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PREFACE 

This dissertation is essentially a summary of progress on a 

research ~roject supported by a grant (No. PCM 77-07031) from the 

National Science Foundation. Support was also received from two United 

States Public Health Service Grants (Nos. CA 20547 and AH 17420). The 

ti tle of the NSF grant was "~1elanocyte Stimulating Hormnne Receptor 

Characterization and ~1elanoma Tumor Localization." The primary objec

tive of this research was to develop a radioactive analogue of alpha

l!lelanotropin (alpha-l!lelanocyte stimulating hormone, a-HSH) suitable for 

use as a marker for in vivo melanoma tumor localization. Although the 

research described herein has clearly progressed with that ultimate f,oal 

in mind, it has not as yet involved melanoma tumor localization directly. 

Therefore, as the title of this dissertation implies, the data presented 

will be limited to those from studies leading to the development of a 

radioactive marker suitable for radioreceptor assay and tumor localiza

tion. 

Many of the techniques described herein would not have been 

possible without collaboration with other investigators. The author now 

acknowledges these investigators and expresses his profound gratitude 

for their unselfish contributions of space, time, energy, and equipment. 

Specifically, the author thanks: 
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Dr. Mac E. Hadley - for his enthusiastic support of this re

search, his helpful comments and criticisms during our many discussions 

of the data, and especially for his genuine interest and active partici

pation in the project; 

Dr. Young C. S. Yang - for his dilligence in synthesizing the 

many peptides utilized in this research and his patience when my demnnds 

for peptides exceeded the realm of practicality; 

Tomi K. Sawyer - for synthesizing some of the more recent pep

tides and for running the adenylate cyclase assays; 

Dr. Victor J. Hruby - for his expertise and helpful support of 

myself as well as Young Yang in solving the ~any technical problems 

associHted with the synthesis, purification and analysis of the t-!SH and 

analogues; 

Dr. Rryan B. Fuller - for his creative contributions to this 

project and for the many interesting discussions (scientific and other

",ise) which have helped to make the past three years a re\O/arding and 

enjoyable experience; 

Dr. Brent R. Larson - for his time and effort in doing the Hir,h 

Performance Liquid Chromatography (HPLC) and for his continued interest 

in this project; 

Hs. Joyce t-I. Lebowitz - for her excellent technical assistance 

in many aspects of this research including melanoma cell culture and 

general laboratory procedures. 

Ms. Kristi L. Krutzfeld - for her excellent technical assistance 

with the frog skin bioassays, radioreceptor assays, and the various 

procedures associated with iodination; 
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ABSTRACT 

Alpha-melanotropin (alpha-melanocyte stimulatinp; hormone, a-l-1SH) 

exerts its biological action by binding to specific receptors on the 

outer cell membranes of its target tissues with a hIgh degree of 

affinity and specificity. Current evidence sur,gests that this takes 

place both in vitro and in vivo in both normal and malignant melanocytes. 

Thus, if it were possible to attach a radioisotope (e.g., 1251) to a-MSH, 

or a sui table analogue, without interfering "lith the receptor affinity 

of the hormone, then a radioreceptor assay could be developed which 

would allow hormone-receptor interaction to be studied in detail. In 

addition, this radio-labeled melanotropin might be expected to aCCUMU

late in melanoma tumors in vivo thus facilitating tumor localization by 

nuclear imaging methods as has been successfully accomplished for 

thyroid tumors. 

The present studies were initiated to develop a radioactive 

melanotropin with full, or nearly full, biological activity. This 

labeled melanotropin must be of sufficient specific radioactivity to be 

suitable as a tracer in a radioreceptor assay and ultimately as a marker 

for in vivo tumor localization. The studies described herein provide 

information concerning: chloramine T induced iodination, lactoperoxi

dase catelyzed iodination, and iodogen induced iodination of a-MSH and 

certain structural analogues. 

x 
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Radio-labeled derivatives of various melanotropins were prepared 

usinr, a variety of iodination technioues. Under conditions co~monly 

used for the iodination of other peptides a substantial loss of biologi

cal activity of the native hormone (a-}~SH) was observed. ':'his loss of 

hormonal activity was primarily a consequence of oxidation of 

methinonine and occurred regardless of the oxidant used (chloramine T, 

lactoperoxidase-hydrogen peroxide, or iodogen). 

Under similar iodination conditions using 4-norleucine-alpha

melanotropin ([Nle4]-a-MSH), satisfactory incorporation of label into 

the peptide was accomplished without significant loss of biological 

activity. Data are presented sug~esting that this peptide is far 

superior to a-}ffiH for use in the preparation of a radioactive melano-

tropine 

Al though some success was achieved usinr, erne 4J-a-r.;SH \'lith all 

three iodination methods, the simplest and most consistent method 

involved the use of iodogen followed by purification of the labeled 

product using hir;h performance liquid chromator,raphy (HPLC). The im-

portance of these studies in the development of a tracer for a radio-

receptor assay and for in vivo localization of melanoma tumors is 

discussed. 



CHAPTER 1 

INTRODUCTION 

Malignant melanoma represents one of the most severe forms of 

cancer known to man and as such warrants a major effort on the part of 

medical science to find a practical means of combating this disease. 

Perhaps the best approach for arresting malignancy in melanoma patients 

involves the early detection and removal of tumor tissue prior to exten

sive metastasis. The studies described in this dissertation may, ulti

mately, lead to a sensitive method for the early detection of melanoma 

tumors in vivo. Developing this method will involve investigation of 

the structure-activity relationships between alpha-melanotropin (alpha

melanocyte stimulating hormone, a-MSH) and its receptors. Such melano

tropin receptors are found on the membranes of amphibian dermal 

melanocytes and mouse melanoma cells. The knowledge obtained from these 

studies may then be used to direct the synthesis of a radioactive 

melanotropin which shows high receptor affinity and specificity for 

melanoma cells. Melanoma tumors may then be imaged when such a radio

active compound is injected into tumor bearing animals (or humans). As 

the labeled melanotropin selectively binds to its receptors and unbound 

molecules are cleared from the body, radioactive "hot spots" will appear 

where the tracer has collected in the tumor. 

1 
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Because a radioactive derivative of a-MSH havin~ high specific 

radioactivity and full biological potency has not been available, 

structure-activity studies of this hormone and its receptor have been 

limited to those comparing the potencies of various structural analogues 

on one or more bioassays (Hofmann 1975; Medzihradszky 1976). Such 

studies with analogues of a-MSH indicate that the a-}lSH molecule is com

posed of two separate "Message Sequences" and a "potentiator sequence" 

(Eberle and Schwyzer 1975, 1976). Presumably the former sequences are 

responsible for the biological activity of the hormone and the latter 

contributes to the binding of the molecule to its receptor. This has 

led to the theory that melanotropin receptors may be composed of mul

tiple sites corresponding to the affinity and activity sites of the 

hormone. Recently, evidence has been presented suggesting major differ

ences in the recognition-stimulation process in at least two of the 

assay systems (Eberle and Schwyzer 1979). There are, therefore, a 

number of controversial and unresolved issues regarding the structure

activity relationships of the melantropins. Consequently, there is an 

urgent need for direct studies on the interaction of a-MSH with its 

receptors. Of course, such studies depend upon the availability of 

radiolabeled preparations with full biological activity. 

Although certain investigators have reported successful iodin

ation of both a- (Eberle and Schwyzer 1979b) and tJ-MSH (Varga et ale 

1974) using chloramine T, detailed data on the biological activity of 

the resulting products were not presented. The present studies clearly 

show that although chloramine T iodinated derivatives of both forms of 

~SH are easily prepared at high specific radioactivity, they do not 
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show full hormonal activity. This loss of biological activity is due to 

both oxidation and iodination (Heward et ale 1979a)of the peptide. 

Thus, various alternative melanotropic peptides and iodination methods 

were investigated. These studies culminated in the preparation of a 

fully active iodinated analo~e of a-HSH [125I _Tyr2 , Nle 4J_a_HSH. The 

details of method by which this analogue was produced are presented 

below. 

