therefore, 
Schwyzer et al. (1963), repeated the synthesis using 
blocking groups derived from t-butanol. The e-amino of 
lysine was protected with t-butyloxycarbonyl and the acidic 
side chains of Asp and Glu were protected as t-butyl 
esters. The biological activity of their synthetic 3^-MSH 
was reported to be one tenth that of synthetic a-MSH, and 
the optical rotation of this synthetic hormone was reported 
to be = -57.5 (c = 1.0, 1 N HOAc).

The total synthesis of monkey 3-MSH was achieved by 
Yajima et al. (1968). The synthesis involved the coupling 
of Na-t-Boc-3-t-butyl-Asp-y-t-butyl-Glu-Gly-OH with H-Pro- 
Tyr-Arg-Met-Glu-His-Phe-Arg-Trp-Gly-Ser-Pro-Pro-N£-formyl- 
Lys-Asp-OH by the succinimide ester method, and subsequent 
removal of all of the t-butyl and t-Boc protecting groups 
by trifluoroacetic acid and the formyl group by hydrazine 
acetate.



The human 8-MSB which consists of the 
octadecapeptide of monkey 8-MSH, plus an additional N- 
terminal tetrapeptide Ala-Glu-Lys-Lys was also synthesized
by Yajima, Okada, Kinomura, Mizokami and Kawatani (1969).

£ £They combined Boc-Ala-y-butyl-Glu-N -Boc-Lys-N -Boc-Lys-8- 
butyl-Asp-y-butyl-Glu-Gly-OH and the pentadecapeptide used 
in the synthesis of monkey 6-MSH together with dicyclo- 
hexylcarbodiimide. The reason that the Lys residue in the 
pentadecapeptide was formylated was to make the protected 
peptide water soluble. Following the coupling reaction the 
protecting groups were removed by trifluoroacetic acid and 
hydrazine acetate. Purification of the final product was 
effected by ion exchange chromatography in aqueous phase.

Wang, Blake and Li (1973) also synthesized human 
and monkey 8-MSH using solid phase methods. They coupled 
the amino acids successively to an Asp(8-benzyl)-O-resin 
(standard Merrifield resin) as their Na-Boc-derivatives, 
with the exception that the couplings of the amino acids in 
the Met-Glu-His sequence were effected as their Na-Bpoc- 
derivatives. The side chains were protected as follows:
Ser, O-benzyl; Tyr, O-benzyl; Glu, y-benzyl ester; Asp, 8- 
benzyl ester; Lys, NE-benzyloxycarbonyl; Arg, N^-p-toluene- 
sulfonyl; His, Nim-t-butyloxycarbonyl. The protected 
octadecapeptide was cleaved from resin with liquid HP, and 
the crude product was purified by chromatography on Sephadex 
G-25 and carboxymethyl cellulose to give monkey 8-MSH. The
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protected decosapeptide resin corresponding to the sequence 
of the human hormone was treated with liquid HF and after 
the same purification as previously reported, they obtained

Bh-MSH- 6 (bovine)-MSH' B (camel)-MSH' and 6 (porcine)-MSH
have also been synthesized (Lande and Lerner 19 67).

Both the adrenocorticotropin and the melanocyte 
stimulating hormones contain the common amino acid sequence 
-Met-Glu-His-Phe-Arg-Trp-Gly-. Since all these hormones 
stimulate melanocytes to varying degrees, Harris (1960) has 
suggested that the common biological activity of the three 
hormones on melanocytes might be due to the common hepta- 
peptide sequence. Structure-function studies of synthetic 
peptides containing this sequence have shown this to be 
true (Eberle and Schwyzer 1975). The same sequence is also 
capable of eliciting the adrenal steroidogenic response 
typical of ACTH (Schwyzer, Schiller, Seelig, Seelig and 
Sayers 1971). It has been called the hormonal active site 
(Hofmann 1960) or message sequence (Schwyzer 1973).

Alex Eberle and Robert Schwyzer (1975) proposed two 
message sequences (active sites), -Met-Glu-His-Phe-Arg-Trp- 
Gly- , and Lys-Pro-Val-, for a-MSH. In a-MSH, the sequences
I-3 and 11-13 (Figure 1), that are also contained in ACTH, 
potentiate the melanotropic activity of the central hepta- 
peptide. Based on the assumption that the tripeptide amide
II-13 as in the case of ACTH might be a binding site for a- 
MSH, Eberle1 and Schwyzer (1975) reported that instead of
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being inactive and inhibitory, the tripeptide and its 
acetyl derivative exhibited agonistic potency in almost the 
same order of magnitude as the central heptapeptide. The 
melanocyte receptor recognizes -Lys-Pro-Val- as message, 
•whereas the adrenal receptor recognizes it as part of the 
address. Their finding reveals the potentiating inter
action between two independent message-recognizing sites.

Hofmann, Thompson, and Schwartz (1957) initiated 
investigations of the relationships between peptide 
structure and melanotropic activity. They were the first 
to publish the synthesis and biological activity of an 
octapeptide containing the common sequence, -Met-Glu-His- 
Phe-Arg-Trp-Gly-, and later they prepared more fragments 
possessing the common sequence with modifications of 
certain amino acid residues at the N-terminal end; some of 
these analogues also showed melanocyte stimulating activi
ty. Otsuka and Inouye (1964) synthesized the tetrapeptide 
His-Phe-Arg-Trp which was active, although its melanocyte 
stimulating activity was only one-millionth that of the 
native hormone.

The addition of amino acids to either terminus of 
the His-Phe-Arg-Trp-Gly pentapeptide results in a stepwise 
increase in biological activity. A significant increase of 
the biological potency takes place on simultaneous length
ening the pentapeptide on both termini (Guttmann and 
Boissonnas 1961, Yajima et al. 1968), gradually reaching
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its maximum at the tridecapeptide state (Hofmann and Yajima 
1961, Hofmann and Yajima 1962).

The His-Phe-Arg-Trp tetrapeptide sequence can be 
regarded as the functional active center of a-MSH. Any 
peptide lacking the histidine or tryptophan residues appar
ently are inactive even if they contain the whole sequence 
either on the amino or on the carboxyl end (Hofmann, 
Thompson, Woolner, Spuhler, Yajima, Cipera and- Schwartz 
1960; Lande 1960; Yajima 1968). In contrast to these obser
vations of the required presence of histidine for melano
cyte-stimulating activity, Gros and Leygues (1964) found 
that the heptapeptide H-Phe-Arg-Trp-Gly-Lys-Pfo-Val-N^/ 
which has been isolated from the porcine pituitary, was 
biologically active. This peptide was synthesized by Ney, 
Ogata, Shimizu, Nicholson, and Liddle (1965), and was also 
found to be active, although its activity was lower by two 
orders of magnitude than previously reported.

According to Yajima and Kawasaki (1968) the acety- 
' lation of the terminal amino group of a-MSH fragments led 
to product with diminished activity, while Guttmann and 
Boissannas (1961) observed an enhancement of the biological 
potency. The positive effect of the acetyl group on the 
biological activity observed by the latter investigators is 
similar to the effect produced by the presence of an acetyl 
group in a-MSH which increases its melanotropic activity 
(Medzihradszky 1976) . It is possible that peptides with an
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acetyl group on the N-terminal are resistant to degradation 
by aminopeptidases, and thus increase the biological acti
vity of the acetylated molecule by lengthening its life.

Formylation of the e-amino group of the lysine 
residue did not change biological activity (Hofmann et al. 
I960, Hofmann and Yajima 1961 and 1962, Yajima et al. 1968, 
Yajima and Kawasaki 1968), whereas substitution with bulky 
acyl groups results in significant loss of activity. Amide 
substitution of the glutamic acid-y-carboxyl group does not 
influence the biological activity (Kappeler 1961, Kappeler 
and Schwyzer 1960, Schwyzer and Li 1958). This indicates 
that the free y-carboxylic group of the glutamic acid resi
due is not important for melanotropic activity, This 
insignificance was further stressed by the biological 
activity of H-Gly-His-Phe-Arg-Trp-Gly-OH, which was almost 
equivalent to that of H-Glu-His-Phe-Arg-Trp-Gly-OH. In 
contrast, the heptapeptide H-Met-Glu-His-Phe-Arg-Trp-Gly-OH 
prepared by Li, Schnabel, Chung, and Lo (1961) had an MSH 
potency which is five times higher than that of 
H-Met-Glu(NH^)-His-Phe-Arg-Trp-Gly-OH.

The guanidino group of arginine is also important 
for biological activity, since fragment analogues contain
ing ornithine, lysine, or citrullin in place of the argi
nine, were found to be less active.

The structure function study of melanotropic 
fragments showed that the activity gradually increases with
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the elongation of the amino acid sequence from the active 
center. However it did not provide significant information 
concerning the role of the individual amin acids. Studies 
of the structure-function relationship with melanotropin 
analogues which are the derivatives of the whole molecule 
of a-MSH would be better indicators of the importance of 
individual amino acids. In the course of the synthesis of 
a-MSH Hofmann et al. (1960) prepared some derivatives in
which the lysine e-amino group was acylated and the glutam
ic acid y-carboxyl group was converted to an amide group.
If acylation of Lys was accomplished by introducing a 
formyl group on the e-amino group, the peptide retained 
full biological activity, but elicited only 10% activity 
when the lysine side chain was acylated with the large 
tosyl substituent (Hofmann et al. 1960, Hofmann et al.
1959). The same tridecapeptide with Gin and Lys(Tos), but 
having a benzoxycarbonyl group on the N-terminal amino 
group instead of the acetyl substituent, was less active 
than the parent compound by two orders of magnitude.
Hofmann has pointed out that the biological activity of the 
blocked peptide could be due to the ability of the test 
object to remove the blocking groups, and that perhaps one 
is observing the activity of the parent hormone. However, 
it is not likely that animal tissue can remove the e-amino- 
formyl or tosyl substituents from the a-MSH analogues 
described above. Therefore, it appears that the Lys amino



group is not an element essential for function. The 
Y-carboxyl group of the glutamyl residue also appears to be 
insignificant in evoking melanotropic activity, although 
the diminished activity of the glutamine analogues of a-MSH 
synthesized much later by Blake et al. (1970) is in
contrast with the above finding. The steric requirements 
of the tosyl and the terminal benzyloxycarbonyl groups seem 
to be responsible for the lower biological activity of the 
corresponding a-MSH analogues.

The tridecapeptide bearing a free amino terminus 
possesses only 10% of the activity of the native hormone. 
Additional acetylation of the serine side chains results in 
some decrease in the biological potency. Oxidation of the 
methionine thioether group in a-MSH results in the total 
loss of the hormonal activity in the in vitro frog skin' 
assay (Medzihradszky 1976). Exposure to hydrogen peroxide 
greatly reduces the melanocyte stimulating potency of a-MSH, 
yielding the corresponding methionine S-oxide compound. In 
spite of this inactivation by oxidation, the methionine 
sulfur is not indispensable for melanotropic activity, since 
{Nle^}-a-MSH is slightly more potent than a-MSH 
(Medzihradszky et al. in preparation; Sawyer, Yang, Heward, 
Bregman, Fuller, Hruby and Hadley 1979). {Leu^}-a-MSH and 
{Ile^}-a-MSH have about the same activity as a-MSH. ,{a- 
Aminobutyric acid\ Gln^, formy 1 - L y s - a - M S H  was about 100- 
fold less active than a-MSH (Hofmann, Yajima, and Schwartz 1959).
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5 11Since {Gin , formyl-Lys }-a-MSH is as potent as a-MSH
(Hofmann et al. I960), the above findings indicate that in 
4 position of a-MSH molecule a lipophilic side chain with 
appropriate spacefilling is required.

No systematic investigations have been reported 
concerning structure-function relationships in 3-MSH. This 
could be due to the fact that 3-MSH has more amino acids 
residues than a-MSH, and thus in a more demanding synthetic 
challenge. However, some of the findings from structure- 
function study for a-MSH can also be applied to 3-MSH. For 
example, as with a-MSH derivative the free e-amino group of 
the lysine residue does not appear to be essential for 
melanotropic activity of 3-MSH fragments (Yajima et al. 
1969; Yajima, Kawasaki, Minami, Kawatani, Mizokami, Kiso, 
and Tamura 1970).

Detailed investigations into the physiology and • 
pharmacology of MSH action will require an efficient, sen
sitive and specific technique for the determination and 
characterization of MSH receptors at very low concentra
tions in mammalian tissues. A radioreceptor assay is such 
a technique. Radioreceptor assays have been developed for 
a number of peptide hormones (Kahn 1976, Cuatracasas and 
Hollenberg 1976) and could conceivably be developed for a- 
MSH.
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A rapidly growing line of S-91 mouse melanoma cells 

which is responsive to a-MSB has been available for several 
years (Wong, Pawelek, Sansone, and Morowitz 1974).
These cells provide an excellent source of receptors for 
use in a radio-receptor assay. Such an assay would greatly 
facilitate characterization of an MSB receptor in terms of 
structure-function relationship, and provide criteria for 
identifying this receptor in other tissues. The MSB recep
tors of these cells have received some preliminary investi
gation (Wong et al. 1974). The first step in the 
development of a radio-receptor assay for a-MSB is the 
preparation of a labeled ligand of high specific affinity
for the MSB receptor. Several studies describing the prep- 

125aration of I-labeled-a-MSB of relatively high specific 
radioactivity have been reported (Pelletier, Labrie,
Kastin, and Schally 1975 ; Cuatracasas and Bollenberg 1976; 
Dupont, Kastin, Labrie, Pelletier, Puviani, and Schally 
1975; Kopp, Eberle, Vitins, Lichtensteiger, and Schwyzer 
1977). Bowever, in every case, a significant reduction in 
the biological activity of the iodinated hormone was 
observed. Full biological activity of the labeled ligand 
is not an absolute requisite for certain procedures (e.g., 
radioimmunoassay). In the development of a radio-receptor 
assay, however, the extent to which a loss of biological 
activity reflects a loss of receptor affinity must be 
determined.
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The purpose of this research is to synthesize 

ot-MSH, 3-MSH, their analogues and fragments, and to study 
their biological activities in stimulating frog skin mela
nocytes, melanoma cell adenylate cyclase and tyrosinase.
With a knowledge of structural requirement for MSH action 
in these systems, the development of a labeled MSH deriva
tive of high specific radioactivity and high specific af
finity for the MSH receptor melanoma should be possible.
This radio-labeled hormone derivative not only would make 
the radio-receptor assay possible, but also might be used 
to localize melanoma tumor in vivo.



CHAPTER 2

SYNTHESIS OF a-MELANOCYTE 
STIMULATING HORMONE

There were two main reasons for the synthesis of 
a-Melanocyte stimulating hormone in this research. Firstly 
although the synthetic a-MSH has been obtained by previous 
investigators (Chapter 1), the material is not readily 
available and commercially it is very expensive. In search 
of a radio-labeled hormone derivative for melanoma receptor 
characterization, a great amount of a-MSH is desirable.
The second reason for the synthesis of a-MSH was to demon
strate the effectiveness of new synthetic schemes and tech
niques which then could be applied to prepare various 
analogues and fragments of a-MSH.

a-MSH has been synthesized by classical techniques 
(Guttmann and Boissonnas 1959), and a variety of a-MSH ana
logues also have been prepared by this method. Solid phase 
synthesis of a-MSH has also been reported using a p-hydroxy- 
phenylacetoxy resin (Blake and Li 1971). The solid phase 
method was a great innovation by Merrifield (1963) for 
peptide synthesis. The central innovation was the use of a 
polymeric solid support for the growing peptide chain. In 
solid phase peptide synthesis, the peptide is bound to a 
resin generally by an ester or amide linkage at the carboxyl

22
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terminal. The next amino acid, appropriately protected at 
the amino and side chain functions, is then coupled to the 
amino group of the resin-bound amino" acid. Excess reagents 
are removed by washing the insoluble polymer support. The 
a-amino protecting function is removed and the coupling 
cycle can be repeated with a new amino acid or peptide.
The advantages of the solid phase method are speed, automa
tion and the lack of necessity to isolate and purify inter
mediate peptides.

In solid phase peptide synthesis the choice of resin 
employed is extremely critical if good yields are to be 
obtained. Since the introduction of the solid phase synthe
sis of peptides by Merrifield (1963), the primary resin 
support has been the chloromethylated polystyrene cross
link with. 1-2% divinylbenzene. The swelling properties of 
this resin in the presence of dichloromethane and other 
solvents increases the accessibility of the reagents into 
the resin matrix where the peptide chain grows. With this 
resin, the C-terminal amino acid is attached to the resin 
to afford a C-terminal resin benzyl ester derivative. Sub
sequent synthesis of the remaining peptide chain is then 
accomplished with the resin benzyl ester serving as the C- 
terminal protecting group. This group is reasonably stable 
to the usual conditions of solid phase peptide synthesis, 
but losses of 1-2% have been observed during each repetition 
of the deprotecting, neutralization, and coupling procedures



(Gutte and Merrifield 1971; Barstow, Cornelius, Hruby, 
Shimoda, Rupley, Sharp, Robinson, and Kamen 1972; Sharp, 
Robinson, and Kamen 1973). If a carboxamide C-terminal 
residue is desired, it is generally necessary first to 
cleave the peptide from the resin as the protected carboxa
mide terminal derivative and then remove the other protec
ting groups. The former is usually done by the treatment 
of the peptide resin with ammonia in anhydrous methanol, or 
by transesterification followed by ammonolysis (Blake et 
al. 1970). The peptide is not always displaced from the 
resin (Bodanszky 197 3), and even in favorable cases the 
peptide is not quantitatively cleaved from the resin by 
ammonolysis. In addition, the methodology is not generally 
compatible with aspartic acid and glutamic acid containing

ipeptides. To help overcome some of these problems, Pietta 
and Marshall (1970) and others (Revaille, Robinson, Kamen, 
and Mihaud 1971; Hruby, Muscio, Groginsky, Gitu, Saba, and 
Chan 1973; Rivier, Vale, Burgess, Ling, Amoss, Blackwell, 
and Guillemin 19 73; Pietta, Cavallo, Takahashi, and Marshall 
1974) have used the benzhydrylamine resin for the prepara
tion of carboxamide terminal peptides, and it has found 
considerable use in peptide synthesis (Erickson and 
Merrifield 1976). Hruby, Upson, and Agarwal (1977) have 
compared the uses of benzhydrylamine and chloromethylated 
resins in solid phase synthesis of oxytocin derivatives 
which are carboxamide terminal peptides. Under the best
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synthetic and cleavage conditions for using benzhydrylamine 
resin, their comparative studies suggested that greater 
overall yields of oxytocin derivatives can be obtained on 
benzhydrylamine resin than on chloromethylated resin.

a-MSH is a tridecapeptide with a carboxamide C- 
terminal group, and thus the choice of benzhydrylamine 
resin for its total synthesis appeared to be most suitable. 
Upon treatment of a suitable peptide precursor with liquid 
hydrogen fluoride, a C-carboxamide terminal peptide will be 
obtained using this resin. The HP treatment would not only 
cleave the peptide from the resin, but also remove all side 
chain protecting groups (except the N1-formyl group for 
tryptophan) from the peptide in one step. The necessity 
and importance of utilizing suitable side chain protecting 
groups in the solid phase peptide synthesis cannot be exag
gerated, and a great deal of research has been done in the 
search for proper side chain protecting groups.

Tryptophan containing peptides, such as a-MSH, have 
been difficult to prepare due to the lack of a protecting . 
group for the indole side chain. Acid treatment for the 
removal of protecting groups can cause the destruction of 
tryptophan during the synthesis.

