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I. INTRODUCTION 

The classical concept of hormones as substances that excite or stimu
late is no longer universally valid. It is now recognized that hormones 
may inhibit as well as stimulate metabolic reactions and morphogenetic 
processes. The meaning of the term hormone has been sufficiently broad
ened in recent years to include plasma kinins, neurosecretions, and 
chalones in addition to the classical vascular hormones (1). The majority 
of the known hormones fall in the category of polypeptides and proteins. 

In Volume I of this series, polypeptide and protein hormones were 
discussed briefly in the chapter by Modest et al (2). Since then there 
have been significant advances in the understanding of the structure 
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and function of this important class of hormones. The second section 
of the present chapter deals briefly with the progress in the elucidation 
of the structures of protein and polypeptide hormones and their mode 
of action. Those few hormones that seem to exhibit inhibitory properties 
are considered in the third section. By far the best examples of inhibition 
by protein and polypeptide hormones are found among the numerous 
analogs that have been prepared. Hormone analogs that act as inhibitors 
are discussed in the fourth section. This review will be concerned mainly 
with the inhibitory properties of protein and polypeptide hormones and 
their analogs at the molecular level. Most of the polypeptide and protein 
hormones are involved in homeostasis and therefore exhibit some actions 
that antagonize the effects of another hormone. Biological antagonism 
such as that between insulin and glucagon in the regulation of glucose 
metabolism or that between parathyroid hormone and thyrocalcitonin 
in the regulation of calcium metabolism falls outside the scope of this 
review. 

II. STRUCTURE AND MODE OF ACTION OF PROTEIN 
AND POLYPEPTIDE HORMONES 

During the past decade there has been phenomenal progress in the 
elucidation of the structure and function of protein and polypeptide 
hormones. Methods developed in the fifties for determining the amino 
acid sequences of peptides and proteins have been refined and improved 
enormously. As a result, elucidation of the primary structure of a poly
peptide has become almost routine and is often limited only by the 
availability of sufficient quantities of the peptide under investigation. 
When Volume I of this series was published in 1963, the structures of 
only seven polypeptide hormones were known. At this writing, the amino 
acid sequences of 20 polypeptide and protein hormones have been eluci
dated. The protein and polypeptide hormones that have been isolated 
and characterized are listed in Table I (3-25). 

These hormones range from simple to highly complicated structures 
and represent all levels of organization of peptide structure. Adreno-
corticotropin and the melanotropins are representatives of linear poly
peptides with no apparent recognizable three-dimensional architecture. 
The neurohypophyseal hormones oxytocin and vasopressin are small 
peptides that exhibit a great deal of structural rigidity by virtue of 
the presence of a monocyclic disulfide ring. Growth hormone and pro-
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TABLE I 
POLYPEPTIDE AND PROTEIN HORMONES 

No. of amino 
Hormone acid residues Origin Reference 

Oxytocin 9 Posterior pituitary (pig) 3 
Vasopressin 9 Posterior pituitary (pig) 4 
Adrenocorticotropin (ACTH) 39 Anterior pituitary (pig) 5, 92 
a-Melanocyte-stimulating 13 Intermediate lobe of the 6 

hormone (<*-MSH) pituitary (pig) 
/3-Melanocyte-stimulating 18 Intermediate lobe of the 7 

hormone (/3-MSH) pituitary (pig) 
0-Lipotropin (0-LPH) 90 Anterior pituitary (sheep) 8 
Growth hormone 190 Anterior pituitary (human) 9,10 
Prolactin 198 Anterior pituitary (sheep) 11 
Interstitial-cell-stimulating 96 (a) Anterior pituitary (sheep) 12 

hormone, ICSH (also 120 (/3) 
called luteinizing 
hormone, LH) 

Thyroid-stimulating 96 (a) Anterior pituitary IS 
hormone (TSH) 113 (β) (bovine) 

Follicle-stimulating Anterior pituitary (sheep) 14 
hormone (FSH) 

Insulin 51 Pancreas (bovine) 15 
Glucagon 29 Pancreas (pig) 16 
Gastrin 17 Stomach (pig) 17 
Secretin 27 Intestine (pig) 18 
Cholecystokinin 33 Intestine (pig) 19 
Calcitonin 32 Thyroid (pig) 20 
Parathyroid hormone 84 Parathyroid (bovine) 21 

(PTH) 
Thyrotropin-releasing 3 Hypothalamus (pig) 22 

factor (TRF) 
Melanotropin release 3 23 

inhibiting factor (MRIF) 
Human chorionic soma 190 Placenta (human) 24 

tomammotropin (HCS) 
Human chorionic Placenta (human) 25 

gonadotropin (HCG) 

lactin are examples of globular proteins with well-defined three-dimen
sional structures which appear to be important for the manifestation 
of their biological actions. Representatives with quaternary structure 
have been found in the glycoprotein hormones of the pituitary as well 
as the placenta. Each of these glycoprotein hormones (TSH, ICSH, FSH, 
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and HOG) has been shown to be composed of two nonidentical subunits 
of comparable size. The maintenance of the quaternary structure appears 
to be important for the biological actions of these hormones. 