Peptide Hormone Receptors 

The peptide hormone, a-HSH, has been shown, in a number of 

studies, to bind to melanoma cell membranes in vitro and to both stimu-

late melanogenesis and repress mitotic activity following this membrane 

binding event (\-long and Pawelek 1973). Little is known, however, about 

the nature of the molecular interaction between a-HSH and its receptor. 

It is clear that such knowledge is essential for developing radioactive 

melanotropins suitable for use in tumor detection. In addition, such 

knowledge may contribute to our basic understanding of the mechanisms 

through which peptide hormones in general interact with specific cellular 

receptors to elicit intracellular responses. 

Numerous investigations have demonstrated that peptide hormones 

initiate their biological actions by binding to specific receptors on 

the plasma membranes of their target cells (Catt and Dufau 1976). Spe

cific binding sites have been identified by showing that 125I_labeled 

hormones specifically bound to a membrane preparation of the hormones 

known target tissue can be displaced only by excess amounts of the same 

unlabeled hormone. Specific binding sites of ACTH (Lefkowitz et ale 

1970), gonadotropins (Catt, Dufau and Tsuruhara 1972; Kammerman et ale 



1972; Lee et ale 1973), prolactin (Shiu, Kelly and Freisen 1973), TRH 

(Labrie et ale 1972), and other peptide or polypeptide hormones have 

been identified in this manner in their respective target tissues. 

4 

The physiological role of cellular membrane receptors is to 

provide recognition sites of exquisite structural specificity through 

which the biological effects of peptide hormones are mediated. Forma

tion of the hormone-receptor complex results in the activation of cellu

lar enzymatic processes that lead to changes in the concentration of 

certain intracellular messengers which trigger specific physiological 

processes within the cell. Although these intracellular processes are 

also of interest, the present studies were concerned only with those 

events occurring outside the cell which influence the formation of the 

hormone-receptor complex. Of particular interest are the structural 

requirements for the specific binding of a-MSH with its receptor. 

Melanotropin Receptors 

Alpha-melanotropin is a peptide hormone and as such it exerts 

its biological action by interacting with specific membrane receptors 

possessed by normal integumental melanocytes (Bagnara and Hadley 1973) 

as well as abnormal melanocytes (melanoma cells) (Bitensky, Denopoulos 

and Russell; Kreiner et ale 1973). Melanoma cells grown in tissue cul

ture also respond to a-MSH by increased tyrosinase activity and 

melanization (Pawelek et ale 1973). Varga et ale (1974) have shown that 

~-MSH acts on the melanoma cell membrane by demonstrating that ~-MSH 

linked covalently to Sepharose beads stimulates both tyrosinase activity 

and melanization. 
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Interaction of a-HSH with its receptor results in activation of 

adenlyate cyclase which produces a subsequent rise in intracellular 

levels of cyclic AMP in both frog skin melanocytes (Abe et ale 1969aj 

Abe et ale 1969b) and melanoma cells (Pawelek et ale 1973). This, in 

turn results in the activation of cyclic-AMP-dependent protein kinases 

which catelyze the phosphorylation of certain substrate proteins within 

the cell resulting in increased production of the enzyme trosinase 

(Korner and Pawelek 1977). Tyrosinase then converts tyrosine to melanin 

in the process known as melanogenesis. From these and other studies it 

appears that a-HSH stimulates melanoma cells and frog skin melanocytes 

in a similar manner. Thus, the presence of specific melanotropin recep

tors on mouse melanoma cells prompted the idea of using radiolabeled 

a-MSH and/or a related analogue to detect melanoma tumors in vivo. The 

development of such a method for melanoma tumor detection would 

obviously be greatly facilitated if the structure-function information 

already available from the frog skin bioassay were directly applicable 

to the melanoma cell receptor. 

Hofmann (1975) has recently reviewed the bioassay literature on 

the relationship between chemical structure and function in the melano

tropins. The structural formula for a-MSH and a summary of current 

thought on the structure-activity relationships of the melanotropins 

are presented in Fir,ure 1. The unshaded amino acids in this figure 

indicate those which are common to all naturally occurring peptides 

having melanotropic activity. This led to the early hypothesis that 

the sequence 'NET-GLU-HIS-PHE-ARG-TRP-GLY' was the "active site" or 

"message sequence" for biological activity (Li et ale 1961). Additional 
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Figure 1. Structural formula of alpha-melanotropin. -- Amino acids in the unshaded areas are 

those which are common to all naturally occurrin~ melanotropins. Shaded amino acids 
may be different in other melanotropins (e.g., /3-"t-mH, ACTH, ,B-Lipotropin, etc.). 
Current thought with respect to melanotropin structure-activity relationships in 
terms of "Potentiator" and "Message" sequences is shown. 
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studies usinp; small peptide fragments of a-t-!SH and related derivatives 

revealed that the shorter sequence 'HIS-PHE-ARG-TRP-GLY' possessed full 

agonistic activity when tested at high concentrations. This sequence, 

therefore, has since been generally accepted as the "central message 

sequence" for the melanotropins. 

7 

Recently Eberle and Schwyzer (1975, 1976) have obtained evidence 

that the peptide fragment 'LYS-PRO-VAL-NH2 ' is a second "e-terminal 

message sequence" for a-r·~SH. This sef1uence is capable of independently 

triggering the hormonal response of frog skin melanocytes. Therefore, 

these workers suggest that in correct covalent cOMbination the two 

message senuences act in a "cooperative" manner to stimulate the Melano

tropin receptor. In addition, the activities of these two "message 

sequences" are greatly potentiated by the addition of a third "poten

tiator sef1uence," 'Acetyl-SER-TYR-SER-HET-GLU' within the peptide chain. 

A relatively large number of structural analogues and fragments 

of a-HSH have been synthesized and tested for biological activity. 

Although the investigators involved have priMarily used frog skins for 

the assessment of biological potency, they have not always used the same 

methodology or even the same species of animal. Thus, different results 

bebo/een workers have been encountered (Koida, Hano and Iso 1966; Kastin 

et ale 1965) and the potency values for a- and~-MSH have not always 

been consistent. It is not surprising, therefore, that the scheme 

depicted in Figure 1 is not universally accepted by experts in the field 

(Medzihradszky 1976). 
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Iodination of the Melanotropins 

Triiodide cation is the most frequently employed iodinRting 

aRent for the iodination of proteins and peptides. It is formed upon 

addition of molecular iodine (12) to solutions of sodium iodide. Since 

molecular iodine is a volitile gas, it is often desirable, particularly 

when radioactive iodine is used, to generate the iodinating agent in the 

reaction mixture. Iodine can thus be generated in sodium iodide solu-

tion (hence NaI3) by the addition of a stronger oxidant such as chlora

mine T (Hunter and Greenwood lq62) , H202 in the presence of lacto

peroxidase (Marchalonis 1979), or iodogen (Fraker and Speck lq78). Once 

generated, the triiodide ion reacts quickly with any tyrosine moieties 

available to form mono- and di-iodotyrosine (Fig. 2). If available 

triiodide ion is the rate limiting component of the reaction, then 

monoiodotyrosine is usually formed preferentially. 

Mono- and di-iodohistidine are also often formed under the usual 

conditions for iodination of peptides and proteins (Idolf and Covelli 

1966). The ratio of tyrosine to histidine iodination, however, is sub

ject to large variation, depending upon the protein to be iodinated and 

the iodination conditions. Oxidation of tryptophanyl residues does not 

usually occur under mild iodination conditions for most proteins (Wolf 

and Covelli 1966), but has been shown to occur under more extensive 

treatment (Hughes and Strassle 1950; Hartdegen and Rupley 1964). A~ain, 

this seems to depend upon the particular protein iodinated. The oxida

tion by iodine of a single tryptophan in lysozyme has been demonstrated 

without apparent modification of any other residues. In the case of 
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a-MSH, all of these amino acids (tyrosine, histidine and tryptophan) are 

apparently vulnerable to attack by the triiodide ion (Heward et ale 

1979). 