Use of HCl-acetic acid together with mercaptoethanol 
as scavenger to remove the Na-Boc group has been recommend
ed, but it has been reported to be ineffective in solid 
phase peptide synthesis and leads to a. heterogeneous product



(Ohno, Tsukamoto, Makisumi, and Izumiya 1972). Previero, 
Coletti-Previero, and Cavadore (1967) described the rever
sible modification of tryptophan with the formyl group and 
reached the conclusion that this protection might be suit
able in peptide synthesis. Yamashiro and Li (1973) 
reported the synthesis of heptapeptide Gly-Ala-Arg-Gly-Ala- 
Trp-Gly with and without formyl protection of tryptophan 
and found the protection to be well suited and stable

(Xduring solid phase peptide synthesis where the N -Boc group 
was removed by trifluoroacetic acid in methylene chloride. 
The formyl group was removed in 1 M NH^HCO^ buffer of pH 
9.1 at 24° for 24 h, and the reaction mixture was then ly- 
ophilized three times to remove volatile salts. Another 
way of removing the formyl group is by addition of 4 N NaOH 
to pH 11.5, stirring for 3 min at room temperature, and 
then terminating the reaction with glacial acetic acid.
The completion of deformylation can be monitored by UV 
spectrophometry. In this investigation the latter has 
proven to be a better method for deprotection- of formyl 
tryptophan in terms of speed and efficiency.

In solid phase peptide synthesis, benzyl protection 
of the phenolic hydroxy group in tyrosine has generally 
been employed. This protection is known to be unsatisfac
tory since it is not only somewhat unstable under the acid-

(Xic conditions required for the removal of N -Boc protection 
but also yields a side product, 3-benzyltyrosine, when the
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group is removed in hydrogen fluoride. The production of 
3-benzyltyrosine under acidic conditions has occurred 
through a Fries rearrangement as shown in Figure 2. The 
stabilization of a positive charge by the phenyl group 
facilitates the electrophilie attack of benzyl cation on 
the phenolic hydroxyl group in tyrosine. In order to de
stabilize the benzyl cation and thus prevent the undesira
ble rearrangement, electron withdrawing groups can be 
introduced into the phenyl ring of the benzyl protecting 
group. Na-Boc-0-2,6-dichlorobenzyl tyrosine (Erickson and
Merrifield 1973) was utilized satisfactory in the synthe
ses reported here.

For imidazole protection of histidine the p- 
toluenesulfonyl (Tos) group was used. This group is supe
rior in preventing racemization during coupling of histi
dine derivatives in peptide synthesis (Jorgenson, Windridge, 
and Lee 1971; Lin, Gutte, Caldi, Moore, and Merrifield 
1972) and is stable to 50% TFA in dichloromethane (Erickson 
and Merrifield 1976) but is readily removed by liquid HF at 
0°C.

For protection of the e-amino group of lysine, the
2,4-dichlorobenzyloxycarbonyl group was used (Erickson and 
Merrifield 1973). This group is readily removed by liquid 
HF at 0°C and yet is very stable to the conditions used for

GLremoval of the N -Boc group during solid phase synthesis.
For example, using the N -Boc derivative, Erickson and
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1 -H+

%NH-CH-C-NH%
IIO

Figure 2. Fries Rearrangement.
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Merrifield were able to prepare decalysylvaline without any 
side chain branching, even though they used a 1 h treatment 
with 50% TFA in dichloromethane to remove the Na-Boc groups 
in each deprotecting step.

Although in classical peptide synthesis serine can 
often be used without hydroxyl group protection, in solid 
phase synthesis this group generally must be protected. 
Unless this hydroxyl group is blocked, the large excess of 
activated amino acid used to ensure complete coupling of 
each introduced residue will sometimes cause acylation of 
the hydroxyl by the amino acid. Since the ester bond thus 
formed is stable to the synthetic conditions of the syn
thesis, a branch may form in the peptide chain which can 
lengthen in subsequent steps of the synthesis. The benzyl 
ether is currently used to protect the hydroxyl group of 
serine (in conjunction with Na-Boc amine protecting group), 
and is stable to the trifluoroacetic acid used for removal 
of the t-butyloxycarbonyl group.

The carboxyl groups of aspartic acid and glutamic 
acid were satisfactorily protected in solid phase synthesis 
as benzyl esters.

The choice of protecting group for arginine is more 
complicated than that for other amino acids. When peptides 
are to be cleaved from the resin support by hydrogen 
bromide in trifluoroacetic acid, this choice will be deter
mined by the presence or absence of cysteine. When
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cysteine is absent', nitroarginine is the most commonly used 
derivative. After.the cleavage of the peptide from the 
resin, the nitroarginine is hydrogenolysed to arginine by 
palladium catalyst in a hydrogen atmosphere. Catalytic hy- 
drogenolysis usually fails with peptide containing cysteine 
or methionine, since the sulfur poisons the catalyst.

If the peptide contains cysteine protected by an S- 
benzyl derivative, arginine has generally been used as the 
guanidino-tosyl derivative, and the protecting groups are 
then removed from both residues by treatment of the cleaved 
peptide with sodium in liquid ammonia. This latter proce
dure is hazardous, however, especially for proline contain
ing peptides. The Na-Boc-Tosylarginine was used in this 
research, and the tosyl group was readily removed with HF 
at 0°C without any complication, even though proline was 
also present in the peptide.

Methionine has been used in solid phase synthesis 
without protection of the thioether. However in this case, 
a suitable scavenger must be used in the cleavage reaction 
to prevent conversion of methionine to a sulfonium 
derivative.

In solid phase peptide synthesis, dicyclohexylcarbo- 
diimide is the most widely used coupling agent. Except for 
asparagine and glutamine, all the common amino acids have 
been successfully introduced into the peptides of many dif
ferent lengths by means of this reagent. The reagent is
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commercially available, inexpensive, convenient to use, and 
promotes very rapid coupling. These advantages have been 
responsible for its wide application to the solid phase 
synthesis, though there are certain limitations associated 
with its use.

An undesirable side-reaction in the coupling of all 
amino acids by means of di.imide reagents is the rearrange
ment of the active intermediate to the unreactive acyl 
urea. This side-reaction reduces the amount of activated 
amino acid available for acylation and necessitates the use 
of an excess of protected amino acid and diimide at each 
step. In this synthesis of a-MSH, 2.4 fold excesses of 
dicyclohexylcarbodiimide and 3.0 fold excess of Boc amino 
acids were employed.

The standard protection for N -amino functions in 
solid phase synthesis at the present time is the t-butyloxy- 
carbonyl (Boc) group. The Boc group can be removed by 
either anhydrous hydrogen chloride in an organic solvent or 
by anhydrous trifluoroacetic acid. Neither reagent signi
ficantly cleaves the benzyl ester which links the peptide 
and the solid support. The t-Boc amino acids are usually 
synthesized by reaction of amino acids with t-butyloxycar
bonyl azide, since the corresponding acid chloride, unlike 
carbobenzoxy chloride, is too unstable for convenient use. 
The best yields of t-butyloxycarbonyl amino acids are gen
erally obtained.by Schnabel's method (Schnabel 1967) in
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which the azide and amino acid react at a controlled 
alkaline pH in a pH stat. In the absence of a pH stat, 
magnesium oxide, sodium bicarbonate, and tertiary amine 
have all been used as bases to promote the reaction, and 
have generally given good yields. A method using dimethyl 
sulfoxide as solvent also has been developed for the syn
thesis of Na-t-Boc derivatives of insoluble, or alkali- 
sensitive amino acids.

The most commonly used reaction for cleaving 
peptides from the resin support has been nucleophilic dis
placement of the peptide by hydrogen bromide in an anhy
drous trifluoroacetic acid medium. This treatment also 
removes certain of the protecting groups such as N-Cbz, N- 
Boc, N-Nps, and O-benzyl (ethers of serine, threonine, and 
tyrosine, as well as esters of aspartic and glutamic acids).

Anhydrous liquid hydrogen fluoride has been applied 
recently to the cleavage of peptide resin, as well as to 
deprotection of peptides in solution. Sakakibara,
Shimonishi, Kishida, Okada, and Sugihara (1967) have shown 
that hydrogen fluoride is suitable for removing nearly all 
side chain functions, and has demonstrated the usefulness 
of hydrogen fluoride in the syntheses of oxytocin and vaso- . 
pressin. Peptides are effectively cleaved from the resin 
by a treatment of 30 to 60 min with hydrogen fluoride at 
0°C. This treatment also removes carbobenzoxy, t-butyloxy- 
.carbonyl, O-benzyl, O-t-butyl, Ne-nitro (arginine), and
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p-toluenesulfonyl protecting groups. Anhydrous liquid 
hydrogen fluoride was used to cleave the peptide of MSH„

Experimental Section

Solid Phases Synthesis 
of a-MSH

General Methods. Capillary melting points are
determined on a Thomas-Hoover melting point apparatus and. 
are uncorrected. Thin layer chromatography (TLC) was per
formed on silica gel G plates using the following solvent 
systems: (A) l-BuOH-HOAc-E^O (4:1:5-upper phase only); (B)
l-BuOH-HOAc-pyridine-t^O (15:3:10:12); (C) 1-BuOH-pyridine-
HOAC-H2O (6:6:1.2:4.8); (D) isopropanol-25% aqueous
(3:1:1); (D) l-pentanol-pyridine-H^O (7:7:6); (F) 1-BuOH-
HOAc-H^O (2:1:1-upper phase only). The load size was 50 to 
100 ug and chromatographic lengths were 120-170 mm. Detec
tion was made by ninhydrin, fluorescamine, and iodine.
Optical rotation values were measured at the mercury green 
line (546 nm) using a Perkin/Elmer 241 MC polarimeter.
Amino acid analyses were obtained by the method of Spackman, 
Stein, and Moore (19 58) on a Beckman 120C amino acid analy
zer following hydrolysis in 6 N HCl for 24 h at 110°C. For 
tryptophan analysis, hydrolysis was done in 3 M mercapto- 
ethane sulfonic acid (Peinke, Ferenczi, and Kovacs 1974) for 
24 h at 110°C. No corrections were made for destruction of 
amino acids during hydrolysis.
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Na-Boc-Ne-2,6-dichlorobenzyloxycarbonyl lysine was 
prepared by methods similar to those of Erickson and 
Merrifield (1973) but was obtained in a crystalline form 
(D. A. Upson and V. J. Hruby 1973, unpublished). Before 
use, all amino acid derivatives were tested for homogeneity 
by thin layer chromatography in solvent systems A, B, and 
E, and by mixed melting point determinations with authentic 
samples. Chromatography on Sephadex G-15, carboxymethyl 
cellulose (Bio-Rad Laboratories), and Sephadex G-25 were 
performed as described herein. Frog skin assays were per
formed by the method of Shizume, Lerner, and Fitzpatrick 
(1954) and with minor modifications. Solvents used for gel 
filtration, thin layer chromatography, partition chromato
graphy and other chromatographic methods were purified as 
previously reported (Hruby and Groginsky 1971).

General Solid Phase Methods. . The sol,id phase syn
thetic scheme developed for a- and B-MSH and their ana
logues is similar to that developed for the synthesis of 
other carboxamide terminal peptides using benzhydrylamine 
resins (Hruby et al. 1973, Hruby et al. 1977). Amino acids 
were coupled successively to valine-benzhydrylamine resin 
as their Na-Boc derivatives. The coupling reaction was 
achieved with a three-fold excess of Boc amino acid and a
2.4-fold excess of dicyclohexylcarbodiimide. Removal of

(Vthe N -Boc protecting group was effected by treatment of 45%



tri fluoroacetic acid in dichloromethane containing 2% 
anisole. Side chain functional groups were protected as 
follows: Serine, O-benzyl; tyrosine, 0-2,6-dichlorobenzyl7 
glutamic acid, y-benzyl ester; lysine, Ne'-2,6-dichloroben- 
zyloxycarbonyl; arginine, N^-p-toluenesulfonyl; histidine, 
Nlm-p-toluenesulfonyl; tryptophan, N"Ln-formyl. The solid 
phase programs were very similar to those reported previ
ously (Hruby et al. 1977, Yamamoto, Upson, Linn, and Hruby 
1977) except that longer coupling times were utilized 
(1-15 h), and an excess of Boc-amino acid to coupling 
reagent (DCC) was used.

After the coupling of all amino acid residues to 
the resin, the amino terminal end of the peptide to a-MSH 
was acetylated with a three-fold excess N-acetylimidazole. 
The finished protected peptides were cleaved from the 
resins and all protecting groups were removed with anhy
drous liquid hydrogen fluoride, with the exception of the 
formyl group on tryptophan. The (formyltryptophan^}-a-MSH 
derivatives were purified by gel filtration on Sephadex 
G-15. The MSB compounds were prepared by deformylation of 
{formyltryptophan^}-a-MSH with 4 N NaOH at 11.5 for 3 min 
(Lemaire, Yamashiro, and Li 1976). The reaction was termi
nated by addition of glacial acetic acid to a final pH of
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Benzhydrylamine-Resin. To a one liter three-neck 

flask fitted with mechanical stirrer, thermometer, and dis
tillation assembly, was added 170 ml of 88% formic acid, 
and then 200 ml of concentrated ammonium hydroxide which 
was added slowly with stirring at ice bath temperatures.
The water was distilled off until the temperature of ammo- 
ium formate solution was 155°C. Then, 10 g of phenyIketone 
resin (Hruby et al. 1973) was added and the mixture vigor
ously stirred for 28 h at 150-160°C. The resin was washed, 
the formyl group hydrolyzed, the salt neutralized, and the 
resin again washed as previously reported (Hruby et al.
1977). The resin was dried in vacuo to give 10 g of benz-  ̂
hydrylamine resin. The amine substitution was 0.10 mmole/g 
resin. l

Boc-Valihe Benzhydrylamine-Resin. To 10 g of benz- 
hydrylamine resin in 200 ml dichloromethane was added 1.0 g 
(4.6 mmole) of Boc-Val in 10 ml dichloromethane followed by 
0.74 g (3.6 mmole) of dicyclohexylcarbodiimide in 10 ml di
chloromethane. The mixture was stirred for 19 h at room 
temperature. The resin was filtered off, washed with four 
50-ml portions each of dichloromethane, ethanol, and di
chloromethane. The resin was again treated with 1.0 g of 
Boc-Val in 10 ml dichloromethane and 0.74 g of dicyclohexyl
carbodiimide in 10 ml dichloromethane. The reaction mixture 
was stirred for 3 h at room temperature. After being washed



with four 50-ml portions each of dichloromethane, ethanol, 
and dichloromethane, the resin gave a negative ninhydrin 
test (Kaiser, Colescott, Bossinger, and Cook 1970). The 
resin was dried in vacuo to give 9.22 g of Boc-Val benzhy- 
drylamine resin. Amino acid analysis following hydrolysis 
in propionic acid/12 N HC1 (1:1) showed that the level of 
Boc-Valine substitution was 0.10 mmole/g..

N1-Formyltryptophan Hydrochloride. Dried hydrogen 
chloride was bubbled into a solution of tryptophan (7.0 g) 
in formic acid (100 ml) at room temperature for 4 h. The 
solvent was removed in vacuo. N1-Formyltryptophan hydro
chloride was precipitated by adding ethyl ether to the 
syrup. The powder was collected, washed with ethyl ether, 
and dried to give 9.0 g (98%) of N1-Formyitryptophan hydro
chloride, m.p. 216-217°C {Lit. (Ohno et al. 1972) m.p. 218- 
220°C}.

Na-Boc-N:i-Formyltryptophan Dicyclohexylamine Salt.
A mixture of N:L-Formyltryptophan hydrochloride (2.7 g, 10 
mmole), N,N-diisopropylamine (6.0 ml, 35 mmole), and Boc- 
azide (2.3 ml, 15 mmole) was stirred in dimethyl sulfoxide 
(35 ml) overnight at room temperature. The resulting solu
tion was diluted with cold water (175 ml) and washed with 
two 100-ml portions of ethyl ether. The aqueous layer was 
acidified with citric acid (15 g) with cooling, and the 
product was extracted with two 100-ml portions of ethyl



acetate. The combined ethyl acetate layers were washed 
with three 50-ml portions of water and dried over anhydrous 
magnesium sulfate. The drying agent was filtered off and 
the solvent was removed. The oily residue was dissolved in 
anhydrous ethyl ether (30 ml). Addition of dicyclohexyfa
mine (2.25 ml) at 4°C yielded 3.8 g (75%) of Na-Boc-N^- 
Formyltryptophan dicyclohexyfamine salt. For recrystalli
zation the product was dissolved in 12 ml of chloroform and 
evaporated to an oil. The oil was immediately taken up in 
anhydrous ether (15 ml) and cooled to 4°C. The precipitate 
was filtered off and dried in_ vacuo to give 3.24 g of the 
title compound, m.p. 155-156°C, 545 = +135° (c = 3.41,
absolute ethanol) (Lit. (Yamashiro and Li 1973) m.p. 121- 
124°C; {a}^ = +35.5° (c = 2.0, absolute ethanol)}; NMR 
(CDC13), 68.40 (b, 2H, NH2), 67.00-7.80 (m, 5H, aromatic),
6 5.50 (d, 1H, NH), 64.30 (q, 1H, aCH), 63.35 (d, 2H, gCH2),
62.6-3.2 (b, 2H, cyclohexyl CH), 61.40 (s, 9H, Boc), 61.00-
2.00 (b, 2OH, cyclohexyl CH2). TLC gave single uniformed
spots: Rf = 0.78 (A), Rf = 0.72 (B), Rf = 0.87 (F). Ele
mental analysis: Calculated C = 67.83%, N = 8.18%, H = 8.38%; 
found C = 67.34%, N =7.84%; H = 8.70%.

Na-Boc-N1 -Formyltryptophan. Nct-Boc-N:L-Formyl tryp
tophan dicyclohexylamine salt (500 mg, 1.0 mmole) and 
citric acid (420 mg, 2 mmole) were added to a mixture of 15
ml Ho0 and 30 ml ethyl acetate. The mixture was stirred A
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for 30 min. The two layers were separated, the aqueous 
layer was extracted with five 20-ml portions of ethyl ace
tate, and the combined ethyl acetate layers were washed with 
three 30-ml portions of NaCl saturated H^O and one 30-ml 
portion of H^O. The organic layer was dried with sodium 
sulfate for 30 min and concentrated to dryness. The oil 
(310 mg, 91%) was taken up with dichloromethane and used for 
peptide synthesis. NMR (CDCl^), 69.75 (s, 1H, carboxyl),
69.10 (s, 1H, formyl), 67.00-7.80 (m, 5H, aromatic), 65.30 
(d, 1H, NH) , 64.60 (b, 1H, ccCH) , 63.20 (b, 2H, gCHg), 61.40
(s, 9H, Boc).

Na-Boc-N^m-Tosyl-Histidine. Na-Boc-N"*"m-tosylhisti- 
dine dicyclohexylamine salt (1 g, 1.73 mmole, Vega Fox Bio
chemical) was treated with citric acid (720 mg, 3.46 mmole) 
in 20 ml H^O and 30 ml ethyl acetate. The reaction mixture 
was stirred for 30 min. The layers were separated, and the 
aqueous layer was extracted with five 20-ml portions of 
ethyl acetate. The combined ethyl acetate was washed,with 
three 30-ml portions of NaCl saturated H^O and one 30-ml 
portion of H^O. The organic layer was dried with sodium 
sulfate for 30 min and concentrated to dryness to give a 
pale yellow oil (690 mg, 97.5% yield). The oil was taken up 
with dichloromethane and the solution was used directly for 
peptide synthesis. NMR (CDCl^), 611.90 (s, 1H, carboxyl),
68.10 (s, 1H, imidazole), 67.80 (d, 2H, tosyl), 67.35



(d, 2H, tosyl), 67.15 (s, 1H, imidazole), 65.50 (d, 1H, NH),
64.45 (q, 1H, aCH), 63.15 (d, 2H, 3CH2), 62.40 (s, 3H, tosyl 
CH3), 61.40 (s, 9H, Boo).