During the past decade, the promise and power of the comparative 
approach to problems of molecular endocrinology became evident. In 
addition to the hormones listed in Table I, the structures of a number 
of these polypeptide hormones derived from a wide variety of species 
have been elucidated. Comparison of the biological properties of the 
hormone molecules obtained from different species and correlation of 
these properties with the structural modifications introduced by nature 
in the process of evolution has proved to be a very useful method of 
relating structure and function. Some of these naturally occurring poly
peptide hormones isolated from one species are found to be inhibitors 
of the actions of the endogenous hormones in another species. Such cases 
represent naturally occurring analogs that act as inhibitors. 

By far the largest number of analogs of polypeptide hormones have 
been prepared by chemical synthesis and selective chemical modification. 
As a result of the rapid progress in the field of peptide synthesis during 
the past 15 years, numerous analogs of the neurohypophyseal hormones, 
the melanotropins, adrenocorticotropin, insulin, and the gastrointestinal 
hormones have been synthesized. Some of these synthetic analogs, espe
cially in the case of the neurohypophyseal hormones, have been found 
to be effective inhibitors of the actions of the naturally occurring hor
mones. Chemical modification of polypeptide hormones has also been 
very useful in studies of structure-function relationships, especially in 
the case of large molecules. The introduction of new reagents and milder 
conditions have led to highly selective modifications of the functional 
groups of protein and polypeptide hormones. Of the hormone analogs 
prepared by selective chemical modification, those possessing inhibitory 
properties have proved to be of great value in understanding hormonal 
specificity. 

Concurrent with these advances in the chemistry of polypeptide hor
mones, there has been considerable progress in the elucidation of the 
molecular mechanisms of action of these hormones. It is now known 
that most of the polypeptide hormones including ACTH, MSH, vaso
pressin, ICSH, TSH, secretin, glucagon, PTH, and gastrin exert their 
biological actions by increasing the concentration of that ubiquitous 
nucleotide cyclic 3',5'-adenosine monophosphate (cyclic AMP) in their 
target cells {26, 27). In a number of these cases it has also been estab
lished that the increase in cyclic AMP concentration is achieved by 
stimulation of the enzyme adenyl cyclase, which converts ATP to cyclic 
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III. HORMONES THAT ACT AS INHIBITORS 

A, Prolactin 

In addition to its action on the initiation and maintenance of lactation, 
prolactin plays a major role in prolonging the life of the corpus luteum 
(SO, 31). The luteotropic action of prolactin has been interpreted in 
the past as a reflection of enhanced progesterone synthesis. Recently, 
Lindner and Lambrecht (32) have suggested that the luteotropic action 
of prolactin may be due to an inhibition of the synthesis of the luteal 
enzyme which converts progesterone to its less potent 20a-dihydro deriva
tive. In support of this hypothesis, Lambrecht et al. (33) showed that 
the temporary suppression of prolactin secretion during early gestation 
induces greatly enhanced synthesis of luteal 20a-hydroxy steroid de
hydrogenase, as reflected by the sharp rise in the ovarian secretion of 
20a-hydroxyprogesterone and the concomitant fall in progesterone re
lease below the level required to maintain pregnancy. Exogenous pro
lactin prevents this effect and maintains the low level of 20a-hydroxy 
steroid dehydrogenase characteristic of pregnancy. Further support for 
the notion that prolactin may suppress ovarian 20a-hydroxy steroid de
hydrogenase has been provided by Wiest et al. (34), who found that 
the induction of this enzyme by hypophysectomy and dislocation of 
the placenta was prevented by prolactin administration. These workers 
also showed that 20a-hydroxy steroid dehydrogenase activity is depressed 
during lactation. Prolactin did not affect the activity of 20a-hydroxy 
steroid dehydrogenase when added in vitro to the assay system, thus 
excluding a direct modification of the enzyme as the basis for the in 
vivo action of the hormone (32). The inhibition of the induction of 
20a-hydroxy steroid dehydrogenase synthesis by prolactin has also been 

AMP. Growth hormone (28) and insulin (29) appear to function by 
stimulating ribosomes to initiate the translation of messenger RNA. 
Thus, it appears that the protein and polypeptide hormones exert their 
regulatory action on metabolism and morphogenesis by stimulating sub
dued processes. In this sense, these hormones relieve inhibition rather 
than act as inhibitors. There are a few instances of inhibition by peptide 
hormones and these are considered in the next section. Most of the known 
cases of inhibition are due to hormone analogs, which often act as com
petitive inhibitors of the naturally occurring hormones (Section IV) . 
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confirmed by Armstrong et al. (35). Farmer (36) verified the earlier 
observation and found that the inhibition of 20«-hydroxy steroid de
hydrogenase activity by prolactin is not dose dependent but of an all-or-
none nature. The precise mechanism by which prolactin inhibits the 
induction of the luteal enzyme is not known. The luteotropic action 
of prolactin appears to be the only known case in which a protein hor
mone exerts its action primarily by suppressing the synthesis of an 
enzyme. 