Several reports in the literature have described the successful 

iodination of a-MSH for radioimmunoassay using standard oxidative tech-

niques (Dupont et ale 1975; Kopp et ale 1977). This was possible be-

cause biological activity is not an absolute require~ent for tracers in 

radioi~munoassays. Some investigators have utilized 125I_labeled a-~~SH, 

prepared by oxidative methods, to localize melanotropin receptors in the 

brain of rats (Pelletier et ale 1975). One group of investigators has 

even reported full biolor,ical activity for a highly-labeled preparation 

of ~-}lSH and has used this preparation to study melanoma cell receptors 

(Varga et al. 1974). The data presented herein cast serious doubts on 

these latter receptor studies and any studies describinr, full biolorical 

125 potency for I-labeled a- or ~-MSH prepared using a strong oxidant. 

Following essentially the same methods as these investigators, we h~ve 

found that iodination of both a- and~-~1SH results in the loss of bio-

logical activity of the peptide~. Since there are a number of possible 

side reactions involved in the iodination of these compounds, studies 

were conducted to determine the basis for this loss of activity and to 

develop an analogue and/or an iodination procedure which would obviate 

this inactivation problem. These studies are described below. 



CHAPTER 2 

METHODS AND MATERIALS 

The development of a radioactive derivative of a-HSH suitable as 

a tracer for receptor studies has involved the use of the following 

methods and materials. 

Frog Skin Bioassay of the Melanotropins 

In order to facilitate the structure-function studies described 

herein it was necessary to develop a modified version of the method 

originally described by Shizume, Lerner and Fitzpatrick (1954) and 

Hrirht and Lerner (1969). 

Rana berlanderi forrei or Rana pipiens of both sexes (obtained 

from South Scientific Supply Co.) were used to determine the bioloGical 

activities of the peptides studied. Frogs were sacrificed by decapita

tion and skins from each animal were immediately prepared for photo

metric reflectance studies. Four to eight pieces of skin were normally 

obtained from each frog. The skin samples were placed on aluminum rings 

and secured in place by a second ring made of bakelite. Each skin was 

placed within a 50 ml beaker containing 20 ml of amphibian Rin~er's 

solution. The compounds to be tested were added as 0.2 ml aliquots to 

the medium bathing the skins. This resulted in a 100 fold dilution of 

the experimental solution (hormone or analogue) to yield the final molar 

concentration desired. The initial average reflectance value for each 

11 
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group of skins was taken as the base value (100%) and all succeeding 

average values recorded as the percentage change (response) above or 

below the initial value. Percentage changes in reflectance were plotted 

against time. 

Although this method has obvious limitations, it allows rapid, 

inexpensive and accurate comparison of a-~lSH and its analogues in terms 

of overall biological activity. In addition, preliminary studies with 

certain analop,ues sugr,est that this method may provide some information 

about receptor affinity as distinct from the intrinsic activity of the 

peptides. However, definitive studies will have to await the develop

ment of a radioreceptor assay. 

The basic difference between this method and that described by 

earlier workers is that this method allows the generation of a complete 

standard concentration curve for a given analogue from one group of 

skins. Thus, three different analogues of a-MSH can be compared to the 

a-MSH standard pre~aration within any ~iven experiment. The maximum 

der,ree of darkening produced by an analogue thus r,ives some measure of 

its intrinsic activity. The concentration (molar) of an analo~e which 

is required to produce a half-maximal darkening response (Km) is com

pared to that for a-MSH to obtain the relative potencies of the peptides 

shown in Table 1. Figure 3 is an example of the dose response curves 

produced b;T this method and the caption thereof describes the method in 

more detail. Figure 4 illustrates the applicability of enzyme kinetic 

analysis to data for determining the Km of each peptide for potency 

ranking. Although there was some assay variation from experiment to 

experiment, the relative potency of each analogue was easily determined 



Table 1. In vitro biological activities (potencies) of various 
melanotropic pep tides. 

Peptide Potency* 

I AC-SER-TYR-SER-MET-GLU-HIS-PHE-ARG-TRP-GLY-
LYS-PRO-VAL-NH2 (a-MSH) 1.00 

II AC-SER-TYR-SER-NLE-GLU-HIS-PHE-ARG-TRP-GLY-
LYS-PRO-VAL-NH2 «Nle4)-a-NSH) 2.50 

III H-SER-TYR-SER-MET-GLU-HIS-PHE-ARG-TRP-GLY-
LYS-PRO-V AL-~m2 «Des-Acetyl) -a-MSH) 0.01 

IV AC-SER-D-TYR-SER-~~~-GLU-HIS-PHE-ARG-TRP-GLY-
LYS-PRO-VAL-NH2 «D-Tyr2)-a-MSH) 0.05 

V AC-SER-PHE-SBR-NLE-GLU-HIS-PHE-ARG-TRP-GLY-
LYS-PRO-VAL-NH2 «Phe2 , Nle4)-a-MSH) 0.75 

VI AC-SER-I2-TYR-SER~~T-GLU-HIS-PHE-ARG-TRP-
GLY-LYS-PRO-VAL-NH2 «(I2-Tyr2)-a-MSH) 0.15 

VII AC-SER-I-TYR-SER-NLE-GLU-HIS-PHE-ARG-TRP-GLY-
LYS-PRO-VAL-NH2 «I_Tyr2, Nle4)-a-MSH) 1.00 

*Values indicated represent the melanocyte stimulating activities of 
the peptides relative to a-t-1SH. They were determined by dividing the 
concentration (molar) of each peptide required to produce a half
maximal response (frog skin darkening) by the concentration of a-t-~SH 
required to produce the same response ... Ii thin the same experiment. 

13 



Fir,ure 3. Example dose-response curves from the frog skin bioassay. 

The neptides studied in this experiment were a-NSH (C), {3-MSH (S), 
and [lUelj -{3-NSH (T). The appropriate control (C) is also indi
cated. The lowest concentration of each peptide was added to a 
p,roup of skins a time zero and the percent response determined 
after 15 minutes. The next hi~her concentration was then added 
and the percent response aF,ain determined after 15 minutes. This 
process "las repeated with increasin~ amounts of each peptide 
until a maximum response was obtained. Results were then 
normalized by settinF, the m~imum response at 100% and plotting 
each submaximal point as the percent response. Each point 
represents the mean response of five skins and the standard 
errors of measurement are shown. 
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Figure 4. Eadie-Hofstee plots of the dose-response curves of a
and ~-MSH. -- Data were obtained using the same methods 
as those described in Figure 3. Standard enzyme 
kinetic analysis of the data yielded values for K , 
V and r as indicated. m 

max 



by calculating its K and comparing it to that for a-MSH in the same m 

experiment (Fig. 4). 

Peptide Synthesis and Purification 

The peptide hormones and hormone analor,ues used in this study 
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were prepared by the solid phase method and were purified by a combina-

tion of gel filtration chromatography, ion exchange chromatography, and 

high performance liquid chromatography (HPLC). a-~lSH was prepared and 

purified as previously reported (Yang et ale 1980). The synthesis and 

purification of &Ue 4J -a-t·1SH was accor.tplished by similar methods and 

will be reported in detail elsewhere (Hruby et ale 1980) or was purchaser 

fror.t Pennisula Laboratories. The purity of all compounds was checked by 

amino acid analysis, thin layer chromatography in at least three solvent 

systems, optical rotation, and electrophoresis. 

rodiMtion of a-~~SH and Related Peptides 

Chloramine T Method 

a-~lSH and related peptides (see Fig. 5) were iodinated with 

125r or 127r using various modifications of the oxidative method origi-

nally described by Hunter and Greenwood (1962). Details of the snecific 

procedures utilized in a given experiment will be provided in the appro-

priate figure, captions; however, the procedure may be described 

generally as follows. 