Solid Phase Synthesis of Protected Tridecapeptide 
g-MSH Benzhydrylamine Resin Ac-Ser(O-Bzl)-Tyr(0-2,6-Cl^- 
Bzl)-Ser(O-Bzl)-Met-Glu(Bzl)-His(Nlm-Tos)-Phe-Ara(Ng-Tos)- 
Trp(N1-Formyl)-Gly-Lys (N£-2,6-Cl^-Z)-Pro-Val-NH^. The 
title compound was prepared starting with 2.0 g (0.2 mmole) 
of the Boc-Val-benzhydrylamine resin. A cycle for the 
incorporation of an amino acid residue into the growing 
peptide chain consisted of the following steps: (1) washing
with four 22-ml portions of dichloromethane, 1 min/washing; 
(2) Cleavage of Boc-group by addition of 22 ml of 45% 
trifluoroacetic acid in dichloromethane containing 2% ani- 
sole and shaking for 2 min; (3). another addition of 22 ml 
of 45% trifluoroacetic acid in dichloromethane containing 
2% anisole and shaking for 20 min; (4) washing with three 
22-ml portions of dichloromethane, 1 min/washing; (5) neu
tralization by addition of two 22-ml portions of 10%
N,N-diisopropylethylamine in dichloromethane, and shaking 
for 2 min each; (6) washing with four 22-ml portions of 
dichloromethane, 1 min/washing; (7) addition of 0.6 mmole 
Boc amino acid in 10 ml dichloromethane and 0.48 mmole dicy- 
clohexylcarbodiimide in 10 ml dichloromethane and shaking 
for 1-15 h (Table 1); (8) washing with three 22-ml portions
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Table 1. Coupling Times of Amino Acid Residues in the 

Synthesis of a-MSH.

Amino Acid Time (hour)

Pro 1
Lys 1
Gly 1
Trp 15
Arg 1
Phe 1
His 2
Glu 1
Met 1
Ser 1
Tyr 1
Ser . 1
N-acetylimidazole 2.5



of dich1oromethane, 1 mih/washing; (9) washing with three 
22-ml portions of ethanol, 1 min/washing. Between steps 1 
and 2, about 2-4 mg of the resin was used in the ninhydrin 
test (Kaiser et al. 19 70). After the coupling cycle of the 
last Boc serine residue, the peptide was deblocked, neutra
lized, and washed as described above, and then the N-termi- 
nal amino group was acetylated by addition of 0.6 mmole 
N-acetylimidazole in 22 ml dichloromethane and shaking for 3 
hours. The resin was washed with four 22-ml portions each 
of dichloromethane, ethanol, and di chioromethane and then 
dried in vacuo (2.73 g).

Preparation and Purification of a-Melanocyte 
Stimulating Hormone (a-MSH), Ac-Ser-Tyr-Ser-Met-Glu-His- 
Phe-Arq-Trp-Glv-Lys-Pro-Val-NH .̂. The dried acetylated 
tridecapeptide resin (2.0 g) was treated with 15 ml of anhy
drous HF in the presence of 2 ml anisole and 100 mg of 
methionine at 0oC for 1 hour. After evaporation of the HF 
and anisole, the resin was washed with three 30-ml portions 
of ethyl acetate and extracted with three 30-ml portions 
each of 30% acetic acid, 1 N acetic acid, and H^O. The 
combined aqueous extracts were lyophilized to give 274 mg 
crude {N^-For-Trp^}-a-MSH. A portion of the latter material 
(97 mg) was chromatographed on Sephadex G-15 (2.2 x 83 cm) 
in 30% acetic acid (Figure 3A). The major peak (280 nm 
detection) gave 54 mg of crude {N^-For-Trp^}-a-MSH after
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lyophilization. For deformylation (Lemaire et al. 1976), 
{N^-For-Trp^}-a-MSH (54 mg) was dissolved in 5 ml H^O, and 
the pH was adjusted to 11.5 with 4 N NaOH. After 3 minutes 
at pH 11.5, the solution was acidified to pH 4.5 with 
glacial acid and chromatographed on a carboxymethyl cellu
lose column (1.0 x 55 cm). The material was initially 
eluted with 250 ml 0.0.1 M ammonium acetate at pH 4.5. A 
stepwise gradient of 250 ml each of 0.1 M, 0.2 M and 0.4 M 
ammonium acetate (pH 6.80) was then applied to the column 
(Figure 3B). The major peak was collected (280 nm detec
tion) and solvent was removed in vacuo. The concentrated 
solution was then desalted by gel filtration on Sephadex 
G-15 (2.5 x 80 cm) in 30% acetic acid (Figure 3C). After 
lyophilization of the major peak, 22 mg a-MSH was obtained. 
The yield based on the starting Boc-Val-benzhydrylamine 
resin was 18%; = -29° (c = 0.50, 10% acetic acid),
{Lit. Blake and Li 1971} {a}^ = -57° (c = 0.42, 10% acetic 
acid) ; TLC gave single uniform spots in the following 
solvent systems; = 0.24 (A), = 0.58 (B), R^ = 0.72
(C), R^ = 0.78 (D); amino acid analysis: Trp 0.90 (1.0) Lys 
1.04 (1.0), His 0.90 (1.0), Arg 0.98 (1.0), Ser 1.72 (2.0), 
Glu 1.00 (1.0), Pro 1.08 (1.0), Gly 1.08 (1.0), Val 1.07
(1.0), Met 0.95 (1.0), Tyr 0.92 (1.0), Phe 1.06 (1.0).
Paper electrophoresis in pyridine acetate buffer (pH 4.9,
400 volts, 5 h) showed one Sakaguchi positive spot at
R^ = 0.58 (with respect to arginine). Bioassay (see below)
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showed the compound to be as active as previously reported 
in the literature.

Frog Skin Bioassay. The frogs, Rana berlandieri 
forrei, were obtained from Southwest Scientific Supply Co. 
(Tucson, Arizona) who gathered the frogs from Sinaloa, 
Mexico. The frogs were sacrificed by decapitation and the 
skins from each animal were prepared for photometric re
flectance measurements following the methods of Shizume et 
al, (1954) and Wright and Lerner (1969). The lowest con
centration of each peptide was added to a group of skins at 
time zero and the reflectance determined after" 15 minutes. 
This process was repeated with increasing (approximately 
doubling) amounts of each peptide until a maximum response 
was obtained. Results were then normalized by setting the 
maximum response at 100% and plotted as the percentage (%) 
response (Figures 5, p. 47; 8, p. 62). Each point 
represents the mean response of ten skins and the standard 
errors of measurements are shown.

High Performance Liquid Chromatography (HPLC). The 
HPLC system which has been used for the purification of ot- 
MSH (Figure 4A) includes the following Waters Associates 
(Milford, Massachusetts) equipment: Two model 6000-A pumps, 
a model U6K injector, a model 660 solvent programmer, a 
model 440 dual channel UV detector set for monitoring 254
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Figure 4A . High Performance 
Liquid Chromato
graphy of the 
Synthetic a-MSH.

Figure 4B. High Performance 
Liquid Chromato
graphy of Natural 
a-MSH (from 
Dr. A. B. Lerner, 
Yale University).
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and 280 absorbence simultaneously and a model 450 variable 
wavelength detector for monitoring at 210. A single U- 
Bondapak C18 reverse phase (Waters Associates) column (0.39 
cm x 30 cm) was used for all chromatographic separations.

The solvent system used for all HPLC work utilized 
two solvents. Solvent A was triethylamine acetate, pH =
4.0, prepared by titrating triethylamine with 0.025 M ace
tic acid to a pH of 4.0. Solvent B was acetonitrile 
(Burdik and Jackson, glass distilled, Muskegan, Michigan) 
used without further distillation. Both solvents were 
filtered (Millipore, Bedford, Massachusetts), Solvent A 
through a PAWP-0.45 urn filter, and Solvent B through a 
FHLP-0.5 urn filter, and degassed in_ vacuo prior to use.

Chromatographic conditions for all separations and 
purifications to date were the same. The final eluant was 
composed of, 77% A and 23% B. The flow rate was 2.0 ml/min 
which generated a back pressure of approximately 4,000 psi.

On high performance liquid chromatography as shown 
in Figure 4, the purity of this synthetic a-MSH was compa
rable to or better than that of purified native a-MSH from 
Dr. Lerner's laboratory. The major peaks of both a-MSH 
have identical K 1 values on HPLC.



Results and Discussion 
In the previous studies on the solid phase 

synthesis of C-terminal peptides related to secretin (which 
also contains a valinamide C-residue as does a-MSH) using 
the normal Merrifield resin, it was reported (Bodanszky
1973) that cleavage to the carboxamide terminal could not 
be accomplished. "To obtain a more facile ammonolytic 
cleavage," Blake and Li (1971) employed a phenolic resin 
for a synthesis of a-MSH. However, even in this case, only 
35% cleavage of the peptide from the resin was obtained on 
ammonolysis (Blake and Li 1971). Recently Wright, Agarwal, 
and Hruby (in press) have found that valinamide C-terminal 
peptides related to secretin could be readily prepared 
using a benzhydrylamine resin (Pietta and Marshall 1970, 
Hruby et al. 19'73) followed by cleavage with liquid hydro
gen fluoride at 0°C. Therefore, this resin was employed in 
the synthesis of a-MSH using a 1% cross-linked resin and 
low valine substitution to maximize accessibility of 
reagents to the resin during synthesis and cleavage. Since 
a-MSH contains a glutamic acid residue in the 5-position, 
this approach also eliminated any problems which might be 
associated with ammonolysis of a peptide with a peptide 
containing a glutamic acid residue. To minimize side reac
tion at side chain groups of various amino acids in a-MSH 
which can occur during solid phase synthesis (for a review 
see Erickson and Merrifield 1976), some more recently
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developed side chain protecting groups were used in this , 
synthesis. Of particular note was use of the 2,4-dichloro- 
benzyloxycarbonyl group (Erickson and Merrifield 1973) for 
protection of the c-amino group of lysine. This group is 
readily removed by liquid HF at 0°C and yet is very stable 
under the conditions used for removal of the N -Boc group 
during solid phase synthesis. For example, using the N - 
Boc derivative (this derivative in a crystalline form;
Hruby and Upson, unpublished), Erickson and Merrifield were 
able to prepare decalysyl'valine without any side chain 
branching even though they used 1 hour treatment with 50% 
TFA in dichloromethane to remove the N -Boc groups in each 
deprotection step. For phenol hydroxyl protection of tyro
sine was the 2,6-dichlorobenzyl protecting group (Erickson 
and Merrifield 1973). This group has been shown to be 
cleaved about 5000 times more slowly by 50% trifluoroacetic 
acid in dichloromethane than the O-benzyl group, and is 
readily removed by liquid HF at 0°. It also greatly 
reduces the O to C rearrangement of the O-benzyl group, and 
is not susceptible to attack for nucleophile as are O- 
benzyloxycarbonyl derived protecting groups. To protect 
tryptophan from oxidation or attack by nucleophiles during 
peptide synthesis and liquid HF treatment, the N1-formyl 
protecting group was used (Ohno et al. 1972, Yamashiro and 
Li 1973) for tryptophan. For imidazole protection of his
tidine the p-toluenesulfonyl (Tos) group was used. This



group is superior in preventing racemization during 
coupling of histidine derivatives in peptide synthesis 
(Jorgenson et al. 1971, Lin et al. 1972). In addition, it 
is very stable to 50% TFA in dichloromethane (Erickson and 
Merrifield 1976) but is readily removed by liquid HF at 
0°C. The other side chain protecting groups were: Ser(0- 
Bzl), Arg(Tos), and Glu(O-Bzl). Application of the benz- 
hydrylamine resin for the synthesis of a-MSH proved quite 
useful. , The synthesis proceeded smoothly using the sub
stitution levels and side chain protecting groups indica
ted. The amino terminal acylation of serine was readily 
accomplished. The hydrogen fluoride cleavage readily 
removed the peptide from the resin as its C-terminal amide, 
and all the protecting groups except the N1-formyl group 
of Trp. The latter groups were then removed via the 
procedure of Lemaire et al. (1976). After purification 
(Figure 3, see Experimental Segtion) the a-MSH showed a 
Tyr/Trp ratio of 1.0 by amino acid analysis.

In the frog skin bioassay a-MSH gave half-maximum 
darkening at a concentration of 10 ^  molar (Figure 8, p. 62) 
Expressing the activities of the peptides on a molar basis 
(Tilders, van Delft, and Smelik 1975; Lemaire, Yamashiro,
Rao and Li 1977) rather than in terms of units/g (Hofmann 
1974 provides a more meaningful basis for the comparison 
of peptides with different molecular weights. Neverthe
less, the synthesized a-MSH has been compared to a purified
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—  1 2preparation said to possess 2 x 10 U/g of activity. On 

high performance liquid chromatography as shown in Figure 4, 
the purity of this synthetic a-MSH was also comparable or 
better than that of.natural a-MSH kindly supplied by 
Dr. Lerner. The major peaks of both a-MSH have identical K ' 
value on HPLC.

For radioiodination, the a-MSH was treated with 
chloramine T and sodium iodide. The hormone was totally in
active in frog skin assay system after this treatment 
(Figure 6). The cause of this inactivation was investigated 
in subsequent work.
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CHAPTER 3

SYNTHESIS OF £-MELANOCYTE 
STIMULATING HORMONE

Originally little difficulty of iodinating 
melanocyte stimulating hormone was anticipated. Several 
reports in the literature had previously described the 
successful iodination of MSH for radioimmunoassay using 
standard technique (Pelletier et al. 1975). One group 
(Varga, Dipasquale, Pawelek, McGuire, and Lerner 1974) has 
reported full biological activity for a highly labeled 
preparation of 3-MSH. We have not been able to repeat 
these latter results with a-MSH. Following exactly the 
same methods of these other investigators we have found 
that iodination of a-MSH results in loss of biological 
activity of a-MSH (See Figure 6).

Since the Yale University group claimed that they 
were able to obtain iodinated g-MSH with full biological 
activity, the synthesis of £3-MSH was desired, though logi
cally its biological activity, like that of a-MSH, should 
also be destroyed by iodination using the same method 
reported in literature (Varga et al. 1974).

3-Melanocyte stimulating hormones have been synthe
sized by solution and solid phase methods (See Chapter 1). 
In our synthesis of 3-MSH (porcine), the normal Merrifield

54
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resin was employed. The first amino acid was coupled to 
the Merrifield resin by the method of Gisin (1973) . Use of 
the cesium salt of the Boc amino acid rather than the tri- 
ethylamine salt prevents the formation of quaternary 
triethylammonium groups on the resin which are strong base 
ion exchangers and therefore can hold protected amino acids 
on the resin. The synthesis of porcine 3-MSH was accom
plished using the same side chain protecting groups as for 
a-MSH, and in addition Asp(O-Bzl) was used. After synthe
sis the peptide was cleaved from the resin by liquid HF 
which also removed all of the side protecting groups except 
for the N"L-formyl group of tryptophan. Removal of the 
formyl group and purification was accomplished in a manner 
similar to that used by Lemaire et al. (1976) for camel and
bovine 3-MSH.

Experimental Section 
Thin layer chromatography, melting points, optical 

rotation values and amino analysis were obtained as 
described in the Experimental Section of Chapter 2.

Solid Phase Synthesis 
of 3 —MSH-p----

Preparation of Boc-Asp(O-Bzl)-Merrifield Resin. 
Boc-L-aspartic acid-3-benzyl ester (500 mg, 1.54 mmole) was 
dissolved in 5.0 ml of ethanol and diluted with 0.5 ml HgO.



The pH of. the solution was adjusted to 7.0 by adding 300 mg 
cesium bicarbonate (Gisin 1973). The neutral solution was 
then evaporated off on a rotary evaporator iri vacuo. After 
azeotropic removal of H^O, using five 20-ml portions of 
benzene at 30°C, a white powder was obtained and dried in 
vacuo for 5 hours to give 740 mg (92.5%) of Boc-Asp(O-Bzl) 
cesium salt. A mixture of 740 mg of dry Boc-Asp(O-Bzl) 
cesium salt, 5 g of chloromethyl resin (200-400 mesh, 1% 
cross-linked, chloride substitution = 1.06 mmole/g) and 40 
ml dry amino free dimethylformamide were placed in a 200 ml 
one neck round-bottom flask. The suspension was stirred 
overnight at 60°C. The resin was filtered off and washed 
with three 30-ml portions each of 90% aqueous dimethylforma
mide , dimethylformamide ethanol, and dichloromethane. The 
resin was dried in vacuo and gave 5.32 g of Boc-Asp(O-Bzl)- 
Merrifield resin. Amino acid analysis showed that the level 
of Boc-Asp(O-Bzl)-substitution was 0.21 mmole/g.

Solid Phase Synthesis of the Protected Octadeca- 
peptide B-MSH-O-Resin, H-Asp(O-Bzl)-Glu(O-Bzl)-Gly-Pro-Tyr 
(0-2 . 6-Cl2-Bzl) — Lys (N£-2 , G-Cl^-Z) -Met-Glu (O-Bzl) -His (N^- 
Tos)-Phe-Arq(N^-Tos)-Trp(N1-For)-Gly-Ser(O-Bzl)-Pro-Pro- 
Lys (Ne-2 , 6-Cl ,̂-Z) -Asp (O-Bzl) -O-Resin. The title compound 
was prepared starting with 2.66 g (0.56 mmole) of the Boc- 
Asp (O-Bzl)-O-resin. A cycle for the incorporation of an 
amino acid residue into the growing peptide chain was the



same as that described for the synthesis of a-MSH. The 
same side chain.protecting groups as used in the synthesis 
of a-MSH were utilized, and in addition the Asp-3-carboxyl 
group was O-benzyl protected. The ninhydrin test was also 
performed between steps 1 and 2. A three-fold excess of 
each Boc amino acid and a 2.4-fold excess dicyclohexylcarbo- 
diimide were used. The coupling times used in the synthe
sis are given in Table 2. After the coupling of the last 
residue, Boc-Asp(O-Bzl), the peptide was deblocked, neu
tralized, and washed as described in steps 3, 4 and 5 
(Chapter 2). The protected octadecepeptide 3^-MSH resin 
(4.07 g) was obtained as pale tan granular beads.

Preparation and Purification of Porcine 0 -Melano---- ---------------- ------------------ ------- p--------
cyte Stimulating Hormone (B^-MSH), H-Asp-Glu-Gly-Pro-Tvr-
Lys-Met-Glu-His-Phe-Arq-Trp-Gly-Ser-Pro-Pro-Lys-Asp-OH.
The dried protected octadecapeptide resin (2.0 g) from
above was treated with 15 ml of anhydrous HF in the presence
of 2 ml anisole and 100 mg of methionine at 0°C for 1 hour.
After evaporation of the HF and anisole in vacuo, the resin
was washed with three 30-ml portions of ethyl acetate and
extracted with three 30-ml portions each of 30% acetic acid,
1 N acetic acid, and H^O. The combined aqueous extracts

i 12were lyophilized to give 450 mg of crude {N -For-Trp 1-0^- 
MSH. The latter material (450 mg) was chromatographed on 
Sephadex G-15 (2.2 x 120 cm) in 30% acetic acid (Figure 7A).
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Table 2. Coupling Time of Amino Acid Residues in the 

Synthesis of B^-MSH.