Prolactin has been found to inhibit both spontaneous and thyrotropin-
induced metamorphosis in the anuran (frog) tadpole (37) as well as 
in the urodele (salamander) larva (38). However, the locus of thyroid 
antagonism in amphibians due to prolactin is not known. 

B. Adrenocorticotropin (ACTH) 

Although the major biological action of ACTH is the stimulation of 
steroidogenesis in the adrenal cortex, there are some reports of inhibitory 
actions attributed to ACTH. The inhibition of reproductive function 
by ACTH has been suggested as one of the endocrine mechanisms in
volved in the self-regulation of mammalian populations (39). Administra
tion of ACTH results in inhibition of sexual maturation and reproductive 
function in female house mice (40) and voles (41)· This suppres
sion of reproductive function by ACTH has also been produced in 
adrenalectomized animals, thereby suggesting that the inhibitory action 
is not mediated by the adrenal cortex. The formation of corpora lutea 
was completely inhibited by the administration of ACTH to adrenalec
tomized as well as intact mice. It has been concluded that ACTH inhibits 
reproductive function probably by inhibiting the secretion of pituitary 
gonadotropins. 

C. Insulin 

Insulin is known to antagonize the lipolytic action of epinephrine 
in fat pads incubated in the presence and absence of glucose (42). This 
antagonistic effect of insulin has been traced to a lowering of the intra
cellular levels of cyclic 3',5'-adenosine monophosphate, which is the 
mediator of the lipolytic actions of epinephrine as well as other lipolytic 
hormones. Butcher et al. (43) found that insulin caused a marked de
crease in the intracellular cyclic AMP levels in fat pads incubated with 
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epinephrine and theophylline. The effects of glucagon and ACTH on 
cyclic A M P and on lipolysis were also shown to be antagonized by 
insulin. It was further shown by Sneyd et al (44) that the effect of 
insulin on cyclic AMP levels w'as well correlated with its antilipolytic 
activity under conditions in which cyclic AMP was rate limiting on 
lipolysis. 

It is not known whether the antilipolytic action of insulin in fat cells 
is due to inhibition of adenyl cyclase, which converts ATP to cyclic. 
AMP, or to a stimulation of the phosphodiesterase which inactivates 
cyclic AMP. Available evidence suggests that insulin acts by inhibiting 
adenyl cyclase, but, as pointed out by Butcher (45), the possibility 
of an effect on the phosphodiesterase cannot be eliminated at this time. 
Insulin has been found to lower cyclic AMP levels in liver but not 
in muscle. It appears that cyclic AMP may not be involved in the 
major action of insulin, namely, enhanced carbohydrate transport into 
cells. 

D. Hypothalamic Releasing Factors 

The concept that the secretion of the hormones of the anterior pitui
tary gland is under the control of the hypothalamus is based mainly 
on physiological studies (46, 47). During the past two years, chemical 
evidence for the existence of such hypothalamic releasing factors (also 
called hypothalamic hypophysiotropic hormones) has been accumulated 
(47, 48). Thyrotropin-releasing factor (TRF) has been isolated from 
ovine and porcine hypothalami and characterized; it is a tripeptide with 
the structure pyroglutamylhistidylprolinamide (48). In addition, T R F 
as well as several analogs have been synthesized. It is believed that 
there is one releasing factor for each of the adenohypophyseal hormones. 
There is also evidence suggesting that several of these hypothalamic 
releasing factors are polypeptides or polypeptide derivatives. 

In the case of the three pituitary hormones, growth hormone, prolactin, 
and MSH, there is evidence for the control of secretion by means of 
an inhibiting factor in addition to a releasing factor (47, 48). Physiologi
cal studies in mammals have shown that the secretion of prolactin is 
normally under some sort of tonic inhibition by the hypothalamus (49). 
Studies (50) performed in vitro on incubated pituitary glands showed 
that the addition of hypothalamic extracts, but not cerebral cortical ex
tracts, reduced the release of prolactin. A dose-response relationship 
was obtained between the quantity of extract added and the decrease 
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in prolactin release with male and female rat pituitaries. Prolactin re
lease inhibiting factor (PIF) has been partially purified and separated 
from other releasing factors (48). It appears likely that PIF is a distinct 
hormone, although the chemical nature of this inhibiting factor has not 
been established. 