The peptide to be iodinated was reacted with 1-2 mCi of l25r or 

1271 for 15 seconds to several minutes in phosphate buffered saline 

(PBS, 0.1 mol/liter, pH 7.5) to which the desired amount of 
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Structural formulas of some of the melanotropins studied. 
-- The complete structural formula of a-HSH (I) is shown. 
The structural difference..p between a-t-tsn and the other 
melanotropins, (II) [Nle4J -a-}1SH, (III) [Phe2 , Nle4]
a-HSH, and (IV) [I

2
-Tyr2J -a-MSH are also indicated. 



chloramine-T reagent was added. The reaction was stopped by the addi

tion of an excess of either sodium metabisulfite rear,ent or 1% bovine 

serum albumin (BSA). KI rear,ent, 0.1 mg in 100 ul was then added as 

carrier when necessary. 
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The iodination mixture was chromatographed on a 1 x 21 cm 

Sephadex G-10 column (a disposable 10 ml pipette). Before use, the 

column was treated with 1.5 ml of a 50 g/liter BSA solution and then 

rinsed with phosphate buffered saline. This buffer is also used as the 

eluent. One milliliter fractions were collected into tubes containing 

1.0 ml of a BSA solution (50 g/liter) and 10 ul aliquots were counted 

in an automatic gamma counter. 

Two radioactive peaks were observed (Fig. 6), the first being 

the labeled peptide and the second, the free iodide. The tube with the 

highest number of counts per minute in the first peak was saved for 

dilution for the receptor studies. Specific activities of the labeled 

producta ranged from 20-800 Ci/mmole depending on the particular iodina

tion conditions used (see figure captions for details). 

Lactoperoxidase Method 

Bovine lactoperoxidase, obtained from Si~a Chemical Co., was 

coupled to CNBr activated Sepharose 4B (also from Sigma) according to 

the method of David and Reisfeld (1974). The coupling procedure used 

was as follows. 

Approximately 1 mg of Crmr activated Sepharose 4B beads was 

allowed to swell in distilled water to a volume of about 3.5 ml. The 

beads were then washed rapidly on a coarse sintered glass funnel using 
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Figure 6. Gel filtration of l25I _labp.led a-I1SH on Sephadex G-10. 
-- The separation was carried out by gel-filtration of 
an iodination reaction mixture containing a-MSH (2 mf,), 
chloramine-T (50 ~g), approx. 2 mCi sodium iodide 
(125I), sodium metabisulfite (120 mg), and KI (0.1 mg). 
Reaction time was 50 seconds, reaction volume was 42 ml 
and the total volume applied to the column was 552 ml. 
The column (1 x 29 cm) of Sephadex G:10 was equilibrated 
\·lith 0.1 M phosphate buffered saline (PBS), pH 7.5, and 
presaturated with crystalline bovine serum albumin (BSA 
29 mg). One-half ml fractions were collected and 5ul 
aliquots and counted on a well-type gamma counter. Un
retarded iodinated peptide was eluted first, followed by 
a larger l25I iodide peak. Specific activity of the 
l25I-labeled peptide was calculated to be approximately 
50 Ci/mmol. 
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a gentle vacuum with about five volumes of cold coupling buffer (0.01 M 

NaP04 0.10 N NaCl pH 7.5). The activated beads were transferred in one 

or two volumes of the cold coupling buffer and agitated on a rotary 

shaker overnight at 4oc. Noncoupled lactoperoxidase was determined by 

optical density measurement of the supernatant material, after removal 

of the beads, at 412 nm (ElmM/412 114). Coupling efficiency was deter

mined to be 93.5%. 

Bead concentration of lactoperoxidase was determined from the 

coupled enzyme (total lactoperoxidase added less noncoupled enzyme) and 

the measured bead volume after having been allowed to settle for 3 days 

in a graduated conical centrifuge tube. Bead concentration was deter-

mined to be approximately 0.5 mg lactoperoxidase per ml of beads 

(6.2 x 10-6 M). 

After a thorough washing with cold buffer, the lactoperoxise

containing beads were suspended in 0.2 M glycine-O.Ol M NaP04 (pH 7.5) 

for a minimum of 5 hr in the cold, then washed thoroughly and stored at 

40 C in PBS (pH 7.0) containing 10-5 M merthiolate. 

Iodinations catalyzed by insoluble lactoperoxidase were carried 

out in 10 x 75 mm disposable culture tubes from Kimble. The LP-

Sepharose beads were washed prior to the iodination reaction to remove 

the merthiolate. The desired quantity of beads was then diluted 1 to 

10 in 0.005 M PBS (pH 7.0) and the desired volume of this final dilution 

was added to the reaction vessel. 

This was followed with an equal volume of a 1 mg/ml PBS solution 

of the peptide to be iodinated and an equal volume of NaI (125I or 127I ) 

in PBS to give the appropriate final concentration of iodide. The 
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iodination ... ,as initiated by the addition of an equal volume of a hydro-

gen peroxide solution to give the desired concentration. The enzyme was 

kept suspended throughout the reaction as described above. Specific 

details of individual experiments are provided in the figure captions. 

lodogen Nethod 

lodinations using lodor,en in the present studies were accom-

plished using a modification of the methods of Fraker and Speck (lq78). 

lodogen (1,3,4,6-tetrachloro-3 ,6 -diphenyl glycouril, Pierce, 

Cat. No. 28600) was dissolved in dichloromethane to give a solution 

containing 500 pg/IO mI. A small volume ·(100-500 pI) of this solution 

was then transferred to a 12 x 75 mm polypropylene t'..lbe and e'lapora ted 

Lo dryness. The iodination reaction was initiated by the addition of a 

solution containing the desired quantity of the peptide to be iodinated 

(usually 1-50 pg) plus sodium iodide (127r and/or 125r from Ne ... , England 

Nuclear -- usually 0.1-2.0 mCi) in sodium phosphate buffer (0.1 M, pH 

7.4). Total reaction volume was kept as small as possible (100-500 pI). 

The reaction was terminated by the transfer of the reaction mixture from 

the reaction vessel after the desired amount of time (5-30 min). De-

tails of specific iodination experiments are provided in the figure 

captions. 

High Performance Liquid Chromatoeraphy 
(HPLC) 

The HPLC system utilized for the purification of a-HSH and its 

analogues included the following 'v'laters Associated (Milford, Mass.) 

equipment: two model 6000-A pumps, a model U6K injector, a model 660 
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solvent programmer, a model 440 dual channel UV detector set for moni

torinr, 254 and 280 absorbance simultaneously and a model 450 variable 

wavelength detector for monitoring at 210. A single V Bondapak CIR 

reverse phase (Haters Assoc.) column (0.39 cm x 30 cm) ... ,as used for all 

chromatographic separations. 

The solvent system used for all HPLC work involved two solvents. 

Solvent A was triethylamine acetate, pH=4.0, prepared by titrating 

triethylamine with 0.025 ~~ acetic acid to a pH of 4.0. Solvent B was 

acetoni trile (Burdik and Jackson, glass distilled, ~~uskegon, ?Hchigan) 

used without further distillation. Both solvents were filtered 

(~lillipore, Bedford, Hass.): solvent A through a PAwp-0.45 JIm filter; 

solvent B through a FHLP-0.5 JIm filter and de~assed in vacuo prior to 

use. 

Chromatographic conditions for all separations and purifications 

were approximately the same. The final eluant was composed of 70-RO% A 

and 20-3~~ B. The flow rate was 2.0 ml/min which generated a back 

pressure of approximately 2,000 psi. 



CHAPTER 3 

RESULTS 

Numerous studies have been carried out to investi~ate various 

aspects of peptide hormone iodination; however, a clear picture of the 

side reactions involved in the iodination of a-f-mH has not been pre

sented. In an effort to secure a basic understanding of the chemical 

events which occur during the iodination of a-MSH and in an effort to 

prepare a biologically active radiolabeled product, the following 

studies were undertaken using a variety of iodinat~on and other tech-

niques. 