Amino Acid Time (hour)

Lys 1
Pro 2
Pro 2
Ser 1
Gly 1
Trp 7
Arg 9
Phe 1
His 1
Gly 1
Met 1
Lys 1
Tyr 2
Pro 1
Gly 1
Glu 8
Asp 5
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The major peak (230 nm detection) gave 410 mg 

i 12(N -For-Trp after lyophilization„ For deformyla-
i 12tion, (N -For-Trp }-3 -MSH (410 mg), was dissolved in 20 ml 

The pH was adjusted to 11.5 with 4 N NaOH. After 3 
minutes at pH 11.5, the solution was acidified to pH 4.5 
with glacial acetic acid and chromatographed on a carboxy- 
methyl cellulose column (2.2 x 25 cm). The material was 
initially eluted with 250 ml of 0.01 M ammonium acetate at 
pH 4.5 (Figure 7B). A stepwise gradient of 250 ml each of 
0.1 M, 0.2 M ammonium acetate (pH 6.8) was then applied to 
the column. The major peak was collected (280 nm detection) 
and solvent was removed in vacuo. The concentrated solution 
was then desalted by gel filtration on Sephadex G-15 (2.2 x 
120 cm) in 30% acetic acid (Figure 7C). After lyophiliza
tion of the major peak, 343 mg of 8 -MSH was obtained.P
Partition chromatography of Sephadex G-25 using the solvent 
system of Lemaire et al. (1976) did not lead to any detect
able further purification (TLC, amino acid analysis and 
bioassay). The overall yield based on the starting Boc-Asp 
(O-Bzl)-O-resin was 57%; ^^545 = -40° (c = 0.55, 10% ace
tic acid); TLC in the following solvent systems gave single 
uniform spots: = 0.23 (B), = 0.36 (C), R^ = 0.38 (D);
amino acid analysis gave the following molar ration: Trp 
0.92 (1.0), Lys 1.98 (2.0) , His 0.97 (1.0), Arg 1.05 (1.0), 
Asp 1.98 (2.0), Ser 1.00 (1.0), Glu 2.08 (2.0), Pro 3.05
(3.0), Gly 2.06 (2.0), Met 1.04 (1.0) , Tyr 0.90 (1.0), Phe
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1.00 (1.0). Paper electrophoresis in pyridine acetate 
buffer (pH 4.9, 400 volts, 5 h) showed one Sakaguchi posi
tive spot at R_£ = 0.28 (with respect to arginine) .

Results and Discussion 
The synthesis of porcine Bp-MSH was accomplished 

using the same side chain protecting groups, with addi
tional Asp(O-Bzl) as used in the synthesis of a-MSH.
However, in this case since the C-terminal is a free 
carboxylate, the standard Merrifield Chloromethylated resin 
(1 % cross-linked) was used. After synthesis, the peptide 
was cleaved from resin by liquid HF which also removed all 
of the side chain protecting groups except for the N1-formyl 
group of Trp. Removal of the formyl group and purification 
was accomplished in a manner similar to that used by 
Lemaire et al. (1976) for camel and bovine 3-MSH. The
overall yield of purified Bp-MSH based on starting Boc-Asp 
(O-Bzl)-O-resin was 57%. The relative activities reported 
here (Figure 8) for a-MSH and Bp-MSH are based on the 
molarity of the peptides required to produce a half-maximal 
response (frog skin darkening). B-MSH was shown to have 
about half the activity of a-MSH. Its biological activity 
was destroyed by oxidation or iodination with chloramine-T 
(Heward, Yang, Sawyer, Bregman, Fuller, Hruby, and Hadley 
1979). The yield of this synthesis of Bp-MSH was excep
tionally high. Except for Trp, Arg, Glu, and Asp which



PE
R

CE
NT

 
R

E
S

P
O

N
S

E
62

100,

80

6 0

4 0

20

0

10 '"  IO"10
PEPTIDE CONCENTRATION (MOLAR)

10'

Figure 8. Dose-Response Curve of 6p-MSH Compared 
with ot-MSH Using the Standard Frog Skin 
Bioassay.



required long coupling time, the rest of the amino acid 
residues underwent DCC coupling fairly well. The amino 
acid sequence of apparently afforded a favorable
conformation for easy amino acid coupling using the 
Merrifield resin. The Merrifield resin was much easier to 
prepare than benzhydrylamine resin, which took several 
days of vigorous conditioning to make. In fact, the physi 
cal properties of benzhydrylamine resin appeared to be 
somewhat degraded after long coupling as in the synthesis 
of a-MSH. For the B^-MSH, which needs five more amino 
acid couplings than a-MSH, the physical appearance of the 
chloromethylated resin remained excellent.



CHAPTER 4
2SYNTHESIS OF {D-TYR }-a-MSH

Brief heating of crude melanocyte stimulating 
hormone in dilute sodium hydroxide solution has been re
ported to cause both an increased darkening (potentiation) 
and an increased time for darkening (prolongation) of frog 
skin (Stehle 1944, Landgrebe and Mitchell 1954). The ob
servation that melanocyte stimulating hormone can undergo 
racemization in dilute sodium hydroxide has now been veri
fied by other studies (Lerner, Lande, and Kulovich 1965; 
Lee and Buettner-Janusch 1963).

Among other observations, it was found that racemi
zation of MSH by heating in the presence of 0.1 N NaOH 
leads to irreversible darkening of frog skins (Lee and 
Buettner-Janusch 1963). Hadley and Heward (1979) have also 
found that frog skins darkened with racemized ct-MSH could 
not be relightened even after extensive washing.
Diastereoisomers of a-MSH apparently can have important 
effects on the melanotropic activity of the hormone.

a-MSH which has been racemized with NaOH has been 
shown to be more biologically active than a-MSH (Lande and 
Lerner 1971). The D-isomers of the specific amino acid 
residues in the a-MSH molecule undoubtedly have important

64
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roles in increasing the melanotropic activity. With the 
hope that D.-tyrosine might contribute to this increase of 
biological activity, and that {D-Tyr '}-a-MSH might be iodi- 
nated without loss of biological activity, this diastereo- 
isomer of a-MSH was synthesized.

Experimental Section 
Thin layer chromatography (TLC) was performed on 

silica gel G plates using the following solvent systems:
(A) l-BuOH-HOAc-H^O (4:1:5-upper phase only); (B) 1-BuOH-
H0Ac-pyridine-H20 (15:3:10:12); (C) 1-Bu0H-H0Ac -H20 (4:1:
25); (D). l-Bu0H-H0Ac-Pridine-H20 (15:12:10:3). Optical ro
tation values were measured at the mercury green line (546 
nm) using a Perkin/Elmer 241 MC polarimeter. Amino acid a- 
nalyses were done using a Beckman 120C amino acid analyzer 
following hydrolysis in 6 N HC1 for 24 hours at 110°C. For 
tryptophan analysis, the hydrolysis was done in 1 N mercap- 
toethanesulfonic acid for 24 hours at 110°C (Peinke et al.
1974).



66
2Synthesis of {D-Tvr }-a- 

Melanocyte Stimulating 
Hormone

Solid Phase Synthesis of Protected Tridecapeptide
2{D-Tyr }-a-MSH Benzhydrylamlne Resin, Ac-Ser(O-Bzl)-D-Tyr- 

Ser (O-Bzl) -Met-Glu (Bzl) -His (Nlin-Tosvl) -Phe-Arg (Ng-Tosvl) - 
Trp (N1-Formyl) -Gly-Lys (N£-2', 6-Cl^-Z) -Pro-rVal-NH-Resin. The 
title compound was prepared starting with 2.0 g (0.2 mmole) 
of the Boc-Val-benzhydrylamine resin. A cycle for the in
corporation of an amino acid residue into the growing 
peptide chain consisted of the following steps: (1) washing
with four 22-ml portions of dichloromethane, 1 minute/- 
washing; (2) cleavage of Boc-group by addition of 22-ml of 
45% trifluoroacetic acid in dichloromethane containing 2% 
anisole and shaking for 2 minutes; (3) another addition of 
22-ml of 45% trifluoroacetic acid in dichloromethane con
taining 2% anisole and shaking for 20 minutes; (4) washing
with three 22-ml portions of dichloromethane, 1 minute/- 
washing; (5) neutralization by addition of two 22-ml 
portions of 10% N,N-diisopropylethylamine in dichloromethane 
and shaking for 2 minutes each; (6) washing with four 22-ml 
portions of 'dichloromethane, 1 minute/washing; (7) addition 
of 0.6 mmole Boc amino acid in 10 ml dichloromethane and 
0.48 mmole dicyclohexylcarbodiimide in 10 ml dichloromethane 
and shaking for 1-15 hours; (8) washing with three 22-ml 
portions of dichloromethane, 1 minute/washing; (9) washing
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with three 22-ml portions of ethanol, 1 minute/washing; (10) 
washing with four 22-ml portions of dichloromethane, 1
minute/washing. Between step 1 and step 2, about 2-4 mg of 
the resin was used in the ninhydrin test. Boc-D-tyrosine 
was prepared in a manner similar to that previously reported 
for Boc-formyl-trytophan (see Chapter 2). After the 
coupling cycle of the last Boc serine residue, the peptide 
was deblocked, neutralized, washed as described above, and 
then the N-terminal amino group was acetylated by addition 
of 0.6. mmole N-acetylimidazole in 22 ml dichloromethane and 
shaking for 3 hours. The resin was washed with four 22-ml 
portions each of dichloromethane, ethanol, and dichlorome
thane and then dried in vacuo to give 2.7 3 g of the title 
compound.

2Preparation and Purification of {D-Tyrosine }-g- 
Melanocyte Stimulating Hormone ({D-Tyr^}-a-MSH), Ac-Ser-D- 
Tyr-Ser-Met-Glu-His-Phe-Arq-Trp-Glv-Lvs-Pro-yal-NEL. The 
dried acetylated tridecapeptide resin (1.2 g) was treated 
with 15 ml of anhydrous HF in the presence of 2 ml anisole 
and 100 mg of methionine at 0°C for 1 hour. After evapora
tion of the HF and anisole, the resin was washed with three 
30-ml portions of ethyl acetate and extracted with three 
30-ml portions each of 30% acetic acid, 1 N acetic acid, 
and H^O. The combined aqueous extracts were lyophilized to 
give 100 mg crude {D-Tyr^, N^-formyl-Trp^}-a-MSH. The
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latter material (100 mg) was chromatographed on Sephadex 
G-15 (2.2 x 120 cm) in 30% acetic acid (Figure 9A). The

2major peak (2 80 nm detection) gave 70 mg of crude {D-Tyr , 
N^-formyl-Trp^}-a-MSH after lyophilization.

For deformylation, the crude peptide from above 
(70 mg) was dissolved in 5 ml H^O. The solution was adjust
ed to pH 11.5 with several drops of 4 N NaOH and stirred for 
3 minutes. The solution was then acidified to pH 4.5 with 
glacial acetic acid and chromatographed on a carboxymethyl 
cellulose column (2.2 x 25 cm). The column was initially 
eluted with 250 ml 0.01 M ammonium acetate at pH 4.5, and 
then a stepwise gradient of 250 ml each of 0.1 M, 0.2 M and 
0.4 M ammonium acetate (pH 6.8) was applied to the column. 
The major peak was collected (280 nm detection. Figure 9B) 
and the solvent was removed in vacuo. The concentrated so
lution was then desalted on gel filtration on Sephadex G-15 
(2.2 x 120 cm) in 30% acetic acid (Figure 9C). After lyo- 
philization of the major peak, 38 mg {D-Tyr }-a-MSH was ob
tained. The overall yield based on the starting Boc-Val 
benzhydrylamine resin was 12%; ^^545 = -40° (c = 0.71, 10% 
acetic acid). TLC: = 0.19 (A), = 0.67 (B), =
0.23 (C), R^ = 0.46 (D). Amino acid analysis data: Trp
1.00 (1.0), Lys 1.07 (1.00), His 0.90 (1.0), Arg 0.91 (1.0), 
Val 1.10 (1.0), Ser 1.70 (2.0), Glu 0.97 (1.0), Pro 1.01
(1.0), Gly 1.08 (1.0), Met 0.90 (1.0), Tyr 0.90 (1.0), Phe 
0.93 (1.0). Paper electrophoresis in pyridine acetate
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buffer (pH 4.9, 400 volts, 5 h) showed one Sakaguchi spot 
at = 0.57 (with respect to arginine).

Results and Discussion
Diastereoisomers of oxytocin and vasopressin, such 

as {D-Gln^}-oxytocin, {D-Asn~*}-oxytocin, {D-Leu8}-oxytocin,
gand {D-Arg }-vasopressin, have been reported to be much 

less active than their corresponding all-L analogues (Berde 
and Boissonnas 1968). (D-Tyr }-a-MSH was found to be about 
100-fold less active than a-MSH itself (Figure 10). Thus
this analogue would not be useful for iodination.

2{D-Tyr }-a-MSH was synthesized by the same solid 
phase procedures developed for a-MSH. The coupling of Boc- 
D-Tyr to the growing peptide chain was achieved without any 
difficulty. The unprotected phenyl hydroxyl group of Boc- 
D-tyrosine might cause side reaction and perhaps this was 
the reason for lower yield than a-MSH.

The D-amino acid can exert important effects on the 
biological activity of melanocyte stimulating hormone. In 
certain position(s) of MSH molecule, like {D-Tyr }-a-MSH, 
the D-isomer apparently has a detrimental effect on the bio
logical activity. On the other hand, due to the fact that 
racemized a-MSH has shown higher affinity for the frog skin 
receptor than a-MSH itself, the D-amino acids located in 
certain other positions of MSH molecule apparently increase 
the melanotropic activity. The content of various D-amino
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acids in the racemized ot-MSH could be readily identified by 
gas chromatography. From the data of this analysis, an ana
logue of a-MSH having D-amino acids at other specific posi
tions might be suggested, and could possibly be a very 
powerful agonist.

This study, however, suggests that the tyrosine 
moiety provides an important contribution to the biological 

activity of the a-MSH molecule. The exact nature of this 
contribution is yet to be determined, but preliminary data 
suggests that tyrosine may play a more important role than 
merely potentiating the MSH response as suggested by other 

workers (Schwyzer 1977).



CHAPTER 5

SYNTHESIS OF {S', 5'-DIIODO-TYR2}-a-MSH

For melanoma receptor characterization, it is 
necessary to develop a radiolabeled melanocyte stimulating 
hormone with high specific affinity for the melanoma recep
tor. The most common method of radio-labeling a hormone is

125the treatment of hormone with chloramine T and Nal . It 
has been found that the oxidant (chloramine T) used in the 
iodination of a-MSH results in the loss of biological acti
vity of the hormone (Figure 6, Chapter 2). This deactiva
tion of a-MSH presumably was caused at least in part by 
oxidation of the thioether of the methionine residue in a- 
MSH. However, the melanotropic activity of a-MSH could 
also be destroyed by the iodination of the tyrosine residue 
and/or by other reactions.

The hydroxyphenyl ring of tyrosine residue should 
be one of the iodination sites in the a-MSH molecule. The 
mechanism of chloramine T mediated iodination of a-MSH is 
shown in Figure 11. The chloramine T first oxidizes iodide 
to iodonium cation, which then undergoes electrophilic sub
stitution of a proton in the hydroxyphenyl ring of the ty
rosine residue. The iodination of the 2-tyrosine moiety of 
a-MSH could possibly be responsible for the loss of
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biological activity of the hormone. To test this 
hypothesis of inactivation of ot-MSH due to the iodination 
of tyrosine residue, {3',5'-diiodo-Tyr }-a-MSH was synthe
sized and its biological activity was examined.

Experimental Section 
The analytical methods used in this experiment are 

identical to those described in Chapter 2. Thin layer 
chromatography (TLC) was done in the following systems:
(A) l-BuOH-HOAc-H^O (4:1:5-upper phase only); (B) 1-BuOH- 
HOAc-pyridine-^O (15:3:10:12); (C) amyl alcohol-pyridine-
H^O (35:40:25); (D) BuOH-HOAc-H^O (2:1:1-upper phase only);
(D) isopropanol-25% aqueous NH^-f^O (3:1:1).

Preparation Boc-3,5-Diiodotyrosine
A mixture of 3,5-diiodotyrosine (5.0 g, 1.15 

mmole), Boc-azide (2.5 ml, 16.6 mmole) and 
N,N-diiosopropylethylamine (6.0 ml, 36 mmole) was stirred 
in dimethyl sulfoxide (35 ml) over night at room tempera
ture. The resulting solution was diluted with cold water 
(175 ml) and washed with two 100-ml portions of ethyl 
ether. The aqueous layer was acidified with citric acid 
(15 g) with cooling, and the product was extracted with 
two 100-ml portions of ethyl acetate. The combined ethyl 
acetate layer was washed with three 50-ml portions of water 
and dried over anhydrous magnesium sulfate. The drying 
agent was filtered off and the solvent was removed in



vacuo. The solid residue was washed with dichloromethane, 
dissolved in anhydrous ethyl ether, and recrystallized in 
the presence of petroleum ether (3.0 g, 50% yield; m.p. 
188-189°C). A ninhydrin test on the product was negative.
Rf = 0.81 (A), Rf =0.81 (B), Rf = 0.83 (E); NMR (CDCl^, 
DMSO), 6 1.47 (s, 9H, Boc), 6 3.00 (d, 2H, GCHg), 6 4.25 
( q ,  1H aCH), 6 6.00 (d, 1H, NH), 6 7.60 (s,'2H, aromatic),
6 8.66-9.33 (b, 2H, carboxyl and hydroxyl). Analytical 
calcd for C = 31.53%, H = 3.22%, N = 2.63%, I =
47.62%; found C = 31.68%, H = 3.18%, N = 2.95%, I = 42.88%.