In addition to the growth hormone-releasing factor (GRF) , an inhibi
tory factor (GIF), which inhibits the GRF-stimulated release of growth 
hormone from rat pituitaries, has been isolated (51). The GIF has been 
separated from other releasing factors and appears to be clearly different 
from PIF. 

The secretion of MSH also appears to be regulated by a factor that 
inhibits the release of the hormone in both mammals and amphibians 
(62). Both in vitro and in vivo studies have shown that the release 
of MSH is inhibited by a substance present in acetic acid extracts of 
the hypothalamus. Celis and Taleisnik (53) found evidence for the 
enzymatic formation of the inhibiting factor (MIF) in rat hypothalamus. 
Incubation of stalk median eminence homogenates with oxytocin resulted 
in the formation of MIF. From a study of the MSH release inhibiting 
activity of several synthetic peptides related to oxytocin, Celis et al. 
(54) have concluded that MIF probably has the structure prolyleucyl-
glycinamide, which corresponds to the carboxyl terminal tripeptide of 
oxytocin. 

E. Chalones 

It has been suggested that the regulation of mitosis in adult mammalian 
tissues is under the control of humoral substances acting as inhibitors 
in a negative-feedback mechanism (55). Studies by Bullough and co
workers (56, 57) have indicated that certain tissues contain and pre
sumably produce substances that depress mitotic activity. These sub
stances, which have been called chalones, are tissue specific in that each 
chalone acts only on its tissue of origin. Although chalones have been 
extracted from liver, kidney, and granulocytes, the epidermal chalone 
has been studied most. Bullough and Laurence (58) report the epidermal 
chalone is a basic glycoprotein with a molecular weight of 40,000. Al
though the epidermal chalone is able to act by itself, it has been found 
that the ability of the chalone to suppress mitotic activity is augmented 
by the presence of epinephrine or a glucocorticoid hormone. Bullough 
and Laurence (58) speculate that a cell progresses toward tissue function 
if the chalone concentration is sufficient and reverts toward mitosis if 
the chalone concentration falls below a critical level. The elucidation 
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of the role of chalones as tissue autoregulators must await the isolation 
and characterization of these substances. 

IV. HORMONE ANALOGS AS INHIBITORS 

The inhibitory properties of hormone analogs have been investigated 
in some detail for several polypeptide hormones. Such inhibitors are 
proving to be of great value in the elucidation of the molecular mech
anisms involved in the action of hormones. Analogs of polypeptide hor
mones fall into three classes, namely, naturally occurring analogs, 
synthetic peptides, and analogs obtained by modification of hormone 
structure by chemical or enzymatic methods. 

A. Naturally Occurring Hormone Analogs 

The occurrence of two or more polypeptide hormones with common 
structural features appears to be the rule rather than the exception. 
The hormones of the anterior pituitary gland fall into three groups on 
the basis of structural similarities. Adrenocorticotropin, α-MSH, /?-MSH, 
and lipotropin all contain a common heptapeptide sequence in their 
structures (69). Growth hormone and prolactin have been found to ex
hibit considerable structural homology (60). A high degree of structural 
resemblance is found among the glycoprotein hormones TSH, ICSH, 
and FSH, which form the third group. The a subunit of TSH is known 
to be almost identical to the a subunit of ICSH (61). The structural 
similarities among the neurohypophyseal hormones are well known. 
Fourteen out of 27 amino acid residues in secretin are found to be in 
the same position as in glucagon (18). The structure of the placental 
hormone human chorionic somatomammotropin (HCS) is very similar 
to that of human growth hormone (HGH). Only 30 out of 190 amino 
acid residues in the sequence of HCS are different from those in the HGH 
sequence. 

The aforementioned structurally related hormones can be considered 
as naturally occurring analogs of each other, e.g., oxytocin an analog 
of vasopressin, secretin an analog of glucagon, HCS an analog of HGH, 
and so on. In addition to the structural similarities among different 
hormones isolated from the same species, a high degree of structural 
homology is found (as would be expected) in the structures of the same 
hormone isolated from different species of vertebrates. Although these 
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latter analogs possess the same type of biological activity in a given 
assay (usually a mammalian system), some of them exhibit inhibitory 
properties in other nonmammalian assay systems. Antagonism between 
naturally occurring polypeptide hormones at the molecular level is best 
exemplified by the neurohypophyseal hormones. The structures of the 
known neurohypophyseal principles isolated from different vertebrate 
classes are shown in Table II. Vasotocin, the neurohypophyseal hormone 
of nonmammalian vertebrates, is a structural hybrid of the mammalian 
hormones oxytocin and vasopressin and differs from each by a single 
amino acid residue. Morel and Jard (62) studied the effect of vasotocin 
on water and sodium reabsorption in the frog kidney and showed that 
oxytocin inhibited this action at an oxytocin: vasotocin ratio of 40. This 
inhibition by oxytocin could be surmounted by increasing the dose of 
vasotocin. 