Structure-Activity Studies 

As discussed earlier, current dogma on the structure-activity 

relationships between a-HSH and its receptor holds that a-~!SH contains 

two message sequences which can independently stimulate the melanotropin 

receptor. The remaining N-terminal amino acids are considered to lack 

any of the structural components essential for melanotropic activity, 

but only potentiate the biological activity of the C-terminal region of 

the hormone. Since tyrosine is in this C-terminal region, studies were 

conducted to determine if modification of any of the amino acids in this 

region would radically affect the biological activity of the peptide. 

A summary of the data from a large number of structure-activity 

studies is provided in Table 1. This table clearly indicates the 
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sensitivity of the hormone (in terms of biolof,ical activity) to even 

minor modifications in the C-terminal region. Substitution of 

norleucine for methionine (peptide II) resulted in a 2.5 fold increase 

in potency, whereas all other modifications which were made in the C

terminal region (peptides III, IV, V, VI, and VII) resulted in a marked 

reduction in the biological potency of the peptide. 

Iodination Studies 

Chloramine T ~lethod 

Chloramine T treatment in the presence of sodium iodide is the 

method most commonly used for iodination of peptide hormones. ~fuen 

this method was used with a-MSH a labeled product was readily produced 

which \1aS easily separated from free l25r by p,el fn tration on G-IO 

Sephadex (Fig. 6). 

The iodination reaction occurred quite rapidly and the level of 

incorporation was clearly a functi~n of the relative concentrations of 

the reactants. Figure 7 shows the importance of reaction time to iodine 

incorporation at various molar ratios of chloramine T to a-MSH. Optimum 

iodination was achieved using a 10:1 molar ratio of chloramine T to 

a-t-~SH and a reaction time of from 10-60 seconds. Using a reaction time 

of 60 seconds, an experiment designed to determine the importance of 

the relative concentration of NaI revealed an optimum range of rial to 

a-MSH ratios of from 2.5:1 to 25:1 (Fig. 8). 

Although the above optimum conditions were relatively mild, 

when compared to those used by other investigators, they were discovered 

to be too severe for the native hormone a-t-mH. Under normal iodination 
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Fir,ure 7. Effect of reaction time on the incorporation of iodine 
(1251) into a-HSH at various molar ratios of chloramine T 
peptide. -- Iodination reactions were carried out in'lO x 
75 Qm borocilicate glass culture tubes using a-MSH (1.4 x 
10-~ mol) in 125 ul of 0.05 M PBS (pH = 7.5). The Na1 
solution was "labeled" by the addition of a quantity of 
Na 1251 to p.:ive a specific radioactivity of 1013 cpm/mol. 
All reactions were terminated at the appropriate time by 
the addition of 500 ml of a solution of sodium metabisul
fite (5.6 x 10-2 M). This reaction mixture was then 
applied to a small (0.4 x 2 cm) Dowex Ag-l column and 
washed with 2 ml distilled water. This step removed any 
unreacted iodide allowing only a-MSH associated iodine to 
be counted in the eluate. 
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Fir,ure S. Incorporation of iodine (1251) into a-~!SH at various molar 
ratios of chloramine T (CT) and Na1 : peptide. 

Iodinations wereScarried out as described previously using 
a-MSH (1.4 x 10- mol) and the appropriate quantities of 
chloramine T and Na1 (as indicated by the molar ratios) in 
125 ml of 0.05 M PBS (pH = 7.5). The data have been 
divided into two groups for clarity (A - higher CT concen
trations, B - lower CT concentrations). 
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conditions, chloramine T itself (in the absence of NaI) destroyed the 

biological activity of a-NSH (Fig. 9). It was assumed from related 

literature on other hormones (Stagg et ale 1970; Shima et ale 1975) that 

chloramine T oxidized the methionine residue near the "active site" of 

the hormone. 

To avoid this effect on methionine, it was decided to substi-

tute norleucine for the methionine in the fourth position of peptide 

- 41 to obtain lNle J -a-f.1SH. This analogue was previously demonstrated by 

other investigators to possess full biolor;ical potency (r-~edzihradszky 

1976). As shown in Figure 10, chloramine T had little effect on the 

biolorical acti vi ty of [rUe 4J -a-t':SH, except at extremely hip.'h concen-

trations. However, in the presence of both chloramine T and NaI, its 

biolofical activity was completely destroyed in a manner similar to 

a-t'lSH (Fig. 11). Since tyrosine is generally considered to be the site 

of iodination in peptides, this presented the possibility that iodina-

tion of the tyrosine moiety of a-melanotropin was primarily res}'lonsible 

for the loss of biological activity of the hormone. To test thiF. 

r_ypo:'hesis [I2-Tyr~-a-melanotropin was synthesized and tested for bio

logical activity (Table 1). Although this compound showed a signifi-

cantly lower biolo~ical activity than the unsubstituted hormone 

(approximately 1/10 to 1/4 as active), the observed loss of activity 

was not sufficient to account for the severe loss resulting from 

chloramine T induced iodination. This sugf,ested that the iodination 

reaction produced a change in some other amino acid residue(s) 

(possibly histidine or tryptophan) which was responsible for the observed 

inA.ctivation. 



Fir,ure 9. Chloramine T induced inactivation of a-MSH. 

BioloF,ical activity was determined using the frog skin bio
assay as described under "~Iaterials and r.!ethods" and is 
expressed as percent response (darkening) from an original 
reflectance value 60 minutes after exposure to the indicated 
concentration of peptide. Each bar represents the mean 
response of five sans plus or minus the standard error as 
shown. The graph shO\-ls the effect of various concentra
tions of chloramine T upon the biological acti vi ty of a-r.~SH. 
Exposure of the neptide (60 nmol) to the appropriate con
centration of CT was done as before under iodination con
ditions in a volume of 1 ml of 0.05 molar PBS (pH 7.5). 
The reaction was terminated after 60 seconds by the addi
tion of 1 ml of 1% BSA and diluted with water to the 
appropriate concentration for bioassay. 
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Fi~re 10. ChloraMine T induced inactivation of [Nle4]-a-HSH. 

Biolor,ical activity was determined using the frog skin bio
assay as described under "~1aterials and Methods" and is 
expressed as percent response (darkening) from an original 
reflectance value 60 minutes after exposure to the indicated 
concentration of peptide. Each bar represents the mean 
response of five skin plus or minus the standard error as 
shown. The graph shows the effect of various concentra
tions of CT upon the biological activity of a-HSH. 
Exposure of the peptide (60 nmol) to the appropriate concen
tration of CT was done as before under iodination conditions 
in a volume of 1 ml of 0.05 M PBS (nH 5.7). The reaction 
was terminated after 60 seconds by the addition of 1 ml of 
1% BSA and diluted with water to the appropriate concentra
tion for bioassay. 
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Figure 11. Effect of chloramine T induced iodination on the biological activities of (A) 
a-HSH and (B) [rne4J-a-~mH. 

BioloF,ical activity was determined using the frog skin bioassay as described 
under "~aterials and Methods" and is expressed as percent darkening from an 
orir,inal reflectance value 60 minutes after exposure to the peptide. Each 
bar represents the mean response of five skins plus or minus the standard 
error as shown. The F,raph shows the bioloF,ical activity of a-HSH after 
treatment under iodination conditions with 0.05 phosphate buffer (pH 7.5) 
(solid bars), chloramine T (hatched bars) and chloramine T plus NaI 
(stippled bars). Controls (open bars) represent the effect of iodination 
cocktail on the skins in the absence of any peptide. Iodination of a-MSH 
was done as described in "t-!aterials and Methods" using 60 nmol of a-MSH, 
600 ronol of NaI and/or 600 nmolof CT in a total reaction volume of 1 ml of 
0.5 molar PBS (pH 7.5). The reaction was stopped by the addition of 1 ml 
of 1% BSA. All samples were then diluted to the appropriate concentration 
for bioassay. 
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In view of the Rhove resvl ts , [Phe2 , Nle ~ -a-melanotropin was 

then synthesized in which phenylalanine was 'substituted for tyrosine in 

addition to the substitution of norleucine for methionine. Phenyl

alanine is apparently resistant to iodine incorporation (Kohlasnd et ale 

1963). Thus, if tyrosine were the only site of iodination in the hor

mone, then [Phe2 , Nle
4
J-a-melanotropin might be totally resistant to 

both chloramine T oxidation and iodination. However, like [Nle4J-
a-melanotropin, this analogue was only slightly inactivated by the 

chloramine T treatment, but was completely inactivated upon iodination 

(Fig. 12). It was clear, therefore, that loss of biolor,ical activity 

of this analogue resulted from an effect of iodination on some amino 

acids in the peptide other than tyrosine or methionine. To determine 

which residues were affected, the reaction was scaled up for amino acid 

analysis (see !-laterials and ~lethods) and the extent of modification of 

each of the amino acids in both a-melanotropin and [Phe2 , Nle4J-
a-rnelanotropin on chloramine T-mediated iodination examined. The 

results from amino acid analysis showed that both the tryptophan and 

histidine residues are also modified in these compounds during the 

iodination reaction (Heward et ale 1979b). 