Solid Phase Synthesis of {31,5'-Diiodo-Tyr^}-a-MSH

Solid Phase Synthesis of Protected Tridecapeptide
2of {31,5'-Diiodo-Tyr }-a-MSH Benzhydrylamine Resin, Ac-Ser 

(O-Bzl) - (3 ' , S'-pjiodo) Tvr-Ser (O-Bzl) -Met-Glu (Bzl) -His (N^-Tos 
Phe-Arq (N^-Tos) -Trp (N^-Formyl) -Gly-Lys (NC-2 , 6-Cl .̂-Z) -Pro- 
Val-NH-Resin. The protected tridecapeptide resin was 
prepared starting with 3.6 g (0.25 mmole) of the Boc-Val- 
benzhydrylamine resin. A cycle for the incorporation of an
amino acid residue into the growing peptide chain was the
same as that described for the synthesis of a-MSH (Chapter 
2). The same side chain protecting groups as used in the 
synthesis of a-MSH were utilized, except that Boc-31,51-di- 
iodotyrosine was used. The ninhydrin test was performed 
between step 1 and step 2 to insure complete coupling. A
three-fold excess of each Boc amino acid and a 2.4-fold
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excess dicyclohexy1carbodiimide were used. After the 
coupling of the last residue, Boc-Ser(O-Bzl), the peptide 
was deblocked, neutralized, washed and acetylaited with 
three-fold excess of p-nitrophenyl acetate. The protected 
tridecapeptide resin (4.0 g) was obtained as pale tan 
granular beads.

oPreparation and Purification of {31,51-Diiodo-Tyr } 
-g-MSH, Ac-Ser-{3',5'-Diiodo}Tyr-Ser-Met-Glu-His-Phe-Arq- 
Trp-Gly-Lys-Pro-Val-NEU. The dried protected tridecapep
tide resin (4.0 g) from above was treated with 15 ml of 
anhydrous HF in the presence of 2 ml anisole and 100 mg of 
methionine at 0°C for 1 hour. After evaporation of the HF 
and anisole in vacuo, the resin was washed with three 30-ml 
portions of ethyl acetate and extracted with three 30-ml 
portions each of 30% acetic acid, 1 N acetic acid, and HgO.
The combined aqueous extracts were lyophilized to give 646

2 9mg of crude {31,51-Diiodo-Tyr , formyl-Trp }-a-MSH. A
portion of the latter material (212 mg) was chromatographed
on Sephadex G-15 (2.2 x 80 cm) in 30% acetic acid (Figure
12A). The major peak (280 nm detection) gave 200 mg of

2 9impure {3',5'-Diiodo-Tyr , formyl-Trp }-a-MSH after lyophi-
2.lization. For deformylation (31,51-Diiodo-Tyr , formyl- 

Trp^}-a-MSH (200 mg) was dissolved in 15 ml HgO. The pH 
was adjusted to 11.5 with 4 N NaOH.. After 3 minutes at pH
11.5, the solution was acidified to pH 4.5 with glacial
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acetic acid and chromatographed on Sephadex G-25 in 30%
acetic acid (2.2 x 83 cm. Figure 12B). After lyophiliza-

2 -tion of the major peak, 173 mg of {31,51-Diiodo-Tyr }-a-MSH
was obtained. The latter material (84 mg) was purified 
further on Sephadex G-25 (2.5 x 80 cm. Figure 12C), and 19
mg of the final product was obtained (13.6% overall yield 
based on the starting Boc-Val-NH-resin); 546 = (c =
0.40, 10% acetic acid); TLC in the following solvent
systems gave single uniform spots: = 0.46 (A), = 0.89
(B) , Rf = 0.64 (C) , R_g = 0.30 (D) ; amino acid analysis gave
the following molar ratio: Trp 0.92 (1.0), Lys 1.04 (1.0), 
His 0.90 (1.0), Arg 1.05 (1.0), Ser 1.67 (2.0), Glu 1.00
(1.0), Pro 1.03 (1.0), Gly 1.06 (1.0), Val 1.00 (1.0), Met 
0.89 (1.0), I2-Tyr 0.98 (1.0), Phe 1.04 (1.0), Paper elec
trophoresis in pyridine acetate buffer (pH 4.9, 400 volts, 5 
h) showed one Sakaguchi positive sopt at R^ = 0.48 (with 
respect to arginine).

Possible Effect of Hydrogen Fluoride on 3,5-Diiodo 
Tyrosine. In the synthesis of (31,51-Diiodo-Tyr^}-a-MSH, 
the synthetic peptide intermediate was treated with triflu- 
oroacetic acid to remove Boc protecting group, and hydrogen 
fluoride for cleavage of the peptide from the resin. Under 
strong acidic condition, the iodo group on the tyrosyl 
phenolic ring might be replaced by proton as iodonium ion. 
The following experiment was carried out to investigate
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this possibility. To 100 mg of 3,5-diiodotyrosine was 
added 20 ml anhydrous fluoride and 2 ml anisole. The 
mixture was stirred at 0°C for one hour. After evaporation 
of hydrogen fluoride and anisole, the residue was dissolved 
in dimethylformamide (2 ml) and was subjected to thin layer 
chromatography against 3,5-diiodotyrosine, 3-iodotyrosine 
and tyrosine in 4 solvent systems: BuOH-HOAc-H^O-pyridine 
(15:3:12:10); BuOH-HOAc-B^O (4:1:5-upper phase only); BuOH- 
H0Ac-H20 (2:1:1); and pyridine-HOAc-H2Q (50:30:15). In all 
solvent systems only one single uniform spot was observed 
for HF treated 3,5-diiodotyrosine, and it had an value 
corresponding to 3,5-diiodotyrosine. This TLC data shows 
that no replacement of the iodo groups was occurred in the 
acidic medium of the synthesis.

Results and Discussion 
3',5'-Diiodination of tyrosine produces a tyrosine 

derivative which has a substantially more bulky side chain 
than tyrosine itself. In addition, the pK_̂  of the phenol 
hydroxyl group is lowered making it a weakly acidic group. 
Thus under the conditions of the frog skin bioassay (pH = 
7.5), the phenol hydroxyl group of the {3',51-Diiodo-Tyr }- 
a-MSH is mostly ionized. Nonetheless this analogue posses
ses about 1/8 the activity of the native hormone (Figure 13) 
and is a complete agonist in the frog skin bioassay.
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Since the diiodotyrosine-2 analogue of a-MSH has 

retained most of the biological activity of the native hor
mone it is clear that iodination per se of the tyrosine 
moiety of MSH cannot completely account for the loss of 
activity associated with the attempts to iodinate the 
native MSH molecule. In view of the fact that under condi
tions of iodination that uses chloramine T and excess io
dine for iodination of the hormone, a-MSH is completely 
inactivated, it appears that modification of other residues 
in the hormone which are affected by the iodination condi
tions will be necessary to obtain a biologically viable io- 
dinated a-MSH. The results here suggest that a MSH analogue 
which retains high biological activity on iodination could 
possibly be obtained with the radio label on tyrosine at 
the 2-position.



CHAPTER 6

THE NORLEUCINE ANALOGUES OF MELANOCYTE 
STIMULATING HORMONES

The oxidation reduction behavior of ACTH has been 
investigated by various workers (Dixon and Stack-Dunne 1955; 
Dedman, Farmer and Morris 1957)„ The hormone was oxidized 
by H^O^ under appropriate conditions to give a biologically 
inactive product which zcan be distinguished chromatographi- 
cally from the untreated ACTH. Reduction of the oxidated 
hormone with thiol compounds restores the biological acti
vity, and the chromatography behavior of the reduced product 
is identical with that of the native hormone. Dedman, 
Farmer, and Morris (1961) has reported that the oxidation- 
reduction center of ACTH is the thioether group of methio
nine. Lo, Dixon, and Li (1961) have reported the isolation 
of a methionine sulfoxide analogue of a-MSH from bovine pi
tuitary glands. This oxidized analogue could be separated 
from a-MSH by counter-current distribution, and shown to 
have identical amino acid composition. Although it was 
shown to be a homogeneous preparation on the basis of its 
counter-current distribution and electrophoretic behavior 
as well as amino acid composition, it had low melanotropic 
stimulating activity. A sample of this presumably oxidized 
analogue was subjected to reduction with a large excess of

83
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cysteine hydrochloride at 80°C for 18 hours; the 
melanocyte-stimulating activity of the reduced product was 
found to be enhanced (Lo et al. 1961). The authors suggest
ed that the oxidation reduction center of a-MSH, just like 
ACTH, is the thioether group of methionine, and that the 
melanocyte stimulating activity depends upon the oxidation 
state of this amino acid residue in the hormone.

Even though studies of structure-function relation
ships suggest that the methionine residue is not at the 
"active site" of a-MSH (Eberle and Schwyzer 1975), the oxi
dation of thioether of methionine is apparently detrimental 
to the melanotropic activity of the hormone (Lo et al.
1961). In the process of developing a radio-iodine labeled 
melanocyte stimulating hormone, a-MSH was treated with 
chloramine T and.Nal. The reaction was terminated with so
dium metabisulfite. After this treatment the hormone has 
lost its biological activity (See Figure 6). As mentioned 
in previous chapters, chloramine T is a powerful oxidant. 
Based on previous studies with this procedure (Figure 6) 
methionine residue at position 4 of a-MSH is expected to be 
oxidized to sulfoxide and/or sulfone by chloramine T under 
the conditions of iodination.

It is crucial that a radio-labeled hormone with at 
least full biological activity be obtained for radioreceptor 
assay. Only with full biological activity can the specific 
binding of the radio-labeled hormone to the receptor of
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target cells be assured, and the results of the 
radioreceptor assay be meaningfully assessed in terms of re
ceptor characterization. To overcome the chloramine-T oxi
dation problem of the methionine residue in a-MSB, 
norleucine (Figure 14) was a good candidate for replacing 
methionine since in the former amino acid, the thio group 
of methionine is formally replaced by a methylene group.

gp-MSH also contains a methionine residue at 7 po
sition. In contrast to the results previously reported in 
the literature (Varga et al. 1974) we found that $p-MSH was 
biologically inactive after being treated with chloramine-T 
(Heward et al. 19 79). Obviously this result is also due at 
least in part to the oxidation of the methionine residue.
Therefore, the norleucine analogue of 8-MSB also was syn-

7thesized by the solid phase method. {Nle }-B^-MSB was 
shown to be 10 times more potent than the native hormone, 
and in addition was found to be quite stable to chloramine- 
T treatment.

The full agonism of {31,51-Diiodo-Tyr^}-a-MSH 
described in Chapter 5 suggests that ibdination on 2-tyro- 
sine is not completely responsible for the inactivation of 
a-MSH by chloramine T iodination. To further examine this 
point, {Phe^, Nle^}-a-MSH was synthesized and examined for 
its activity and the affect on activity of treatment with 
chloramine T and sodium iodide. The result of these 
experiments are described herein.
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Experimental Section
Thin layer chromatography (TLC) was performed on 

silica gel G plates using the following solvent systems:
(A) l-BuOH-HOAc-H^O (4:1:5-upper phase only); (B) 1-BuOH- 
HOAc-pyridine-H^O (15:3:10:12); (C) 1-BuOH-pyrid.ine-HOAc-
H^O (6:6:1.20:4.8); (D) isopropanol-25% aqueous NH^H^O
(3:1:1); (E) l-pentanol-pyridine-H20 (7:7:6); (F) 1-BuOH-
HOAc-H20 (2:1:1-upper phase only). Optical rotations were 
done at the mercury queen line (546 nm) using a Perkin/
Elmer 241 MC polarimeter. Amino acid analyses were obtained 
by the method of Spackman et al. (1958) on a Beckman 120C
amino acid analyzer following hydrolysis in 6 N HC1 for 24 
hours at 110° and in 3 M mercaptoethanesulfonic acid, 24 
hours at 110°C, for tryptophan analysis.

Solid Phase Synthesis 
of {Nle4}-a-MSH

Solid Phase Synthesis of Protected Tridecapeptide 
{Nle^}-a-MSH Benzhydrylamine Resin, Ac-Ser(O-Bzl)-Tvr(0-2, 
6-Cl^-Bzl)—Sen— (O-Bzl)—Nle—Glu(O—Bzl)—His(N ' —Tos)—Phe—Arc 
(N^-Tos)—Trp(N —Formv1)—Gly—Ly s(N —2,6—Cl^—Z—Pro—Val—NH— 
Resin. The protected tridecapeptide resin of {Nle^}-a-MSH 
was prepared,starting with 1.20 g (0.19 mmole) of the Boc- 
Val benzhydrylamine resin. a cycle for the incorporation 
of an amino acid residue into the growing peptide chain was 
the same as that described for the synthesis of a-MSH. The
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same side chain protecting groups as used in the synthesis 
of a-MSH were. (Chapter 2) utilized. The ninhydrin test was 
performed between steps 1 and 2. A three-fold excess of 
each Boc amino acid and a 2.4-fold excess of dicyclohexyl- 
carbodiimide were used. After the coupling of the last 
residue, Boc-Ser(O-Bzl), the peptide was deblocked, neu
tralized, washed, and acetylated with 3 equivalents of 
acetylimidazole in methylene chloride. The protected tri- 
decapeptide {Nle }-a-MSH resin (1.21 g) was obtained.

Preparation and Purification of {Nle^}-a-MSH, Ac- 
Ser-Tyr-Ser-Nle-Glu-His-Phe-Arq-Trp-Gly-Lys-Pro-Val-NH^.
The dried protected tridecapetide resin (1.2 g) from above 
was treated with 15 ml of anhydrous HF in the presence of 2 
ml anisole and 100 mg of methione at 0°C for 1 hour. After 
evaporation of the HF and the anisole in_ vacuo, the resin 
was washed with three 30-ml portions of ethyl acetate and 
extracted with three 30-ml portions each of 30% acetic 
acid, 1 N acetic acid, and H^O. The combined aqueous 
extracts were lyophilized to give 100 mg of crude {Nle^, 
formyl-Trp^}-a-MSH. The latter material (100 mg) was 
chromatographed on Sephadex G-15 (2.2 x 120 cm) in 30% acet
ic acid (Figure ISA). The major peak (280 nm detection)

4 Qgave 80 mg {Nle , formyl-Trp }-a-MSH after lyophi1izatione 
For deformylation {Nlet formyl-Trp^}-a-MSH (80 mg) was 
dissolved in 15 ml H^D. The pH was adjusted to 11.5 with 4
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N NaOH. After 3 minutes at pH 11.5, the solution was 
acidified to pH 4.5 with glacial acetic acid and chromato
graphed on carboxymethyl cellulose column (2.2 x 25 cm).
The material was initially eluted with 250 ml 0.01 ammonium 
acetate at pH 4.5 (Figure 15B). A stepwise gradient of 250 
ml each of 0.1 M, 0.2 M and 0.4 M ammonium acetate (pH 6.8) 
was then applied to the column. The major peak was collec
ted (280 nm detection) and solvent was removed in_ vacuo.
The concentrated solution was then desalted by gel filtra
tion on Sephadex G-15 (2.2 x 120 cm) in 30% acetic acid
(Figure 15C). After lyophilization of the major peak, 41 mg
of (Nle^}-ct-MSH was obtained. The overall yield based on

2 5the starting Boc-Val-benzhydrylamine resin was 13%, =
-20° (c = 0.44, 10% acetic acid); TLC in the following
solvent systems gave single uniform spots: = 0.20 (A),

= 0.70 (B) , R_g = 0.69 .'.(C), amino acid analysis gave the
following molar ratio: Trp 0.90 (1.0), Lys 1.09 (1.0), His
0.89 (1.0), Arg 1.01 (1.0), Ser 1.62 (2.0), Glu 0.97 (1.0),
Pro 1.10 (1.0), Gly 1.09 (1.0), Val 1.06 (1.0), Nle 0.97
(1.0), Tyr 0.83 (1.0), Phe 1.03 (1.0). Paper electrophore
sis in pyridine acetate buffer (pH 4.9, 400 volts, 5 h) 
showed on Sakaguchi positive spot at R^ = 0.62 (with respect 
to arginine).
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High Performance Liquid Chromatography of 

{Nle^}-a-MSH. The sample was chromatographed on the same 
HPLC system (Figure 16) described for a-MSH (Chapter 2).
The profile of the peptide after purification by the con
ventional methods was shown in Figure 16A. Rejection of peak 
III collected from profile A was done at much higher detec
tor sensitivity (Figure 16B). This profile clearly demon
strates that HPLC can produce peptide of very high purity.

Synthesis of {Nle^}—B -MSH

Solid Phase Synthesis of the Protected Octadeca- 
7peptide {NI0 }— 0—RGsin. H—Asp (0—Bzl) —Glu (0—Bzl) —

Gly—Piro— Tyit (0 — 2, 6—Cl  ̂— Bzl) •—Lys (N — 2, 6—Cl^ — Z) —Nle—Giu(0—BzX) 
His (Nlin-Tos) -Phe-Arq (Ng-Tos) -Trp (N1-For) -Gly-Ser (O-Bzl) - 
Pro-Pro-Lys(N£-2,6-Cl^-Z)-Asp(0-Bzl)-0-Resin. The title 
compound was prepared starting with 2.66 g (0.55 mmole) of 
the Boc-Asp(O-Bzl)-0-resin. A cycle for the incorporation 
of an amino acid residue into the growing peptide chain was
the same as that described for the synthesis of a-MSH

\(Chapter 2). The same side chain protecting groups as used 
in the synthesis of a-MSH were utilized, and in addition 
the Asp-3-carboxy1 group was 0-benzyl protected. The nin- 
hydrin test was also performed between steps 1 and 2. A 
threefold excess of each Boc amino acid and a 2.4-fold 
excess dicyclohexylcarbodiimide were used. After the 
coupling of the last residue, Boc-Asp(O-Bzl), the peptide
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Figure 16. Preparative High Performance Liquid 
Chromatography of {Nle^}-u-MSH.
(A) Profile of the Peptide after 
Purification by Conventional Methods.
(B) Reinjection of Peak III Collected 
from (A) above Injected at Much Higher 
Detector Sensitivity (Note Amplitude 
of Refraction Spike).
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was deblocked, neutralized, and washed as described in 
steps 3, 4, and 5 (Chapter 2). The protected octadecapep- 
tide (Nle resin (3.5 g) was obtained as pale tan
granular beads.

Preparation and Purification of Porcine {Nle 
MSH, H-Asp-Glu-Gly-Pro-Tyr-Lys-Nle-Glu-His-Phe-Arq-Trp-Gly- 
Ser-Pro-Pro-Lys-Asp-OH. The dried protected octadecapeptide 
resin (1.8 g) from above was treated with 15 ml of anhy
drous HF in the presence of 2 ml anisole and 100 mg of me
thionine at 0^ for 1 hour. After evaporation of HF and 
anisole dji vacuo, the resin was washed with three 30-ml por
tions of ethyl acetate and extracted with three 20-ml 
portions each of 30% acetic acid, 1 N acetic acid, and H^O.
The combined aqueous extracts were lyophilized to give 480

7 12mg of crude {Nle , formyl-Trp l-g^-MSH. The latter mate
rial (480 mg) was chromatographed.on Sephadex G-15 (2.2 x 
120 cm) in 30% acetic acid (Figure 17A). The major peak 
(280 nm detection) gave 450 mg of {Nle^, formyl-Trp"*"^ 1-8^- 
MSH after lyophilization. For deformylation this material 
(100 mg) was dissolved in 20 ml HgO. The pH was adjusted 
to 11.5 with 4 N NaOH. After 3 minutes at pH 11.5, the 
solution was acidified to pH 4.5 with glacial acetic acid 
and chromatographed on a carboxymethyl cellulose column 
(2.2 x 25 cm). The peptide was initially eluded with 250 
ml of 0.01 M ammonium acetate at pH.4.5 (Figure 17B). A
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stepwise gradient of 250 ml each of 0.1 M and 0.2 M 
ammonium acetate (pH 6.8) was then applied to the column.
The major peak was collected (280 nm detection) and solvent 
was removed in vacuo. The concentrated solution was then 
desalted by gel filtration on Sephadex G-15 (2.2 x 120 cm)
in 30% acetic acid (Figure 17C). After lyophilization of 
the major peak, 64 mg of {Nle j-B^-MSH was obtained {48.2% 
overall yield based on the starting Boc-Asp(O-Bzl)-O-resin}; 
{a}^^ — -37° (c = 0.48, 10% acetic acid); TLC in the fol
lowing solvent system gave single uniform spots: = 0.10£
(A), Rf = 0.20 (B), Rf = 0.43 (C), Rf = 0.40 (D); amino 
acid analysis gave the following molar ratio: Trp 0.90
(1.0), Lys 1.96 (2.0), His 0.98 (1.0), Arg 1.06 (1.0), Asp 
1.94 (2.0), Ser 0.95. (1.0), Glu 1.90 (2.0), Pro 3.08 (3.0), 
Gly 2.20 (2.0), Nle 0.97 (1.0), Tyr 0.85 (1.0), Phe 1.02
(1.0). Paper electrophoresis in pyridine acetate buffer 
(pH 4.9, 400 volts, 5 h) showed on Sakaguchi positive spot 
at R^ = 0.47 (with respect to arginine).