Mesotocin, the oxytocic principle of amphibians and reptiles, differs 
from vasotocin by the presence of isoleucine, instead of arginine, in 
position 8. Mesotocin was also found to be a potent inhibitor of the 
action of vasotocin on water reabsorption (63). These studies provide 
evidence for antagonism at the receptor level. It appears that the oxy-

TABLE II 
NEUROHYPOPHYSEAL HORMONES OF THE VERTEBRATES

0 

Hormone Structure Class 

Oxytocin Cys-Tyr-Ue-Gln-Asn-Cys-Pro-Leu-Gly-NH2 Mammals, reptiles, 
birds 

Lysine 
vasopressin 

Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Lys-Gly-NH2 Piglike mammals 

Vasopressin Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH2 Most mammals 
I I 

Vasotocin Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Arg-Gly-NH2 Nonmammalian 
vertebrates 

Mesotocin Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Ile-Gly-NH2 Amphibians, reptiles 

I I 
Isotocin Cys-Tyr-Ile-Ser-Asn-Cys-Ile-Gly-NH2 Bony fishes 

I I 
Glumitocin Cys-Tyr-Ile-Ser-Asn-Cys-Pro-Gln-Gly-NH2 Ray-type fishes 
"Adapted from Pickering (93). 
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tocinlike structure of the 20-membered disulfide ring is necessary for 
attachment of the hormone to the receptors in frog kidney. The presence 
of a basic amino acid residue in position 8 seems to be essential to 
the functionality of the complex formed between the peptide and the 
receptor. 

The antagonistic action of oxytocin on the antiduretic response to 
vasopressin in rats appears to be due to a diuretic effect of oxytocin 
(64) and hence represents a biological antagonism rather than a competi
tive inhibition at the receptor level. 

B. Synthetic Analogs 

1. NEUROHYPOPHYSEAL HORMONES 

Berde and Boissonnas (65) reported in 1 9 6 8 that nearly 2 0 0 analogs 
and homologs of the neurohypophyseal hormones had been synthesized 
in various laboratories. The number of analogs investigated to date is 
considerably higher. Several of the synthetic analogs of oxytocin and 
vasopressin have been found to inhibit one or more of the many biologi
cal actions of these hormones. Rudinger and Krejci (66) have discussed 
these antagonists in detail and their review should be consulted for 
specific inhibitors. 

Synthetic analogs of oxytocin and vasopressin incorporating a modifi
cation in each of the sequence positions from 1 to 9 have been found 
to exhibit inhibitory properties. Modifications of the side chain of 
tyrosine in position 2 have provided the most effective antagonists of 
the actions of oxytocin. 2-O-Methyltyrosine oxytocin (referred to as 
methyl oxytocin), first synthesized by Law and du Vigneaud (67), has 
been investigated most thoroughly. Methyl oxytocin was found to inhibit 
the action of oxytocin on the isolated rat uterus, but it also showed 
intrinsic uterotonic properties under certain conditions (68). Rudinger 
and co-workers (69) established that the response to methyl oxytocin 
is highly sensitive to the hormonal status of the uterus, temperature, 
and the ionic composition of the medium. The structural features of 
methyl oxytocin that are important for the manifestation of the inhibi
tory properties were investigated by the synthesis of several analogs 
in which the para substituent in the aromatic side chain of tyrosine 
in position 2 was varied. These studies supported the hypothesis that 
the hydroxyl group of tyrosine is functionally involved in, but not essen
tial to, the action of oxytocin on a number of target tissues and that 
bulky substituents in its place enhance the inhibitor properties. 
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Analogs of the neurohypophyseal hormones with inhibitory action on 
the mammalian kidney have been synthesized recently. Chan et al. (70) 
found that 4-leucine oxytocin, which differs from oxytocin in that it 
has a leucine residue instead of a glutamine residue in the 4 position, 
has an antivasopressin activity on the rat kidney. Analogs of lysine 
vasopressin in which the 9 position is modified also appear to possess 
inhibitory activity. 9/?-Alanyllysine vasopressin and 9-deamidolysine 
vasopressin were found to exhibit antivasopressin activity. 

The properties of 9-deamidovasopressin (vasopressinoic acid) have 
been investigated in detail by Dousa et al. (71). Vasopressinoic acid 
is a potent and specific inhibitor of the action of vasopressin on mam
malian kidney. Vasopressionic acid specifically inhibited the stimulation 
of adenyl cyclase by vasopressin in rabbit kidney medullary tissue but 
had no effect on the stimulation of cortical adenyl cyclase by parathyroid 
hormone. The degree of inhibition depended on the concentration of 
vasopressinoic acid but could not be overcome with increasing doses 
of vasopressin. 