As an additional confirmation of the above results and to de-

termine the importance of tryptophan for the biological activity of the 

peptides, a-HSH
7

_
13 

was synthesized and treated with chloramine T and 

NaI under the same conditions as the other peptides. Since this frag-

rnent had no tyrosine, methionine or histidine, the observed loss of 

biolor,ical activity (Fig. 13) strongly implicated tryptophan in the 

iodination inactivation phenomenon. Additional studies on the effects 
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Effect of chloramine T ip.duced iodination on the biological 
activity of LPhe2 , Nle4]-a-HSH. -- Biolop;ical activity was 
determined using frog skin bioassay as described under 
"Materials and Hethods" and is exPressed as percent darken
ing from an original reflectance value 60 minutes after 
exposure to the peptide. Each bar represents the mean re
snonse of five skins plus or minus the standard error as 
shown. The granh shows the biological acti vi ty of a-HSH 
after treatment under iodination conditions with 0.05 M 
phosphate buffer (pH 7.5) (solid bars), chloramine T 
(hatched bars) and chloramine T plus NaI (stippled bars). 
Controls (open bars) represent the effect of iodination 
cocktail on the skins in the absence of any peptide. 
Iodination of a-MSH was done as described in "Materials and 
Methods" using 60 nmol of a-HSH, 600 nmol of NaI and/or 
600 nmol of CT in a total reaction volume of 1 ml of 0.5 
molar PBS (pH 7.5). The reaction was stopped by the addi
tion of 1 ml of 1% BSA. All samples were then diluted to 
the appropriate concentration for bioassay. 



Fir,ure 13. Effect of chloramine T induced iodination on the hio1or-ical 
acti.vity of a-~~SH7_1Y 

Biolo~ica1 activity was determined using the frog skin bio
assay as described under "~1aterials and Hethods" and is 
expressed as percent darkenin~ from an original reflectance 
value 60 minutes after exposure to the peptide. Each bar 
represents the mean response of five skins nlus or minus 
the standard error as shown. The ~raph shOltIS the biologi
cal activity of a-HSH after treatment under iodination 
conditions It/ith 0.05 phosphate buffer (nH 7.5) (solid 
bars), chloramine T (hatched bars) and chloramine T plus 
NaI (stippled bars). Controls (open bars) reprcnent the 
effect of iodination cocktail on the skins in the absence 
of any peptide. Iodination of a-HSH was done as described 
in ''Materials and Methods" using 600 nmol of a-~lSH, 
600 nmol of NaI and/or 600 nmol of chloramine T in a total 
reaction volume of I ml of 0.5 Molar PBS (pH 7.5). The 
reaction was stopped by the addition of I ml of 15j RSA. 
All samples were then diluted to the appropriate concen
tration for bioassay. 
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Figure 13. Effect of chloramine T induced iodination on the biological 
activity of a-r~SH7_13. 



of chloramine T and iodination of melanotropic peptides are described 

elsewhere (Heward et ale 1979a, 1979b). 

Although treatment with a tenfold molar excess of chloramine T 

and sodium iodide is highly destructive to both peptides, Figure 14 

clearly demonstrated that equimolar quantities of chloramine T and 

sodium iodide produced no measureable effect on the biological activity 

of either a-MSH or its norleucine analogue. This finding is consistent 

with the recent report of the successful iodination of a-MSH using 

equimolar quantities of these reagents (Eberle and Schwyzer 1979). 

Lactoperoxidase Hethod 

Enzymatic iodination of peptides and proteins using lac toper-

oxidase in the presence of hydrogen peroxide is hecomin~ an increasin~ly 

popular technique for several reasons. One advantage of this techninue 

is that iodination occurs more slowly and under milder oxidative con-

ditions. Thus, iodination damage is minimized and, for many peptides, 

can he practically eliminated. 

Although lactoperoxidase has been successfully used to iodinate 

a-MSH for radioimmunoassay (Kopp et ale 1977), there have been apparent 

problems in the production of an iodinated product suitable for receptor 

studies. Thus, studies were conducted to determine if some of these 

problems might be due to oxidation of methionine and, therefore, 

eliminated by using the 4-norleucine analogue. 

Figure 15 shows the iodination of a-MSH and [Nle
4

J-a-HsH using 

the recently developed solid phase lactoperoxidase method (David and 

Reisfeld 1974). The biological activity of a-MSH was markedly reduced 
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Fir,ure 14. Effect of chloramine T-induced iodinntion at various molar 
ratios of chloramine T : pept.ide : NaI on the biological 
activi ties of a-HSH and [Nle4] -a-MSH. -- Iodinations were 
carried out under conditions similar to those described in 
Figure 11 except that the molar ratios of the reactants 
were as indicated. The iodinated peptides were diluted to 
10-10 M for the bioassay. Each bar represents the mean 
resnonse of five skins and the standard errors of measure
ment are shown. 



Fip;ure 15. Effects of lrtctoperoxidase ~atelY7.ed iodination on the biolo~ical 
activity of a-HSH and [Nle4 J-a-}lSH. 

Iodinrttion rertctions, usinF, non-radioactive NaI, were performed 
accordin~ to the method of Kopp et ale (1977). Twenty ug of each 
r>eptide was dissolved in 100 ul of 1'1> acetic acid. To this solu
tion 100 ul of 3 x 10-4 H NaI solution (pH about 10), 200 ul of a 
lactoperoxidase solution (1 m~/ml in 0.2 M sodium acetate, pH 5.6), 
and 40 pI of freshly prepared 0.88 M hydroF,en peroxide were added. 
After addition of the r>eroxide, the solution was kept at room 
temperature for one minute and the reaction then terminated by 
rtdding 2 ml of a stoppinF, solution (0.05 H sodium phosphate buffer, 
pH 7, containin~ 0.5% of albumin and 0.4¥ of sodium azide). The 
biolo~ical acti vi ties of a-NSH and [Nle 1-a-MSH after exposure 
to the iodination cocktail in the presence and absence of hydrogen 
peroxide (H20

2
) are shown. The neptide concentrations tested are 

indicated. 
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after iodination, whereas that of lNle4]-a-MSH was affected only to a 

very minor degree. [Nle4]-a_MSH resists oxidative damage even when 

exposed to undiluted hydrogen peroxide (unpublished data). This sug-

gests that the minor loss of biological activity observed in Figure 15 

resulted from iodination and not oxidation of the peptide. 

Since this loss of activity was only very minor, studies were 

undertaken to determine the optimum conditions for iodination of the 

peptide. Figure 16 shows the effect of increasing the molar ratio of 

hydrogen peroxide to a-MSH on the incorporation of iodine at various 

37 

reaction times. Clearly, the optimum molar ratio of peroxide to peptide 

is one to one and the incorporation of iodine increases with increasing 

reaction time. Thus it was determined that a reasonable reaction time 

was in the range of 5-10 minutes. Figure 17 shows the dependence of the 

iodination reaction upon the enzyme concentration and clearly demon-

strates a linear relationship up to the point where the lactoperoxidase 

.begins to interfere with iodine incorporation into the peptide (David 

and Reisfeld 1974). 