Synthesis of {Phe^, Nle^}-a-MSH

Solid Phase Synthesis of Protected Tridecapeptide 
{Phe2, Nle^}-a-MSH Benzhydrylamine Resin, Ac-Ser(O-Bzl)-Phe 
Ser(O-Bzl)-Nle-Glu(O-Bzl)-His(Nlm-Tos)-Phe-Arg(Ng-Tos)-Tro 
(N — Fomny 1) — Gly—Ly s (N—2, 6—Cl. ̂ —Z) —Pno—Vel—NH—Res in» The 
title compound was prepared from 2.8 g (0.25 mmole) of the 
Boc-Val-benzhydrylamine resin. The incorporation of an ami
no acid residue into the growing peptide chain follows the 
same steps as that described for the synthesis of a-MSH.
The side chains were protected as shown in the title. The 
ninhydrin test was performed after each coupling of Boc- 
amino acid. A three-fold excess of each Boc amino acid and 
2.4-fold excess dicyclohexylcarbodiimide were made. After 
the coupling of the last amino acid residue, Boc-Ser(O-Bzl), 
the peptide was deblocked, neutralized, washed arid acety- 
lated with three-fold excess N-acetylimidazole in dichloro- 
methane; to afford 3.5 g of the title compound.

Preparation and Purification of {Phe2, Nle^}-a-MSH,
Ac—Ser—Ph e—Ser—Nle—01u—Hi s—Phe—Arc—Trp—Gly—Ly s—Pro—Val— .
The dried protected tridecapeptide resin (1.5 g ) from above
was treated with 1.5 ml of anydrous HF in the presence of 2

oml anisole and 100 mg of methionine at 0 C for 1 hour.
After evaporation of the HF and anisole iri vacuo, the resin 
was washed with three 30-ml portions of ethyl acetate and 
extracted with three 30-ml portions each of 30% acetic acid,
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and H^O. The combined aqueous extracts were lyophilized to
give 127 mg of crude {Phe^, Nle^, formyl-Trp^}-a-MSH. A
portion of the latter material (42 mg) was chromatographed
on Sephadex G-15 (2.2 x 83 cm) in 30% acetic acid (Figure

218A). The major peak (280 nm detection) gave 35 mg (Phe ,
4 9Nle , formyl-Trp j-a-MSH after lyophilization. For defor- 

mylation the peptide (35. mg) was dissolved in 10 ml H^O.
The pH was adjusted to 11.5 with 4 N NaOH. After 3 minutes 
at pH 11.5, the solution was acidified to pH 4.5 with gla
cial acetic acid and chromatographed on a carboxymethyl 
cellulose column (2.2 x 25 cm). The material was initially 
eluded with 250 ml 0.01 M ammonium acetate at pH 4.5 
(Figure 18B). A stepwise gradient of 250 ml each of 0.1 M, 
0.2 M and 0.4 M ammonium acetate (pH 6.8) was then applied 
to the column. The major peak was collected (280 nm de
tection) and solvent was removed in vacuo. The concentra
ted solution was then desalted by gel filtration on 
Sephadex G-25 (2.2 x 120 cm) in 30% acetic acid (Figure
18C). After lyophilization of the major peak, 16.3 mg of

2 4{Phe , Nle }-a-MSH was obtained (38.8% yield based on the 
starting Boc-Val-benzhydrylamine resin); { a } = -27°
(c = 0.48, 10% acetic acid); TLC in the following solvent
systems gave single uniform spots: = 0.23 (A), = 0.67
(B), Rg = 0.65 (D); amino acid analysis gave the following 
molar ratios: Trp 0.90 (1.0), Lys 1.04 (1.0), His 0.87
(1.0), Arg 1.08 (1.0), Ser 1.82 (2.0), Glu 1.08 (1.0), Pro
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1.06 <(1.0), Gly 1.06 (1.0), Val 1.04 (1.0), Nle 0.96 (1.0) , 
Phe 1.95 (2.0). Paper electrophoresis in pyridine acetate 
buffer (pH 4.9, 400 volts, 5 h) showed one Sakaguchi posi
tive spot at R_g = 0.63 (with respect to arginine) .
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Results and Discussion

The norleucine analogues of melanocyte stimulating
hormones have generally higher biological activities than
their parent hormones. On frog skin bioassay, (Nle^}-a-MSH
was found to be 2.5 times more potent than a-MSH (Figure 

719) , and (Nle }-(3 -MSH ten times more active than B -MSH.P P
They both proved to be resistant to chloramine-T oxidation, 
even though they lost biological activities in the presence 
of chloramine-T and sodium iodide (Figure 20, Heward et al. 
1979). For these reasons, norleucine a-MSH analogues could 
be a successful candidate for successful oxidative iodina- 
tion, if some milder methods are employed (Chapter 8).

{Phe^, Nle^}-a-MSH was also found not to be effected 
by chloramine-T oxidation. However, it, too, was inacti
vated by chloramine-T iodination (Figure 21). This result 
further reveals the sensitivity of some other amino acid 
residues in MSH molecule to the joint action of chloramine-T 
and sodium iodide. This could involve the iodination of
histidine and/or oxidation of tryptophan. According to the

2 4dose-response curve (Figure 22), {Phe , Nle }-a-MSH posses
ses about three quarters the biological activity of a-MSH 
in the frog skin bioassay system.

7The overall yield for {Nle l-B^-MSH was comparable 
to that of Bp-MSH (See Chapter 3). In the cation exchange
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7chromatography {Nle }-fSp-MSH, the major peak immerged at 
the buffer change causing a little shoulder on the tail c 
the peak (Figure 17).



CHAPTER 7

SYNTHESIS OF AC-a-MSH„/ —  1 o

The heptapeptide, H-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH^, 
has been synthesized by several research groups (Yajima 
1968, Lande and Lerner 1967, Ney et al. 1965). While Yajima 
reported no melanotropic activity was observed, it was 
shown to have a biological activity of not more than 0.05 
thousandth that of a-MSH by other investigators (Lande and 
Lerner 1967, Ney et al. 1965). The contribution of N- 
terminal acetyl group to the biological activity of hormone 
molecule could be studied by comparing the biological acti
vities of acetylated and nonacetylated analogues and/or 
fragments of a-MSH. For.example, {des-acety1}-a-MSH has
about one tenth the melanotropic activity of a-MSH 
(Chapter 8). And Ac-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys- 
Pro-Val-NH2 has been reported to be 25 times more active 
than its nonacetylated analogue (Guttmann and Boissonnas 
1961) . As described herein, the biological activity of Ac- 
a-MSH^_.|^ is much higher than that previously reported for 
the nonacetylated derivative (Yajima 1968).

The chloramine T method for iodination protein and 
peptide is universally used in radioimmunoassay as well as 
radioreceptor assay. It has not been possible to obtain a

106



107
satisfactory iodinated preparation of melanocyte stimulating 
hormone for melanoma radioreceptor assay. Melanocyte stimu
lating hormone was severely damaged under the conditions of 
chloramine T mediated iodination. The speculation that io- 
dination of the tyrosine residue in a-MSH molecule is re
sponsible for inactivation was ruled out by the full agonism 
of {31,5'-diiodo-Tyr }-a-MSH. This point was further sup
ported by the fact that {Phe^, Nle^}-a-MSH, after chlora
mine T and Nal treatment, was totally inactive on frog skin. 
These results suggest other parts of MSH molecule are sen
sitive to chloramine T and Nal treatment. Thus the C- 
terminal portion of a-MSH was synthesized for the purpose 
of examining this part of the molecule.

Experimental Section 
The TLC was done using the following systems: (A)

l-BuOH-HOAc-^O (4:1:5-upper phase only); (B) 1-BuOH-HOAc-
Pyridine-H^O (15:3:10:12); (c) l-Bu0H-Pyridine-H0Ac-H20
(6:6: 1.2 : 4.8) .
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Synthesis of Acetyl-q-MSH.-,_̂

Solid Phase Synthesis of Protected Heptapeptide 
Acetyl-q-MSH ,̂_̂ B̂enzhydrylamine Resin, Ac-Phe-Arq (N^-Tos)- 
Tr*p (N — F or my 1) — Gly—Ly s (N—2 , 6—Cl^- )̂ — Pno—"Val — NH—Res in * The 
title compound was prepared starting with 2.49 g (0.60 
mmole) of the Boc-Val-benzhydrylamine resin. A cycle for 
the incorporation of an amino acid residue into the growing 
peptide chain was the same as that described for the syn
thesis of a-MSB. The same side chain protecting groups as 
used in the synthesis of a-MSB were utilized. The ninhydrin 
test was performed to monitor the completion of coupling.
A three-fold excess of Boc amino acid and a 2.4-fold excess 
dicyclohexylcarbodiimide were used. After the coupling of 
the last residue, Boc-phenylalanine, the peptide was de
blocked , neutralized, washed, and acetylated with a three
fold excess of N-acetylimidazole; 2.85' g of final product 
was obtained.

Preparation and Purification of Acetyl-a-MSB„ ,

Ac-Phe-Arq-Trp-Glv-Lys-Pro-Val-NB^. The dried protected 
heptapeptide resin (1.0 g) from above was treated with 15 
ml of anhydrous BF in the presence•of 2 ml anisole and 100 
mg of methionine at 0° for 1 hour. After evaporation of 
the BF and anisole in vacuo, the resin was washed with 
three 30-ml portions of ethyl acetate and extracted with



three 30-ml portions of 30% acetic acid, 1 N acetic acid, 
and H„0. The combined aqueous extracts were lyophilized toZ
give 123 mg of the formyl-Trp heptapeptide. The latter 
material (123 mg) was chromatographed on Sephadex G-15 
(2.2 x 83 cm) in 30% acetic acid (Figure 23A). The major 
Peak (280 nm detection) gave 100 mg Ac-{formyl-Trp^}-a- 
MSH^_^2 after lyophilization. For deformylation it was 
dissolved in 10 ml H^O. The pH was adjusted to 11.5 with 
4 N NaOH. After 3 minutes at pH 11.5, the solution was 
acidified to pH 4.5 with glacial acetic acid and chromato
graphed on carboxymethyl cellulose column (1.0 x 55 cm).
The peptide was initially eluted with 250 ml 0.01 M ammoni
um acetate at pH 4.5 (Figure 23B). A stepwise gradient of 
250 ml each, of 0.1 M and 0.2 M.ammonium acetate (pH 5.8) 
was then applied to the column. The major peak was collec
ted (280 nm detection) and solvent was removed in vacuo.
The concentrated solution was then desalted by gel filtra
tion on G-25 (2.5 x 80 cm) in 30% acetic acid (Figure 23C). 
After lyophilization of the major peak, 23 mg of Ac-a- 
MSH^ was obtained (11.0% overall yield based on the 
starting Boc-Val-benzhydrylamine resin); 545 = -48°
(c = 0.69, 10% acetic acid)7 TLC in the following solvent
systems gave single uniform spots: = 0.23 (A), - 0.63
(B) , R^ = 0.72 (C).7 amino acid analysis gave the following
molar ratio: Trp 0.90 (1.0), Lys 0.96 (1.0), Arg 1.04 (1.0) ,
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Figure 23. Chromatographic Behavior of 
Ac-a-MSH^_13 during 
Purification. -- See 
Experimental Section for 
Details.
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Pro 1.03 (1.0), Gly 1.00 (1.0), Val 1.02 (1.0), Phe 0.95
(1.0). Paper electrophoresis in pyridine acetate buffer 
(pH 4.9, 400 volts, 5 h) showed one Sakaguchi positive spot 
at = 0.70 (with respect to arginine).

Results and Discussion 
Ac-a-MSH^_^2 was bioassayed on frog skins (Figure 

24) and shown to have 0.02 the biological activity of a-MSH. 
The N-acetyl group increased the biological activity of the 
heptapeptide at least 400-fold (Yajima 1968). The inacti
vation of this peptide in the presence of chloramine-T and 
sodium iodide clearly confirms the results of previous 
chapters that histidine and/or tryptophan may be modified 
by chloramine-T and sodium iodide (Figure 25).
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Figure 25. Effects of Chloramine-T 
and lodination on the 
Biological Activity of 
Ac-a-MSH^_ ̂ ̂  Using the 
Frog Skin Bioassay.



CHAPTER 8 

{DES-ACETYL}-a-MSH

125Iodination of MSH with chloramine-T and Nal has 
not given a biologically viable compound. In the presence

i

of chloramine-T, both a- and 8-MSH are inactivated. Even 
though the norleucine analogues of a- and 8-MSH are still 
biological active after being treated with chloramine-T, 
their melanotropic activities were destroyed by the com
bined action of chloramine-T and Nal. In order to have a 
radioiodine labeled a-MSH with biological activity for re
ceptor assay, other techniques of iodinating MSH are 
needed.

Proteins that have been labeled to high specific 
125radioactivities with I have been employed in a variety

of biochemical studies such as in investigations of hormone
metabolism (Ansorge, Bohley, Kirschke, Lagner, arid Hanson
1971) hormone-target tissue interactions (Cuatracasas 1971),
and in studies on immunoglobulin metabolism (Motas and

125Ghetie 1969). The most widespread use of I-labeled 
proteins, however, is for high-specific-radioactivity anti
gens as traces in radioimmunoassay. The chloramine-T pro
cedure (Hunter and Greenwood 1962; Greenwood, Hunter, and 
Glover 1963) was developed for this purpose and is an

114
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125efficient method for the direct substitution of I into

\

the tyrosyl residues of proteins. This method has been 
almost universally used to label a large number of proteins 
and polypeptides for which radioimmunoassays have been re
ported (Yalow and Berson 1968, Kirkham and Hunter 1971, 
Greenwood 19 71).

Two specific disadvantages are associated with this 
method. First, this approach may be unsuitable for peptides 
that lack tyrosine, for example, secretin (Mutt, Jorpes, and 
Magnusson 1970) and porcine parathyroid hormone (Woodhead,
O 'Riordan, Keutmann, Stoltz, Dawson, Niall, Robinson, and 
Potts 1971). Secondly, some proteins, for example, parathy
roid hormone and calcitonin, are altered during iodination 
(Buckle and Potts 1970, Buckle 1971). These changes may 
result in loss in the affinity of the labeled antigen for 
antibody, causing a decrease in the sensitivity of the 
assay system. However, iodination damage can be so severe 
as to render the preparation of labeled antigen unsuitable 
for use. The exposure of some proteins to the oxidizing 
agent (chloramine-T) and reducing agent (sodium metabisul
phite) used in this method has also been found to disrupt 
the structural integrity of proteins (Buckle 1971).

A. E. Bolton and W. M. Hunter (1973) described a
125method of labeling proteins with I in which the protein

125its,elf is not directly exposed to the I solution or to 
the reagents used in the iodination reaction. This new
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procedure involves reacting the protein under mild
conditions with the N-hydroxysuccinimide ester of 3- (4-hy-
droxyphenyl) propionic acid that has previously been labeled
with and then separation of the reagent from the
products of the iodination reaction by solvent extraction.
Hydroxysuccinimide esters react with free amino groups of
proteins or peptides to form amides (Anderson, Zimmerman,
and Callahan 1964). This method has the additional advan- 

125tage that I label is introduced into a group other than 
the tyrosine residues involved in simple iodination.

A new solid phase radioiodination reagent which 
provides possible condition for radiolabeling has been re
ported in the literature (Hubbard and Cohn 1972). Radio- 
labeling with the Enzymobead reagent is based on enzymatic 
iodination rather than oxidative substitution. The enzymo
bead reagent consists of an immobilized preparation of lac- 
toperoxidase and glucose oxidase carefully blended to 
provide optimal enzymatic activity as a system. The solid 
phase support for the lactoperoxidase and glucose oxidase 
consists of hydrophilic spheres several microns in diameter.
On addition of glucose to a suspension of Enzymobeads,

125Na I and protein, the immobilized glucose oxidase continu
ously generates a small, steady amount of hydrogen peroxide. 
The lactoperoxidase, in turn, catalyzes the peroxide oxida
tion of labeled iodide to iodine. .Then the labeled iodine 
reacts with the proten to produce radioiodinated protein
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(Hubbard and Cohn 19 72; Marshall and Odell 1975; Miyachi, 
Crambacfe, Mechlenburg, and Lipsett 1973; Murphy 1976;
Tower, Clark and Rubin 1977; Schenkein, Levy, and Uhr 1972).

The solid phase enzymatic system offers several 
advantages over chloramine-T and soluble enzymatic labeling 
methods. Reactions using chloramine-T are not easily 
controlled. Since labile groups such as methionine and 
cysteine are oxidized by chloramine-T, resulting in varying 
degrees of denaturation of the sample (Buckle and Potts 
1970, Buckle 1971), an extremely short reaction time is 
required. The Enzymobead reaction makes this critical 
timing unnecessary. The enzymatically generated hydrogen 
peroxide is steadily consumed as iodination proceeds, pre
venting exposure of the proteins to oxidizing conditions. 
This is especially important when iodinating polypeptide 
hormones.

The solid phase format of Enzymobeads also elimi
nates the introduction of contaminants into the reaction 
mixture that occurs when using soluble enzymes.

Another reagent has been advertised by Pierce 
Chemical Company for iodinating proteins and polypeptides. 
1,3,4,6-Tetrachloro-3a, 6-diphenylglycoluril, first 
prepared by H. Blitz and 0. Behrens (1910), has been found 
to be a promising reagent for protein iodination. This 
reagent is exceedingly stable and virtually insoluble in 
water, yet it reacts rapidly in the solid phase with
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aqueous solutions of I0 and protein to give iodinated 
proteins. lodinations are terminated by separating the re
action solution from the chloroglycoluril by decanting or 
filtering; no reducing agent is needed to terminate the 
reaction.

In this research {des-acetyl}-a-MSH, an a-MSH ana
logue without N-terminal acetyl group, has been synthe
sized. Because its N-terminal seryl amino group now is 
available, the Bolton. Hunter reagent was tried on this 
analogue, hoping to obtain a radio-iodine labeled MSH. The 
synthesis of {des-acetyl}-a-MSH also makes it possible to 
examine the importance of the N-terminal acetyl blocking 
group in various aspects of research discussed elsewhere in 
this thesis.

Experimental Section 
The TLC was done using the following solvent 

systems: (A) l-BuOH-HOAc-^O (4:1:5-upper phase only) ; (B)
l-BuOH-HOAc-H^O-pyridine (15:3:12:10); (C) Amyl alcoliol-
pyridine-H^O (7:8:5); (D) l-BuOH-HOAc-H^O (2:1:1-upper
phase only).



Synthesis of {Des-Acetyl}-g.-MSH

Solid Phase Synthesis of Protected Tridecapeptide 
{Des-Acetyl}-a-MSH Benzhydrylamine Resin, H-Ser(O-Bzl)-Tvr 
(0-2, 6-Cl2-Bzl) -Ser(O-Bzl)-Met-Glu(O-Bzl)-His(Nim-Tos)-Phe- 
Ara(Ng-Tos)-Trp(N1-Formyl)-Gly-Lvs(N£-2,6-Cl^-Z)-Pro-Val- 
NH-Resin. The title compound was prepared starting with 
1.22 g (0.27 mmole) of Boc-valine-benzhydrylamine resin. A 
cycle for the incorporation of an amino acid residue into 
the growing peptide chain was the same as that described 
for the synthesis of a-MSH. The same side chain protecting 
groups as used in the synthesis of a-MSH were utilized.
The ninhydrin test was performed between step 1 and step 2 
(See Chapter 2). A three-fold excess of each Boc amino 
acid and a 2.4-fold excess dicyclohexylcarbodiimide were 
used. After the coupling of the last residue, Boc-Ser(0- 
Bzl), the peptide was deblocked, neutralized, and washed as 
described in steps 3, 4, and 5; 1.85 of the final product 
was obtained.