Thus, it appears that the alteration of the side chain of amino acid 
residue in the 2 position of oxytocin leads to the formation of inhibitors 
specific for oxytocin, and modification of the 9 position of vasopressin 
produces inhibitors specific for vasopressin. These inhibition studies with 
synthetic analogs suggest that the structural requirements for favorable 
interaction with the uterine receptor are different from those of the renal 
medullary receptor. Even though oxytocin and vasopressin are very 
similar in structure, specificity of interaction with the target organ of 
each hormone is ensured by the subtle differences in the structures of 
the receptors in the different target organs. 

Further insight into the molecular mechanism of the uterotonic action 
of oxytocin was obtained by Smyth (72), who found that iV,0-di-
carbamyl oxytocin prepared by reaction of cyanate with oxytocin has 
no intrinsic activity on the isolated rat uterus but inhibits the action 
of oxytocin. iV,0-Dicarbamyl oxytocin and iV,0-diacetyl oxytocin (73) 
are analogs of oxytocin in which the amino terminal and the hydroxyl 
group of tyrosine in the 2 position are blocked by carbamyl or acetyl 
groups, respectively. Both analogs are inhibitors of the uterotonic action 
of oxytocin. In order to assess the structural features compatible with 
inhibitory properties, Smyth (74) prepared the iV-earbamyl derivatives 
of a series of oxytocin analogs by reaction with cyanate. Whereas the 
iV-carbamyl derivative of oxytocin has 0.1% of the uterotonic activity 
of oxytocin and no antagonistic activity, the iV-carbamyl derivatives 
of oxytocin analogs containing methyl, ethyl, methoxy, carbamyloxy, 
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or acetoxy groups in place of the hydroxyl group of the tyrosine in 
the 2 position exhibit no intrinsic oxytocic activity and are powerful in
hibitors of the action of oxytocin on the isolated uterus. From an analysis 
of the inhibition of the action of oxytocin analogs on the isolated rat 
uterus by the inhibitor iV-carbamyl-O-acetyl oxytocin, Smyth (74) esti
mated the binding affinity and the ability to stimulate the uterine re
ceptor. On the basis of these studies, he concluded that the terminal 
amino group of oxytocin plays a role in the stimulation of the uterine 
receptor but may present a barrier to optimal binding of the hormone. 
The tyrosine hydroxyl group appears to play a major role in binding 
the hormone to its receptor and may be less important for the stimulation 
of activity. 

2 . MELANOCYTE-STIMULATING HORMONES 

The amino acid sequences of the known melanotropins are given in 
Table III. The presence of a common heptapeptide sequence, methionyl-
glutamylhistidylphenylalanylarginyltryptophylglycyl, in all the melano
tropins as well as in ACTH strongly suggests that the common biological 
activity of these polypeptide hormones, namely, the stimulation of am
phibian melanophores, may reside in the heptapeptide sequence. This 
expectation was fully borne out by the synthesis of the heptapeptide. 
Studies with numerous synthetic analogs of different chain lengths cor
responding to partial sequences of α-MSH have established that the 
tetrapeptide histidylphenylalanylarginyltryptophan is the smallest frag
ment possessing melanocyte-stimulating activity (75, 76). Yajima and 
Kubo (77) synthesized a pentapeptide with the sequence D-histidyl-D-
phenylalanyl-D-arginyl-D-tryptophylglycine which inhibited the skin-
darkening activity of the corresponding all-L pentapeptide, both in vitro 
and in vivo. Analogs of the pentapeptide containing D-phenylalanine, 
D-arginine, or D-tryptophan alone were found to be more active than 
the all-L pentapeptide in stimulating melanophores. The analog contain
ing D-histidine was inactive and acted as a weak inhibitor of the action 
of the all-L pentapeptide (78). Thus, it appears that the histidine residue 
of the melanotropins may be functionally important for melanocyte-
stimulating activity. 

3 . ACTH 

Structure-activity relationships of adrenocorticotropin have been re
viewed in detail (79). A synthetic analog corresponding to the first 2 4 



T A B L E III 
STRUCTURES OF ADRENOCORTICOTROPIN AND THE MELANOTROPINS 

Hormone Structure 

a-MSH 
(pig, beef, horse) 

CH3CO-Ser-
1 

Tyr 
2 

-Ser-
3 

Met-Glu-His-Phe-Arg-Trp-Gly 
4 5 6 7 8 9 10 

-Lys-
11 

Pro 
12 

-Val-NH2 

13 

0-MSH 
(Pig) 

Asp-Glu-Gly-Pro-
1 2 3 4 

Tyr 
5 

-Lys-
6 

Met-Glu-His-Phe-Arg-Trp-Gly 
7 8 9 10 11 12 13 

-Ser-
14 

Pro 
15 

-Pro-Lys-Asp 
16 17 18 

/3-MSH 
(beef) 