Under optimum conditions iodine incorporation in the range of 

20-40 percent (Specific activity = approximately 400-800 curies/mmol) 

was consistently obtained. Separation of 125-iodine and labeled lac to-

peroxidase from the iodinated melanotropin was easily accomplished using 

G-10 Sephadex as described previously using chloramine T (Fir,. 6). 

Since receptor studies often require radioligands of very high specific 

radioactivity, further purification of the product was accomplished 

using high performance liquid chromator.raphy (HPLC). 



Fip;ure 16. Iodine incorporation into [Nle 4J-a-r.:SH at various molar' 
ratios of hydro~en peroxide : peptide for various reaction 
times. 

Ten 12 x 75 mm reaction tubes were prepared, each contain
ing 125 pI of 6.2 x 10-7 M lactoperoxidase (attached to 
Seph~ose beads), 125 ul of 10-3 glml (6 x 10-4 H) 
[Nle4J-a-HSH, 125 Jll of 6 x 10-4 M NaI (containing a small 
amount of l25I as a tracer), and 125 pl of H202. Hydrogen 
neroxide was added at time 0 and concentrations ran~ed 
from 6 x 10-5 M (molar ratio = 0.1) to 6 x 10-2 M (~olar 
ratio = 100). The reactions were carried out at room tem
perature and all reactants were in pH 7.0 PBS. At the 
times indicated 50 ul aliquots of each reaction mixture 
were removed and applied to an AG-I-X8 Do\"ex column (pre
pared by pipetting 2 ml of 25 g Dowex/150 ml H20 suspension 
of the resin into a f,lass wool plugged Pasteur pipette). 
Followed immediately by 1 ml 0.025 M sodium azide to stop 
the reaction. The columns drained directly into'scintil
lation vials to which 12 ml of scintillation cocktail was 
added prior to counting. 
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Figure 17. Iodine incorporation into [rUe 4J_a_~lSH as a function of the 
concentration of lActoperoxidase. -- Seven 12 x 75 m'm 
reAction tubes wer~ pre~ared, each containing 50 ul of 10-3 
P'/ml (6 x 10-4 M) Lrne4J-a-MSH, 50 111 of 6 x 10-4 M NaI 
(containinr a smAll amount of 1251 as a tracer), and some 
lactoperoxidase (attached to Sepharose beads) at concen
trations ranr:ing from 6.2 x 10-1i r.1 to 6.2 x 10-5 M as 
indicated. Reactions were initiated by the addition of 
50 ul of 10-3 M H202 to each of the rea.ction tubes and 
allO\'led to continue at room temperature for 10 minutes in 
pH 7.0 PBS. Reactions were terminated by the addition of 
1 ml of 0.025 M sodium azide. The entire volume of each 
reaction tube was then applied to an AG-I-RX Dowex column 
(prepared by pipetting 2 ml of a 25 g/150 ml of H20 sus
pension of the resin into a glass wool plugged Pasteur 
pipette) which drained directly into scintillation vials 
to which 12 ml of scintillation cocktail was added prior 
to counting. Since free iodide will not pass through the 
column under these conditions, iodine incorporation was 
determined by counting the column eluate (which contains 
the peptide). 
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In order to establish conditions under which labeled (1251 ) 

[Nle
4
J-a-MsH could be separated from the unlabeled peptide, non

radioactive mono- and di-iodotyrosine-4-norleucine-a-MSH ([I_Tyr2, Nle4]

a-MSH and [I2-Tyr
2

, Nle 4J -a-}lSH) were synthesized by solid phase methods 

and used to characterize the HPLC purification system. A solvent system 

was soon developed which allowed rapid baseline se)Jaration of both 

r:.. 2 If] [2 4J [ 4J u-Tyr ,Nle -a-}lSH and 12-Tyr, Nle -a-}lSH from Nle -a-f·1SH and 

from each other (Fig. 18). 

When this had been accomplished, the next step was simply to 

iodinate [Nle 4]_a_r.mn usinr; lactoperoxidase then then to purify the 

product on the HPLC. The results of these experiments using 127-iorline 

(not radioactive) are sho~m in Figure 19C. It is interestinr, to note 

that usin~ this r.1ethod little or no [I2-Tyr2 , Nle 4J-a-}~SH ~/as produced. 

Thus, [I_Tyr2 , rne
4
]-a-HSH, having a s'Pecific radioactivity an)Jroachinf 

its theoretical maximum (2187 Ci/r.1mol), could easily be produced usin~ 

this method. 

Iodogen Hethod 

Recently, a new method of iodinating peptides was described 

which was hir;hly acclaimed for both its mildness and simplicity (Fraker 

and Speck 1978). One group reported "almost theoretical incorporation 

of iodine into eleven proteins (including eight hormones) and six poly-

pertides using this method without significant loss immunological 

activity •• •• " or other damage (Salacinski et al. 1980). Using 

exactly the same methodology of these investir,ators we conducted a 

series of experiments to determine the suitability of this technique 

for the iodination of a-HSH and [Nle 4J-a-HSH. 
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Figure 18. High performaece liquid chromatography of ~~nthetic 
[I2-Tyr2 , Nle J-a-HSH (A) and [I-Tyr2 , Nle .J-a-~!sH (B). 
-- Chrom~tographic conditions were as described in 
''t-laterials and Hethods." Peaks I and III represent 
contaminants of the peptide ~reparations ~ith [Nle4]
a-!>mH. Peaks II and IV are LI2-Tyr2, Nle J -a-HSH and 
LI_Tyr2, Nle4J-a-HSH respectively. 
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Figure 19. High performance liquid chromatography of [Nle4]-a-MSH after treatment 
under solid phase iodination conditions with (A) lactoperoxidase beads 
only, (B) lactoperoxidase beads plus H202 , and (C) lactoperoxidase beads 
plus NaI and H202-

Iodination conditions were as described in "Materials and Methods" 
except that the quantities of all components of the reaction were 
increased three-fold to provide sufficient material for HPLC after 
purification on Sephadex G-15. BaRed on retention ti~e, peaks I, II, 
and III are all [Nle4J-a-r-~SH, peak IV is lI-Tyr, Nle4]-a-MSH, and 
all other peaks are most probably fragments of lactoperoxidase. 
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Fir,ure 20 clearly demonstrates that this method has definite 

detrimental effects on the biolor:ical activity of a-}~SH but little or no 

effect on that of [Nle~-a-MSH. It is interestine to note that iodogen 

alone was significantly less damaging to a-MSH than was iodogen plus 

sodium iodide, whereas [Fle 41_a_t.mH remained essentially undamaged under 

eith~r Ret of conditions (Fig. 20). 

Since this method is indeed extremely simple, we decided to 

determine whether it, too, could be used for the production of 

[r_Tyr2, Nle 4J_a_MSH which could then be purified by HPLC. In order to 

determine the ortimum reaction time for iodinRting [rnel·]-a-r'!SH using 

this method, the experiment shown in Figure 21 was conducted. Based on 

these data, it was concluded that the iodination of the peptide proceeds 

fairly slowly compared to chloramine T induced iodination and thus, a 

reaction time of 10-30 minutes would be satisfactory. 