Preparation and Purification of {Des-Acetyl}-a-MSH, 
H— Ser—Tyr—Ser—Met—Glu—His—Phe—Arc—Trp—Gly—Lys —Pro—Val— . 
The dried protected tridecapeptide resin (0.66 g) from x 
above was treated with 15 ml of anhydrous HF in the 
presence of 2 ml anisole and 100 mg of methionine at 0°C 
for 1 hour. After evaporation of the HF and anisole in 
vacuo, the resin was washed with three 30-ml portions of
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ethyl acetate and extracted with 30-ml portions each of 30% 
acetic acid, 1 N acetic acid, and f^O. The combined 
aqueoux extracts were lyophilized to give 130 mg of crude 
{des-acetyl, N^-formyl-Trp^l-a-MSH. The latter material 
(130 mg) was chromatographed on Sephadex G-15 (2.2 x 120
cm) in 30% acetic acid (Figure 26A). The major peak (280 
nm detection) gave 100 mg {des-acetyl, N^-formyl-Trp^}-a- 
MSH after lyophilization. For deformylation the peptide 
was dissolved in 15 ml The pH was adjusted to 11.5
with 4 N NaOH. After 3 minutes at pH 11.5, the solution 
was acidified to pH 4.5 with glacial acetic acid and 
chromatographed on a carboxymethyl cellulose column (2.2 x 
25 cm). The material was initially eluted with 250 ml 0.01 
M ammonium acetate at pH 4.5 (Figure 26B) . A stepwise 
gradient of 250 ml each of 0.1 M, 0.2 M, and 0.4 M ammoni
um acetate (pH 6.8) was then applied to the column. The 
major peak was collected (280 nm detection) and solvent 
was removed in vacuo. The concentrated solution was then 
desalted by gel filtration on Sephadex G-15 (2.2 x 120 cm) 
in 30% acetic acid (Figure 26C). After lyophilization of 
the major peak, 39 mg of (des-acetyl}-a-MSH was obtained 
(21% overall yield based on the starting Boc-Val-benzhydry- 
lamine resin); = -42° (c = 0.6, 10% acetic acid);
TLC in the following solvent systems gave single uniform 
spots: = 0.20 (A), = 0.49 (B), R^ = 0.56 (C), R^ =
0.22 (D); amino acid analysis gave the following molar
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ratio; Trp 0.95 (1.0), Lys 1.05 (1.0), His 0.95 (1.0), Arg 
1.00 (1.0) , Ser 1.68 (2.0),. Glu 1.00 (1.0) , Pro 1.00 (1.00),
Gly 1.02 (1.0), Val 1.00 (1.0), Met 1.00 (1.0), Tyr 0.97
(1.0), Phe 1.00 (1.0). Paper electrophoresis in pyridine 
acetate buffer (pH 4.9, 400 volts, 5 h) showed one
Sakaguchi positive spot: = 0.80 (with respect to
arginine).

Results and Discussion
Based on the frog skin bioassay, {des-acetyl}-a-MSH 

has about one tenth that of a-MSH (Figure 27). This agrees 
with previous investigations. It is a full agonist as is 
a-MSH, suggesting that the N-terminal acetyl group is im
portant for receptor binding only and not for the biologi
cal activity per se.

The {des-acetyl}-a-MSH has been reacted with the 
hydroxysuccinimide ester of 3-(4-hydroxyphenyl)-propionic 
acid by Mr. Chris Heward using the Bolton-Hunter method 
(Bolton and Hunter 1973). Unfortunately, the final product 
was biologically inactive in the frog skin bioassay system. 
Under the neutral pH condition of the reaction, the e-lysyl 
amino group was protonated, and in principal only the N- 
terminal a-amino group should be completely free to couple 
with the hydroxysuccinimide ester. Therefore,the inactiva
tion of 3-(4-hydroxyphenyl)-propionic acid analogue of a-MSH
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could be due to. the large, bulky Bolton-Hunter group, which 
keeps the molecule from binding to the receptor.



CHAPTER 9

FURTHER INVESTIGATIONS ON THE SYNTHESIS 
OF a-MSH ANALOGUES AND FRAGMENTS

a-Melanocyte stimulating hormone is a tridecapeptide 
(See Figure 1 for primary structure) which is synthesized 
and secreted by the pars intermedia of the vertebrate pitu
itary (Bagnara and Hadley 1972). This hormone stimulates 
melanin synthesis and melanosome movements within integu- 
mental melanocytes of vertebrates. Besides its affects on 
other skin physiological processes (Howe 1973) MSH stimu
lates tyrosinase activity of mouse melanoma cells grown in 
tissue culture (Pawelek et al. 1973). As for most other 
peptides its effects are mediated through the second messen
ger, cycle 31,51-adenosine monophosphate (cyclic AMP)
(Pawelek et al. 1973). The receptor mechanisms by which MSH 
activates melanoma cell membrane adenylated cyclase are 
being investigated by our laboratory (Sawyer, Yang, Heward, 
Bregman, Fuller, Hruby, and Hadley in press). We are 
attempting to design a radioreceptor assay for MSH using 
mouse melanoma cell membranes. lodinated a-MSH has been 
reported to bind with melanoma cell MSH receptors (Varga et 
al. 1974).

Ideally, one would like to iodinate the tyrosine 
moiety of MSH for these studies. Our attempts so far to

125
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prepare a biologically active iodinated a-MSH (Sawyer et al. 
in press) or 3-MSH (Reward et al. 1979) from the native 
hormones have been unsuccessful. A possible explanation 
for this is that iodination of the tyrosine of MSH is 
responsible for the loss of activity of the hormone. We 
have attempted therefore, to determine the contribution of 
the 2-tyrosine moiety of a-MSH to the biological activity 
of the peptide.

In this chapter studies on the total syntheses of
2 2 (Phe }-a-MSH, (Gly }-a-MSH, and Ac-a-MSH^_^ are described.

Experimental Section
The TLC was done using the following systems: (A)

l-BuOH-HOAc-H^O (4:1:5-upper phase, only); (B) 1-BuOH-HOAc- 
pyridine-H20 (15:3:10:12); (C) l-BuQH-pyridine-HOAc-H^O
(6:6:1.2:4.8) ; (D) isopropyl alcohol-25% NH^-t^O (3:1:1);
(E) amyl alcohol-pyridine-HgO (7:7:6).

Attempted Syntheses of  ̂
the a-MSH Analogues {Gly }- 
a-MSH and {Phe^}-a-MSH.

The syntheses of the title compounds were carried 
out by the solid phase procedures similar to those already 
described for the synthesis of (D-Tyr }-a-MSH. The products 
were cleaved from the resin with anhydrous HE as before and 
then purified by gel filtration. The N -formyl protecting 
group of tryptophan was removed as above and purified by ion
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exchange chromatography on carboxymethyl cellulose using
the same gradient system as used in the synthesis of

? 2 {D-Tyr }-a-MSH. The final purification for {Gly }-a-MSH
2and {Phe )-g-MSH was by gel filtration on Sephadex G-25

using 30% acetic acid as eluent solvent. From 0.1 mmole
of starting Boc-Val-NH-resin there was obtained 13 mg of
impure {Gly2}-a-MSH (3.5% overall yield), = -7°
(c = 0.51, 10% HOAc). From 0.10 mmole of starting Boc-Val-

2NH-resin there was obtained 44 mg of impure {Phe }-a-MSH 
(12.0% overall yield) , = ~16° (c = 0.40, 10% HOAc).
Paper electrophoresis in pyridine acetate buffer (pH 4.9, 
400 volts, 5 h) showed single Sakaguchi spot for each 
derivative as follows (R^ with respect to arginine):
{Gly2}-a-MSH, = 0.62; {Phe2}—a—MSH, R^ = 0.70. The 
amino acid analyses results are shown in Table 3; the TLC 
results: {Phe2}-a-MSH, R^ = 0,19 (A), R^ = 0.60 (B), R^ =
0.70 (C), R = 0.73 (D); {Gly2}-a-MSH, Rf = 0.19 (A), Rf =

0.58 (B), Rf = 0.70 (C), R = 0,74 (D).

Synthesis of Acetyl-a-MSH _̂̂ .

Preparation of Boc-His (Nim-Tos)-Benzhydryla'mine 
Resin. To 4.0 g of benzhydrylamine resin in 20 ml dichlo- 
romethane was added 491 mg (1.2 mmole) of Boc-Nlm-tosyl- 
histidine in 10 ml dichloromethane followed by 197 mg
(0.96 mmole) of dicyclohexylcarbodiimide in 10 ml
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Table 3. Amino Acid Analyses 

and Fragment.
of Synthetic a-MSH Analogues

{Phe2}--a-MSH {Gly2}-a-MSH Ac-a-MSHl-6
Amino Acid Calcd Found Calcd Found Calcd Found

Lys 1 0.94 . 1 1.03
His 1 0.97 1 0.93 1 1.00
Arg 1 1.09 1 1.04
Val 1 0.90 1 1.07
Ser 2 1.84 2 1.64 2 1.83
Glu 1 1.02 1 1.10 1 1.08
Pro 1 1.02 1 1.08
Gly 1 1.06 2 2.07
Met 1 0.18 1 0.11 1 2.20
Tyr 1 0.90
Phe 2 2.07 1 1.04
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dichloromethane. The reaction mixture was stirred for 15 
hours at room temperature. After being washed with four 30- 
ml portions each of dichloromethane, ethanol, and 
dichloromethane, the resin gave a negative ninhydrin test. 
The resin was dried iri vacuo to give 4.2 g of Boc-His (Nlm- 
Tos)-benzhydrylamine resin. Amino acid analysis followed 
by hydrolysis in propionic acid/12 N HCl (1:1) showed that 
the level of Boc-N"Lm-tosyl-histidine substitution was 0.10 
mmole/g.

Attempted Sold Phase Synthesis of Protected Hexa- 
peptide Acetyl-a-M5H _̂̂ .Benzhydrylamine Resin, Ac-Ser (O-Bzl) 
Tvr(0-2,6-C1 -Bzl)-Ser(O-Bzl)-Met-Glu(Bzl)-His(Nlm-Tos)-NH- 
Resin. The title compound was prepared starting with 4.0 g 
(0.40 mmole) of the Boc-His(Nim-Tos)-O-resin. A cycle for 
the incorporation of an amino acid residue into the growing 
peptide chain was the same as that described for the syn
thesis of a-MSH. A three-fold excess of each Boc amino 
acid and a 2.4-fold excess dicyclohexylcarbodiimide were 
used. The same side chain protecting groups are used in 
the synthesis of a-MSH were utilized. The ninhydrin assay 
was performed to insure complete coupling. After the 
coupling of the last residue, Boc-Ser(O-Bzl), the peptide 
was deblocked, neutralized, and washed, and acetylated with 
N-acetylimidazole; 4.45 g of protected hexapeptide was 
obtained.
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Preparation and Purification of Putative

Ac-.a-MSH, r, Ac-Ser-Tyr-Ser-Met-Glu-His-NH^. The dried l — o z
protected hexapeptide resin (2.0 g) from above was treated 
with 15 ml of anhydrous HF in the presence of 2 ml anisole 
and 100 mg of methionine at 0°C for 1 hour. After evapora
tion of the HF and anisole iri vacuo, the resin was washed 
with three 30-ml portions of ethyl acetate and extracted 
with three 30-ml portions each of 30% acetic acid, 1 N a 
acetic acid, and H^O. The combined aqueous extracts were 
lyophilized to give 450 mg Ac-a-MSH^_^. The peptide was 
further purified on Sephadex G-15 and G-10 to give 130 mg 
Ac-a-MSH^_g (60.0% overall yield based on the starting Boc- 
His (N^-Tos)-0-resin) ; 545 = -14° (c = 0.41, 10% acetic
acid); TLC in the following solvent systems gave single 
uniform spots: = 0.33 (A), = 0.55 (B), = 0.48 (E).

Results and Discussion
The extremely low values of methionine in the amino 

2 2acid analyses for {Phe }- and {Gly1}-a-MSH indicated incom
pletely coupling of Boc-methionine to the growing peptide 
resin. No trace of methionine sulfoxide, a possible oxida
tion product of methionine, was observed. In solid phase 
synthesis the complete coupling of each residue was monitor
ed by the ninhydrin test. Even though it indicated 100% 
coupling in these syntheses, it could be misleading. Alter
natively, other side reactions may have occurred, and the
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lack of good acid ratios for other residues indicates this 
may be so. The main disadvantage for solid phase peptide 
synthesis is that the synthetic intermediates of the peptide 
are not characterized until the end of the synthesis. If 
undersirable side reactions occur, that may go undetected. 
The methionine residue posed no problem for the syntheses 
of a-MSH, 3p-MSH, and the analogues previously reported. 
Following exactly the same conditions in these syntheses 
gave an impure product.

Unfortunately, Ac-a-MSH^_^ on the other hand, has , 
one extra methionine as shown in the amino acid analysis 
(Table 3). It could be that Boc-methionine was coupled 
twice by mistake. Another explanation is that the addition 
of methionine as cation scavenger in the HF treatment could 
also be the source of this extra amino acid observed in the 
final product. The additional methionine could be possibly 
bonded to the peptide covalently. The exact nature of this 
side product needs further investigation.



CHAPTER 10

SYNTHESIS OF {l-HEMI-{1-13C}CYSTINE}- 
OXYTOCIN

Peptide hormones are chemical messengers which are 
biosynthesized in one part of the body, released into the 
bloodstream in response to a physiological demand, and 
travel to target tissues where they elicit biological re
sponses. Oxytocin is a peptide hormone which is made in a 
part of the brain known as the hypothalamus. It is stored 
in the posterior pituitary gland in a complex with proteins 
called neurophysins until it is released into the circula
tion (Sachs 1970). Oxytocin is known to play important 
roles in uterine contraction (Dale 1906) and milk-ejection 
(Ott and Scott 1910) in female mammals. Reviews of the 
pharmacological activities of oxytocin have been presented 
by Sawyer (1961) and by Heller (1963).

The objective of this research is the synthesis of
{l-Hemi-{l-"^C}Cystine}-Oxytocin (Figure 28) for studies of

13its interaction with bovine neurophysin using C nuclear 
magnetic resonance spectrocopy. In the pituitary gland of 
most mammals, the neurohypophyseal hormones, oxytocin and 
arginine vasopressin, are found in neurosecretory granules 
complexed to a group of proteins called neurophysins. 
Several studies had indicated that the a-amino group of
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NH CH
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CH.-CH(CH.)

Figure 28. The Molecular Structure of 
{1-Hemi-{l-l^c}Cystine} 
Oxytocin.



these hormones is intimately involved in the interaction
with the proteins (Stouffer, Hope, and du Vigneaud 1963;
Ginsburg and Ireland 1964; Breslow and Abrash 1966; Breslow
Aanning, Abrash, and Schmir 1971; Gamier, Alazard, Cohen,
Pradelles, Morgat, and Fromageot 1973). Binding studies of
neurophyseal hormone-neurophysin interaction have indicated
that the binding constant is pH-dependent (Ginsburg and
Ireland 1964; Gamier et al. 1973; Hruby, Spatola, Glasel,
and McKelvy 1975; Glasel, McKelvy, Hruby, and Spatola
1976). In order to monitor directly the ionization state
of the a-amino group of oxytocin when complexed to the

13neurophysins, the hormone specifically enriched with C
(90%) in the carbonyl carbon on the half cystine-1 residue

13was synthesized and the C NMR spectra of the protein- 
hormone complexes was observed. The chemical shift of 
this carbonyl carbon in the free hormone is very sensitive 
to the ionization state of the adjacent amino group (Walter 
Presad, Deslauriers, and Smith 1973). The resonance of
the enriched carbon should be easily observed in the 1:1 
(molar ratio) hormone-protein complex and, thus it should 
be easy to monitor the ionization state and pK^ value of 
the hormone's a-amino group in the hormone-protein complex.
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Experimental Section

Solid Phase Synthesis of 
{ 1-Hemi- {l-^C) Cystine} -Oxytocin

Benzylmercaptoacetaldehyde Diethyl Acetal. Under 
reflux, 9.2 g (0.4 gram-atom) of sodium was added slowly to 
200 ml of anhydrous ethanol. After a solution had formed,
50 ml (49.6 g, 0.4 mole) of benzyl mercaptan was slowly 
added with stirring. The reaction mixture was then cooled, 
and 52 ml (67.6 g, 0.4 mole) of the diethyl acetal of 
bromoacetaldehyde was added with stirring over a period of 
ten minutes. The reaction mixture was then heated gently 
(the reaction proceeding vigorously at the start) and then 
refluxed for 3 hours. After cooling and filtering off the 
precipitated sodium bromide, about 100 ml of ethanol was 
removed. The concentrated solution was treated with 200 ml 
of water and thoroughly extracted with three 50 ml portions 
of technical grade ethyl ether. The combined ether extracts 
were washed once with water and dried over anhydrous sodium 
sulfate. After evaporation of the ether, the product was 
distilled at 135°C ( 2 mm); yield 71 g (85%) of a colorless 
liquid. NMR (CDC13), 61.20 (t, J = 7 Hz, 6H), 62.55 (d, J = 
6 Hz, 2H), 63.50 (m, 4H) , 63.78 (s., 2H) , 64.50 (t, J = 6 Hz, 
1H), 67.23 (s, 5H).
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BenzyImercaptoacetaldehyde. Seventy one grams 

(0.335 mole) of the diethyl acetal of benzyImercaptoacetal
dehyde was heated with 226 ml of 1 N sulfuric acid for one 
and one-half hours under reflux and with stirring. The 
reaction mixture was then cooled and extracted with three 50- 
ml portions of technical grade ethyl ether. The combined 
ether extracts was washed once with water and dried over 
anhydrous sodium sulfate. After evaporation of the ether, 
the product was distilled at 121° (2 mm); yield 47 grams 
(84%) of a colorless liquid. NMR (CDCI3), 6 3.0 (d, J = 4 
Hz, 2H) , 6 3. 58 (s, 2H) , 67. 23 (s, 5H) , 69. 30 (t, J = 4 Hz,
1H) .

13g-Benzylmercapto-q-Hydroxy-{1- C}Propionitrile;
Ten ml (11.1 g, 0.666 mole) of the aldehyde was added 
slowly and with stirring to a solution of 6.4 g (0.0675 
mole) of sodium bisulfite in 20 ml of water. After 
stirring for 2 minutes a pasty mass of the bisulfite deri
vative was obtained. To this was added a solution of 2.0 g 
(0. 0408 mole) of -*-̂C sodium cyanide in 7 ml of water and 
the reaction mixture was stirred for 30 minutes. The oily 
cyanohydrin was extracted with four 25-ml portions of benzene. 
After the removal of benzene, 6.30 g cyanohydrin was obtained 
(83% yield). NMR (CDCl^), 62.80 (d, J = 6 Hz, 2H)t 63.65 
(broad, 1H), 63.85 (s, 2H), 64.43 (t, J = 6 Hz, 1H), 67.30 
(s, 5H) .
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B-Benzvlmercapto-a-Amino-{l-^C}-Propionitrile.

13The crude C cyanohydrin (6.30 g) was placed in 15 
ml flask fitted with a distillation head. The flask was 
heated to ^100° and anhydrous ammonia was bubbled through 
for 30 minutes; the water was distilled off as formed.
After cooling, the reaction mixture was dissolved in 30 ml 
of benzene and extracted with four 20-ml portions of 10% 
aqueous HC1 solution. The combined extracts were made 
alkaline (pH 9) with concentrated ammonium hydroxide (43 ml 
of 58% NH^OH), and the mixture extracted with four 25-ml 
portions of benzene. The combined benzene extracts were 
washed with 5 0 ml of water and dried over anhydrous sodium 
sulfate for 15 minutes. After evaporation of benzene, the 
crude aminonitrile was dark red in color; yield 3.25 g 
(46.0%). NMR (CDC13), 61.95 (broad, 2H), 62.80 (d, J=6 Hz, 
2H) , 63.75 (t, J=6 Hz, 1H) , 63.90 (s, 2H) , 67.30 (s, 5H),.