Asp-Ser-Gly-Pro-
1 2 3 4 

Tyr 
5 

-Lys-
6 

Met-Glu-His-Phe-Arg-Trp-Gly 
7 8 9 10 11 12 13 

-Ser-
14 

Pro 
15 

-Pro-Lys-Asp 
16 17 18 

/3-MSH 
(horse) 

Asp-Glu-Gly-Pro-
1 2 3 4 

Tyr 
5 

-Lys-
6 

Met-Glu-His-Phe-Arg-Trp-Gly 
7 8 9 10 11 12 13 

-Ser-
14 

Pro 
15 

-Arg-Lys-Asp 
16 17 18 

0-MSH 
(human) 

Ala-Glu-Lys-Lys-Asp-Glu-Gly-Pro-
1 2 3 4 5 6 7 8 

Tyr 
9 

-Arg-
10 

Met-Glu-His-Phe-Arg-Trp-Gly 
11 12 13 14 15 16 17 

-Ser-
18 

Pro 
19 

-Pro-Lys-Asp 
20 21 22 

ACTH 
(pig) 

Ser-
1 

Tyr 
2 

-Ser-
3 

Met-Glu-His-Phe-Arg-Trp-Gly 
4 5 6 7 8 9 10 

-Lys-
11 

Pro 
12 

-Val-Gly-Lys-Lys-
13 14 15 16 

Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-Leu-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 
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residues of ACTH containing the sequence D-glutamyl-D-histidyl-D-
phenylalanyl-D-arginyl-D-tryptophyl in positions 5-9 instead of the 
naturally occurring L-amino acid residues has been reported to inhibit 
the lipolytic activity of ACTH in isolated rat fat cells (80). The role 
of specific inhibitors in elucidating the mechanisms of the extraadrenal 
actions of ACTH are discussed in detail in Section IV,C. 

C. Hormone Analogs Prepared by Chemical Modification 

Chemical modification of polypeptide and protein hormones continues 
to be very useful in structure-function studies. The utility of chemical 
modification in preparing inhibitors of oxytocin has been discussed in 
Section IV,B. In this section the results obtained with specific inhibitors 
of ACTH and glucagon are considered. 

L ACTH 

In addition to its stimulatory action on the adrenal cortex, ACTH 
exhibits a number of actions on other tissues in the absence of adrenals 
(81). Of these, the ability to darken the skin of amphibians (melano-
cyte-stimulating activity) and the mobilization of free fatty acids from 
adipose tissue (lipolytic activity) have been investigated in some detail 
in terms of the structure of ACTH. The lipolytic action of ACTH on 
isolated rat adipose tissue was demonstrated in 1958 by White and Engel 
(82). Whereas ACTH is able to stimulate lipolysis in the adipose tissue 
of the rat as well as the rabbit, the melanocyte-stimulating hormones 
α-MSH and β-MSH are active only in rabbit adipose tissue. Tanaka 
et al. (83) found that several synthetic peptides possessing melanocyte-
stimulating activity but no adrenal-stimulating activity were able to 
stimulate the release of free fatty acids from rabbit fat pads. These 
peptides were found to be inactive in rat adipose tissue. The lipolytic 
activities of these peptides in rabbit adipose tissue were correlated with 
their melanocyte-stimulating activities. Similar results were reported by 
Lebovitz and Engel (84), who studied the properties of some derivatives 
of ACTH prepared by chemical modification of the naturally occurring 
hormone. This striking difference in the responsiveness of rat and rabbit 
adipose tissues to the melanotropins was attributed by Rudman et al. 
(85) to the selective inactivation of the peptide hormones by enzymes 
present in rat adipose tissue. In support of this, it was shown that 
homogenized adipose tissue of rat rapidly inactivated ACTH and MSH, 
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but similar treatment with rabbit adipose tissue homogenates caused 
no change in biological activity. Although such factors must play a 
role in the biological actions of these hormones, it is not apparent why 
ACTH is active in both species whereas the structurally similar melano
cyte-stimulating hormones are active only in rabbit tissue. Recent studies 
with an analog of ACTH provide an explanation of this difference. 

The analog is a chemically modified derivative of ovine ACTH 
prepared by selective modification of the single tryptophan residue in 
the molecule by reaction with o-nitrophenylsulfenyl chloride (86). The 
o-nitrophenylsulfenyl derivative of ACTH (NPS-ACTH) was found to 
be inactive as a lipolytic agent on isolated fat cells derived from rat 
adipose tissue. In addition, NPS-ACTH effectively inhibited the stimula
tion of lipolysis by ACTH in rat fat cells (86). This inhibitory action 
of NPS-ACTH was found to be quite specific. The lipolytic action of 
glucagon in isolated rat fat cells was not affected by NPS-ACTH. 