13S-Benzyl-{1- C}-dl-Cysteine. A mixture of 3.25 g 
of the crude aminonitrile was heated under reflux at 100°C 
with 33 ml of 37% aqueous HC1 solution for 4 hours. The 
reaction mixture was cooled, 25 ml of water was added, and 
then 28 ml of 58% ammonium hydroxide was added to form an 
alkaline mixture (pH 8.8). The solution was warmed up a 
little to dissolve most of the solid but some of the solid 
would not dissolve. The solution was cooled in ice bath 
for 40 minutes, and ten ml of glacial acetic acid was
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needed to bring the solution to pH 6. The crude 
S-benzyl-dl-cysteine was precipitated out and filtered off, 
and partially purified by redissolving it in 75 ml of 29% 
ammonium hydroxide, followed by precipitation with acetic 
acid to pH 6. The mixture was then placed in a refrigera
tor at 4°C. The product was filtered off and dried to

13yield S-benzyl-{1- C}-dl-cysteine 2.2 g (50% overall 
yield), m.p. 212-213°C {Lit. (Gawron and Glaid 1949), m.p. 
213-214}. NMR (TFA), 63.0 (d, J = 4 Hz, 2H), 6 3.9 (s, 2H), 
64.2 (b, 1H), 67.3 (s, 5H), 6 8.2 (b, 3H).

13Preparation of N-Boc-S-Benzyl-{1- C}-DL-Cysteine.
13S-Benzyl-{1- C)-dl-cysteine (736 mg, 3.47 mmole) 

was slurried with 19 ml 1.4-dioxane (treated by passing 
through basic alumina) and 19 ml of distilled water. The 
pH was adjusted to 10.2 with 4 N NaOH (2.5 ml). Boc-Azide 
(1.0 ml, 6.9 mmole) was added, and the reaction was 
maintained at pH 10.2 for 14 hours with a pH automatic 
titrator. The total amount, of 4 N NaOH added was 15.5 ml.

The reaction mixture was extracted with three 15-ml 
portions of technical grade ethyl ether, and then the 
aqueous layer was chilled to 0°C in ice bath. With vigor- 
our stirring at 0°C, the pH was lowered to 3.2 with 6 N 
HCl. The acid was added into the solution at the rate of 
12 drops per minute. A total of 5.2 ml HCl was added. 
Immediately the solution was extracted with four 36-ml
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portions of ethyl acetate. The combined ethyl acetate 
extracts were washed with 15 ml of ice water and two 14-ml 
portions of saturated NaCl solution. The organic layer was 
dried over anhydrous sodium sulfate and the solvent was 
removed in vacuo. The crude Boo cysteine was dried in a 
vacuum dessicator. For recrystallization the crude product 
was dissolved in 100 ml anhydrous ether, and precipitated •
with 50 ml petroleum ether (30-60°C).

13The yield of Boc-S-benzyl{1- C}-dl-cysteine was 
900 mg (83%); m.p. 109-110°C {Lit. (Spatola, Cornelius,
Hruby, and Blomquist 1974) 111.0-111.3°C}. NMR (CDCl^),
61.45 (s, 9H), 62.90 (d, J = 4 Hz, 2H), 63.72 (s, 2H),
64.50 (broad, 1H), 65.35 (broad, 1H), 67.30 (s, 5H), 68.35 
(s, 1H).

13Solid Phase Synthesis of S-Benzvl-DL-{1- C]
Cysteinyl-Tyrosvlisoleucylqlutaminylasparaqiny1-S- 
Benzylcysteinylprolylleucylqlycyl-O-Resin. The solid phase 
synthesis of the title protected nonapeptide resin was per
formed on the semi-automated peptide synthesizer. The 
support used was a chloromethylated polystyrene resin 
(crosslinked with 2% divinylbenzene, Cl = 1.9 mmol/g) which 
had been treated with Boc-glycine for 48 hours in ethanol to 
achieve a glycine substitution of 0.51 mmol/g as measured 
by the modified aldimine test (Ehler 1972). The reaction 
was run on a 1.02 mmol scale (2.0 g of resin). The cycles of
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deprotection, neutralization, and coupling were carried out 
for the introduction of each new residue as described in 
Table 4. All washes and reactions were carried out with 
25-ml portions. The procedure was varied during the 
couplings of the asparagine and glutamine nitrophenyl 
esters as shown in Table 5.

The procedure was again varied for the last step,
13 ithe addition of Boc-S-benzyl-dl-(l- C}-cysteine. In step 

8 and Step 9 (Table 4) only 1.5 equiv. (480 mg, 1.5 mmol ) 
of the amino acid was used with a similar amount of dicy- 
clohexylcarbodiimide (DCC). After the coupling step and 
three washing sequences (steps 10-12) a ninhydrin test was 
employed, and showed incomplete coupling to a limited 
extent (about 98% coupling was indicated). A second 
coupling using 100 mg (0.32 mmol ) of Boc-S-benzyl-dl- 
{1- c)-cysteine and 0.32 mmol of DCC for 2 hours was run. 
After the appropriate washes (steps 15, 16, and 1 of Table
4), the ninhydrin test indicated complete coupling. Follow
ing the last coupling, the terminal Boc group was removed 
and resin was neutralized and washed (steps 3-7 of Table 4. 
The resin was filtered, dried, and found to have increased 
weight by 0.75 g; 89.5% yield of peptide resin was 
obtained.
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Table 4. Solid Phase Peptide Synthesis Methodology for 

Coupling with Dicyclohexylcarbodiimide*

Step Purpose Solvent or Reagent Time „ , . , . (min) repetitions

1 Wash CH2C12 1 4
2 Assay ' Ninhydrin test - 1
3 Deprotect TFA-CH Cl -Anisole 

(35:63:2)
2 1

4 Deprotect TFA-CH Cl -Anisole 
(35:63:2)

20 1

5 Wash CH2C12 1 3
6 Neutralize DIEA-CH Cl, 

(10:90)
2 2

7 Wash CH2C12 1 4
8 Couple Amino acid (1.5 equiv.) 

ch2ci2
- 1

9 Couple DCC (1.2 equiv.) 
CH2C12

20 1

10 Wash CH2C12 1 2
11 Wash 100% Eton 1 2
12 Wash ch2ci2 1 3
13 Couple Amino acid (1.5 equiv.) 

CH2C12
- 1

14 Couple DCC (1.2 equiv.) 
CH2C12

20 1

15 Wash CH2C12 1 2
16 Wash 100% EtOH 1 2

aAll amino acids are N-Boc protected.
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Table 5. Solid Phase Peptide Synthesis Methodology for 

Coupling with Nitrophenyl Esters.

Step Purpose Solvent or Reagent Time _ .... (min) Repetitions

1 Wash ch2ci2 i 4
2 Assay Ninhydrin test - 1
3 Deprotect TFA-CH-Cl -Anisole 

(35:63:2)
2 1

4 Deprotect' TFA-CH9Cl„-Anisole
(35:63:2)

20 1

5 Wash ch2ci2 1 3
6 Neutralize d i e a-c h9ci 

(10:90) ^
2 2

7 Wash ch2ci2 1 4
8 Wash DMF 1 5
9 Couple Amino acida (4 equiv.) 

1-hydroxybenzotriazole 
(4 equiv.)-DMF

210-300. 1

10 Wash DMF 1 3
11 Wash ch2ci2 1 2
12 Wash 100% Eton 1 2

aAll amino acids are N-Boc protected.
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{1-Hemi-DL-{l-^^C}Cvstine}Oxytocin and Separation

1 3of the Diastereoisoiners. The peptide of DL-{ 1- C}Cys (Bzl) 
Tyr-Ile-Gln-Asn-Cys(Bzl)-Pro-Leu-Gly-NH^ was cleaved from 
the proceeding resin (2.75 g) by ammonolysis. The resin 
peptide was added to 124 ml of anhydrous methanol which had 
been saturated with ammonia (freshly distilled from sodium) 
at -5°C. The mixture was stirred for 72 hours in a tightly 
sealed 250-mi flask. Excess ammonia and methanol were then 
removed in vacuo, the peptide was extracted into 60 ml of 
warm dimethyIformamide (DMF) for 1 hour and the resin was 
filtered off. The resin was retreated with 100 ml DMF and 
stirred overnight at 75°C. The combined DMF solution 
volume was reduced to 10 ml and addition of water yielded a 
voluminous white precipitate which was filtered and dried 
overnight in. vacuo to give 450 mg (36%) of protected nona- 
peptide DL- { l-^c}Cys (Bzl) -Tyr-Ile-Gln-Asn-Cys (Bzl) -Pro- 
Leu-Gly-NB^. The protecting groups were removed by 
treatment of 340 mg (0.27 mmol) of the preceding protected 
nonapeptide with sodium metal in freshly distilled ammonia 
until a blue color persisted for 30 seconds. Excess sodium 
was destroyed with acetic acid, and ammonia was removed by 
evaporation followed by lyophilization. The white powder was 
dissolved in 600 ml of 0.1% aqueous acetic acid, the pH was 
adjusted to 8.5 with 3 N ammonium hydroxide, and the sulf- 
hydryl groups were oxidized with 50 ml of 0.1 N K^Fe(CN)^ 
solution. After 30 minutes the pH was lowered to 5 with 6 N
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acetic acid and solution was treated with 4 ml (settled
volume) of Rexyn 203 (Cl form). The mixture was stirred
for 20 minutes and the resin was removed by filtration and
washed with three portions of 10% aqueous acetic acid. The
filtrate and washings were combined and lyophilized to

13dryness. The product {1-Hemi-DL-{1- C)Cystine}Oxytocin
was separated into its diastereoisomers and purified using
the partition chromatography system described below.

13{1-Hemi-D-{1- C}Cystine}Oxytocin was separated 
13from {1-Hemi-L-{1- c}Cystine}Oxytocin by partition chroma

tography using the solvent system 1-butanol-3.5% aqueous
acetic acid in 1.5% pyridine (1:1) (Figure 29A). The crude

13product {1-Hemi-DL-{1- C}Cystine}Oxytocin was dissolved in 
3 ml of the upper phase and 2 ml of the lower phase of the 
solvent system 1-butanol-3.5% aqueous acetic acid in 1.5% 
pyridine (1:1) and applied to a Sephadex G-25 (Block poly
mer izate , 100-200 mesh) column, 2.85 x 62 cm, previously 
equilibrated with lower and upper phases. One hundred and 
eleven 5.0-ml fractions were collected. Reading on the 
Gilford Spectrophotometer (280 nm) showed three peaks, 
including the byproduct peak and two other peaks at R^ =
0.40 and 0.25 (Figure 29A). From the known R^ values of the
diastereoisomer in this system (0.35 and 0.24, Spatola et al.

131974), these peaks could be assigned to {1-Hemi-D-{1- C} 
Cystine}Oxytocin and {1-Hemi-L- {1-"*"^C}Cystine}Oxytocin, 
respectively. Both the D and L diastereoisomers were then
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separately purified by gel filtration chromatography on 
Sephadex G-25 (200-270 mesh) using 0.2 N acetic acid eluent
solvent (Figures 29B and 29C). Final purified yields were

1367 mg of {1-Hemi-L-{1- C}Cystine}Oxytocin and 52 mg of 
{l-Hemi-D-{1- C}-Cystine}Oxytocin.

Results and Discussion
The first synthesis of oxytocin was accomplished by

du Vigneaud, Lawler, and Popenoe (1953). This nonapeptide
contains the usual amide bonds, and also possesses a 20-
membered disulfide-containing ring (See Figure 28) and a
three amino acid residue tail. In the intervening 26 years,
several hundred structural analogues of oxytocin have been
synthesized. Berde and Boissonnas (1968) compiled a review
of over 200 analogues of oxytocin complete with biological
activity data for each analogue. The peptide prepared in
this investigation was made by the solid phase technique
described in the previous chapters.

The chemical strategy (Figure 30) for the synthesis
of S-benzyl-{ 1-^C}-dl-Cysteine is the incorporation of ^ C
sodium cyanide to benzylmercaptoacetaldehyde (Gawron and

13Glaid 1949). The resulting C cyanohydrin was treated with 
ammonia gas to give S-benzylmercapto-a-amino-{1-^C}-propi-
onitrile. The hydrolysis of the aminonitrile gave the S-

13benzyl-{1- C}-dl-Cysteine. The starting material for the 
synthesis of the intermediates and the final, product



OETOET
-CH„S-CH_CH.-CH„S Na

OETOET

OH
NaHSO -CH_SCH_CH-CH„SCHn-CH-C

NH

NH

-CH„SCH„-CH-C

-CH„-SCH„-CH- C-OH

Figure 30. Synthesis of S-Benzyl-{1-^^C}-DL-Cysteine

147



14 8
described above was the diethyl acetal of bromoacetaldehyde
which in sodium ethoxide solution was converted to benzyl-
mercaptoacetaldehyde diethyl acetal by treatment with benzyl
mercaptan. The latter compound was then hydrolyzed to the
corresponding aldehyde, which was used for the incorporation 

13of C sodium cyanide.
In solid phase peptide synthesis the growing peptide

chain was linked to the polymer support as its C-terminal
benzyl ester. For this reason the amino acid incorporated
on the resin bound peptide has to be protected on its a-

13amino group. The S-benzyl-{l- C}-dl-Cysteine was treated
with Boc-azide in 1.4-dioxane and water at room temperature
and pH 10.2 for 14 hours for the Na-Boc derivative.

After removal of the N-terminal Boc group, the par-
13tially protected protect nonapeptide amide H—{1- c}-dl- 

Cys(Bzl)-Tyr-Ile-Gly -Asn-Cys(Bzl)-Pro-Leu-Gly-NH^ was 
obtained by ammonolysis of the corresponding peptide resin • 
ester. A portion of the nonapeptide was treated with
sodium and liquid ammonia and then oxidized with 0.1 N K^Fe

13(CN)£ to {l-Hemi-DL-{1- C}Cystine}Oxytocin. The isomers 
were separated by partition chromatography on Sephadex G-25 
using the solvent system l-butanol-3.5% HOAc in 1.5% aqueous 
pyridine (1:1). The separation is shown in Figure 29. The 
first peak can probably be attributed to dimers and polymers



149
of oxytocin and other byproducts. The peak at = 0.40

13represents {1-Hemi-D-{1- C}Cystine}Oxytocin and = 0.25 
{l-Hemi-L-{1-^^C}Cystine}Oxytocin.

The solid phage synthesis of {l-Hemi-DL-d-^C} 
Cystine}Oxytocin was carried out on a semiautomated synthe
sizer. The reactions were monitored using the ninhydrin 
test method (Kaiser et al. 19 70) and indicated complete 
coupling. In this synthesis the removal of the Na protec
ting group was effected with the treatment of 35% TFA in 
dichloromethane (2% anisole) for 20 minutes. Except for 
Asn and Gin, the coupling reaction was accomplished with 
two 20-minutes treatments of 1.5 equiv. of the protected 
amino acid and 1.2 equiv. DCC. As for the coupling reac
tions of Asn and Gin, p-n.itrobenzylesters of both protected 
amino acids were used in the presence of 1-hydroxybenzotri- 
azole to catalyze the acylation reaction.

A modification of the coupling was employed for the
addition of the N-terminal amino acid, Boc-S-benzyl-dl- 

13{1- C}cysteine. In this case 1.5 equiv. of amino acid was 
used for the first coupling. After the initial coupling, 
the ninhydrin test indicated about 98% coupling; in order 
to preserve isotopically labeled material, a second 
coupling with only 0.30 equiv. each of Boc-S-benzyl-dl- 
{l-^c}cysteine and DCC (2-hour duration) resulted in 
complete coupling. The results of amino acid analysis of



the title compounds are listed in Table 6. Each peptide 
gave single uniform spots on TLC using solvent systems:
(a) 1-butanol-acetic acid-water (4:1:5-upper phase only);
(b) 1-butanol-acetic acid-pyridine-water (15:3:10:12), and
(c) 1-pentanol-pyridine-water (7:7:6), identical with 
authentic samples (Upson and Hruby 1976). Milk ejecting 
activities (Hruby and Hadley 1975) were identical and 
authentic samples. HPLC analysis was done as previously 
reported (Larsen, Viswanatha, Chang, and Hruby 1978; 
Larsen, Fox, Burke, and Hruby 1979), and showed the 
compounds to be pure (>99%) diastereoisomers.
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Table 6. Amino Acid Analysis of Oxytocin Diastereoisomers.

Amino Acid {l-Hemi-L-{1-13C}- 
Cystine}-Oxytocin

{l-Hemi-D-{1-13C}- 
Cystine}-Oxytocin

Cald______  Found______ Cald_________Found
Asp 1 1.03 1 1.00
Glu 1 i—1ot—1 1 0.98
Pro 1 1.08 1 1.07
Gly 1 1.00 1 1.00
Half-Cys 2 1.83 2 1.91
H e 1 1.03 1 0.98
Leu 1 1.00 1 1.02
Tyr 1 0.88 1 0.90
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Cysteine

Tyrosine

Isoleucine

Glutamic
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Abbreviation

Cys

Tyr
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Abbreviation
0 NH0
I t  I 2Asparagine H^N-C-CH^-C-COOH Asn

H

Proline C-COOH

H-C-CH

Pro

CH0 NH0
I ILeucine H-C-CHn-C-COOH Leu
I 2 I
CH3 H

NH0
IGlycine H-C-COOH Gly
IH

Phenylalanine
NH,

-CH--C-COOH
2 IH

Phe

HN\  '"2Arginine ^^C-NH-(CH2)^-C-COOH Arg
h 2n H



Name Formula
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Abbreviation

NH I 2
Histidine N ----- ,-CH.-C-COOH His

I L . J  2 1N ' ^  HH

NH0
I 2Alanine H.C-C-COOH Ala

3 IH

Protecting Groups

O
IIAcetyl CH^C- Amines Ac

O
IIFormyl H-C- Amines For

O
t-Amyloxy- (CH^) -.CH^-O-C- Amines Aoc

carbonyl

2,6-Dichloro- 
benzyloxy-
carbonyl ( )-CH^-O-C- Amines 2,6-C1 CM 

N



Name Formula

t-Butyloxy-
carbonyl

0

(CH^)^C-O-C- Amines

O-Nitrophenyl' 
sulfenyl

NO,

S-
Amines

p-Toluene- 
sulfony1 
(Tosyl)

Amines

Benzyloxycarbonyl

2,6-Dichlorobenzyl

CH

Cl
CH

Cl

0

Phenols

Benzyl CH - Alcohols
Thiols
Phenols

155
Abbreviation

Boc

Nps

Tos

Cbz, Z

2,6-Cl - 
Bzl

Bzl



Name Formula
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Abbreviation

Activating Group

p-Nitrophenoxide 09N- -0- Carbonyls

Solvents or Reagents 
0

Acetic Acid CH^-C-OH

H-.C. ,CH.
D u s o p r o p y l -  3 V h -N -CH 3
ethylamine | ^ ch

H3 CH2CH3 3

i /CH3Dimethyl- H-C-N^
formamide CH^

Dimethyl- H^C-S-CH^
sulfoxide j

O

ONp

HOAc

BuOH

DIEA

DMF

DMSO



Name Formula
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Abbreviation

Ethanol CH3-CH2-OH EtOH

CH0
I 3Isobutanol CH3-CH-CH2-OH iBuOH

Pyridine Pyr

Trifluoroacetic Acid cf3-c-oh

O

TFA

Dicyclohexyl- 
carbodiimide Q-N.C.N-Q DCC
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