The actions of the lipolytic hormones on adipose tissue are known 
to be mediated by cyclic AMP. In order to elucidate the nature of 
the inhibitory action of NPS-ACTH, the stimulation of adenyl cyclase 
in rat fat cell ghosts was investigated; NPS-ACTH was unable to 
stimulate rat fat cell ghost adenyl cyclase and it specifically inhibited 
the ACTH-induced stimulation of adenyl cyclase in this system (87). 
These results imply that the integrity of the tryptophan residue of ACTH 
is essential for the hormonal stimulation of rat fat cell adenyl cyclase 
and that modification of the tryptophan does not affect the binding 
of the hormone to the rat fat cell receptor. 

Whereas NPS-ACTH is unable to stimulate lipolysis or adenyl cyclase 
in rat fat cells and acts as a specific inhibitor of the action of ACTH, 
in isolated rabbit fat cells NPS-ACTH is found to be a very potent 
lipolytic agent. It is able to stimulate adenyl cyclase in rabbit fat cell 
ghosts (87). It is highly unlikely that the activity of NPS-ACTH in 
rabbit fat cells is due to regeneration of ACTH in situ, in view of 
the fact that, at concentrations at which ACTH is barely active, NPS-
ACTH produces a fourfold stimulation of adenyl cyclase activity (87). 

The NPS-ACTH also exhibits a melanocyte-stimulating activity 
greater than that of ACTH (88). Thus, the correlation between lipolytic 
activity in rabbit fat cells and the melanophore-stimulating activity in 
amphibians appears to hold in the case of NPS-ACTH. These results 
suggest that the differences in the responsiveness of the rat and rabbit 
fat cells must be due to differences in the structures of the receptors 
of the two species. The integrity of the tryptophan residue seems to 
be essential for the favorable interaction of the hormone with rat fat 
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cell receptors. On the other hand, the stimulation of receptors in rabbit 
fat cells and frog melanophores by ACTH is enhanced by the modifica
tion of the tryptophan residue. Thus, it appears that the hormonal 
receptor in the rabbit adipocyte is similar to that of the frog melano-
phore. The structural requirements for interaction with the rabbit fat 
cell receptor are perhaps not very rigid, and hence both ACTH and 
the melanotropins are able to stimulate lipolysis in the rabbit fat cell. 
The rat fat cell receptor, on the other hand, appears to have rather 
stringent structural requirements for productive interaction which are 
satisfied by ACTH alone. An alternate explanation of these studies with 
NPS-ACTH would be that the rabbit fat cells and frog melanophores 
contain receptors specific for ACTH as well as the melanotropins but 
that rat fat cells contain receptors specific only for ACTH. 

These studies illustrate the fact that even when there is a great 
deal of structural resemblance between two polypeptide hormones, 
specificity of action can be ensured by means of subtle differences in 
the structures of the receptors. The presence of separate receptors in 
rat fat cells for the structurally similar hormones glucagon and secretin 
has been inferred from studies involving the selective inactivation of 
glucagon receptors (89). An inhibitor of the lipolytic action of ACTH 
in rat adipocytes, NPS-ACTH has proved to be highly useful in dis
tinguishing between ACTH and MSH receptors. It should prove to be 
of value in further comparative studies of the evolution of ACTH and 
MSH receptors. 

2 . GLUCAGON 

Pohl et al. (90) found that the adenyl cyclase in rat liver plasma 
membranes is specifically activated by glucagon. In the course of studies 
relating the structure of glucagon to its affinity for the receptor site 
in rat liver plasma membranes, Rodbell et al. (91) found that deshis-
tidine glucagon acts as a specific inhibitor. Histidine is the amino 
terminal residue in glucagon and deshistidine glucagon was prepared 
by removing the N-terminal residue by a one-step Edman degradation. 
Deshistidine glucagon was found to inhibit the stimulation of adenyl 
cyclase activity in rat liver membranes as well as in fat cell ghosts. 
In addition, Rodbell et al. (91) showed that deshistidine glucagon com
petitively inhibits the binding of [

1 2 5
I ] glucagon to its receptor in rat 

liver membranes. These results clearly demonstrate the functional role 
of the histidine residue in glucagon. The N-terminal histidine appears 
not to be involved in the binding of the hormone to the receptor but 
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seems to play an essential role in the stimulation of the adenyl cyclase 
through the receptor. 

V. CONCLUSION 

It is apparent from the discussion in the preceding sections that there 
are still very few well-established actions of protein and polypeptide 
hormones that can be clearly classified as inhibitory in nature. Hormone 
analogs are the best-known inhibitors and even in this class most in
formation is available only for the smaller polypeptides. The utility of 
hormone analogs with inhibitory properties in elucidating the molecular 
mechanisms of action of polypeptide hormones has been demonstrated 
in the case of the neurohypophyseal hormones and ACTH. Hormone 
analogs of both the synthetic and the chemically modified variety which 
act as inhibitors will continue to play an important role in the study 
of polypeptide hormone action. In addition, hormone analogs with 
specific inhibitory properties have many potential clinical applications. 
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