Hhen this method was examined using 1271 (not radioactive) ann 

sufficient quantities of [N1e4.1-a-HsH to be detected by absorbance at 

210, the increased incorporation of iodine into the peptide with time 

was easily monitored. It is interesting to note that even after 10 

minutes of continuous exposure to iodogen, little or no effect ",as 

observed on [N1e
l.J -a-MSH in the absence of iodine (Fig. 22A). Upon the 

addition of NaI, however, iodine incorporation be~an immediately and, 

after 90 seconds, a substantial quantity of LI_Tyr2, N1e 4J_a_t.1SH had 

been formed (Fig. 22B). Figure 22C shows that after 10 minutes in the 

reaction vessel, under optimum iodination conditions, anproximatelY 5~~ 

of the peptide had become iodinated. As before, the identities of the 

peaks were established by comparison of their retention times (k') with 
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Effects of iodogen and iodogen-induced iodi~Rtion on 
the biological ac ti vi ties of a-HSH and [rUe ] -a-~1SH. 
-- The iodination reaction was carried out as described 
in "~1ethods and Materials" using the follO\.,ing quanti
ties of reactants: iodogen, 300 pI of a 1.0 mg/ml 
solution; NaI, 100 pI of a 5 x 10-5 M solution; and 
peptide, 100 pI of a 5 x 10-5 ~1 solution. Biological 
activities were determined usin~ the frog skin bio
assay as described under "Nethods and Naterials" and 
are expressed as percent darkenin~ from an original 
reflectance value 60 minutes after exposure to the 
peptides. The final concentration of each peptide 
used was 5 x 10-10 N. 
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Fir;ure 21. 1odogen induced incorporation of iodine into [Nle 4]_a_}'SH 
as a fUnction of time. -- Two reaction vessels were pre
pared, each containing 1.5 ml of iodogen/chloroform 
solution (1 mg/25 ml) evaporated to dryness. At time 
zero, 1 ml of a solution containing both [JUe4]-a-HSn and 
Na1 (5 x 10-5 M each) was added to the reaction vessel. 
The sodium iodide contained a small quantity of 1251 to 
allow iodine incorporation to be monitored. At the times 
indica ted, 50 III aliquots were removed al terna ti vely from 
each reaction vessel and a~plied to a Dowex column as 
described in the caption to Figure 16. 
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Figure 22. High performance liquid chromatop;raphy of [Nle 4] -a-mm ( A) 
before, (B) after 90 seconds and (C) after 10 minutes of 
iodogen-induced iodinRtion. -- The iodination reaction was 
carried out as described in "Nethods and ~~aterials" using 
the following quantities of reactants: 500 ul of io~ogen 
solution, (1 mg/25 ml); 100 Ul each of NaI and [Nle4J-a-HEm 
(6 x 10-4 M) in 0.1 M phosphate buffer (pH 7.4). Aliquots 
of the reaction mixture were removed and chromatographed at 
the times indicated. HPLC was carried out as described in 
"Nethods and ~1a terials." 



47 

Purification of [125r_Tyr2, Nle 4 J-a-HSH 

Since under normal iodination conditions (i.e., using l25r ) the 

quantity of peptide to be labeled is insufficient to be detectable by 

absorbance at 280 or 210, a simple and inexpensive radioactivity de-

tector \.,ras devised for this purpose. Using this device, together with 

the HPLC, it was possible to prepare small quantities (0.1-1.0 mCr) of 

labeled peptide of essentially theoretical specific radioactivity (i.e., 

approx. 2187 Ci/mmol). Since a completely volatile solvent system was 

used during purification, a radioactive product free from unwanted salts 

and/or buffers was readily obtained. Thus, using this method, a bio-

logically active tracer of extremely high purity and specific radio-

activity can be prepared in less than 30 minutes time from start to 

finish. In addition, since all unwanted reaction products arc seruratcd 

from the [1251_Tyr2 , Nle 4J_a_v.SH, it is possible to use older prepara

tions of sodium iodide (1251) which would be totally unacceptable using 

conventional purification techniques. Figure 23 shows the successful 

iodination of r Nle ~1-a-MSH using l25r r.lore than 20 days old. 

vlhen the iodination reaction was allowed to go to completion 

using excess peptide, essentially all of the l25r was incorporated into 

the peptide as the monoiodotyrosine derivative (Fig. 24). Only a very 

small quantity of [1
2
-Tyr2, Nle 4]_a_}lSH was formed even when the 

reaction ... ,as allowed to proceed to completion (Fig. 24). 
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Hi~h performance liquid chromatography of radioactive 
Il?5I-Tyr2, Nle4J -a-r·~SH after iodogen induced iodination. 
-- Iodination reactants were as follows: iodogen, 500 pl 
of a 1 mg/25 ml solution; 100 ~l of a 1 mCi/ml (approxi
mately 4.5 x 10-5 M) solution; and 100 ul of a 6 x 1065 H 
solution of [Nle4]-a-MSH. The reaction was allowed to 
proceed for. 1 minute before being subjected to lWLC puri
fication. HPLC conditions were as described in "Hethods' 
and Materials." The attenuation on the Geiger counter 
detector was set at 1 X. 
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J:Ii~h performance liquid chromatography of radioactive 
L lc5I_Tyr2, Nle4] -a-~1SH after' iQdogen produced iodina
tiop showing production of a trace amount [l2512-Tyr2, 
Nle4J-a-MSH. Fr~~ l25I, [l25I-Tyr2 , Nle4] -a-MSH and 
[l2512-Tyr2, Nle fJ-a-MSH are shown in peaks I, II and 
III, respectively. 
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CHAPTER 4 

DISCUSSION 

The recent demonstration that a-MSH may be involved in foetal 

development and the functioning of the central nervous system has re-

su1ted in widespread interest in this tridecapeptide and its receptor 

(Ti1ders et a1. 1977). Historically, hormone-receptor interactions of 

the me1anotropins have been studied by measuring the biological activi-

ties of synthetic structural analogues using the frog-skin bioassay 

(Hofmann 1975; Eberle and Schwyzer 1979; ~~edzihradszky' 1976). This frog 
) 

skin bioassay was used for the structure-activity studies described 

herein. These studies were designed to provide information about the 

effects of iodination on the biological activities of a-MSH and other 

me1anotropins. They have also provided new information concerning the 

role of the N-termina1 portion of me1anotropins in determining their 

biological potencies. 

The primary drawback or limitation of the frog skin bioassay 

method is that it does not allow segregation of the two theoretically 

distince molecular phenomena of "receptor-binding" and "activation." 

The binding of a hormone to its receptor is best studied using a radio-

receptor assay and, thus, the need for a radio1abe1ed me1anotropin to 

probe the receptor-binding sites associated with its target tissues is 

apparent. 
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Recently, both a- (Dupont et ale 1975; Kopp et ale 1977) and 

I3-HSH (Varga et ale 1974) have been iodinated under conditions desir,ned 

to yield high specific radioactivity while preserving biological 

activity. The data presented herein clearly demonstrate the many pit

falls associated with the iodination of a-NSH using conventional methods. 

Perhaps the best previous approach has been to label the hormone with 

iodine (1251) to an average of less than 1 atom of iodine per molecule 

of peptide and to separate the iodinated product from excess unlabeled 

material (Eberle and Hubscher 1979a). The rationale for this approach 

is sound and the data presented herein confirm that successful iodina

tion of a-HSH may be possible; however, the problems associated · ... ith 

i odi:w tine the t:." ti ve r.!clanotropins (which contain methionine) are sub-

stantial and the reaction conditions must be carefully monitored and 

controlled. 

Iodinated derivatives of a-r~SH prepared using all of the iodina

tion methodologies described herein had markedly reduced hormonal 

activities (Figs. 9, 11, 14, 15, and 20). The loss of hormonal activity 

was, in part, due to oxidation of methionine (Heward et ale 1979a, 

1979b). This problem was easily avoided by the substitution of nor-

leucine for methionine in the peptides; however, under iodination con

ditions where triiodide ion was present in excess, the norleucine

containing peptides also lost activity (Fig. 11). Iodination damage to 

both the histidine and tryptophan residues of the peptide (Heward et ale 

1979b) was responsible for the loss of activity observed under these 

conditions. Only by carefully controlling the generation of triiodide 

ion can the damage to these residues be avoided. Although this can be 
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accomplished using all three of the iodin~tion methods studied, the 

iodof>en method is by far the simplest and most convenient. 

In addition to the other causes of hormone inactivation, the 

presence of iodine on the tyrosine residue also contributed signifi-

cantly to the observed reduction in hormonal activity (Fig. 23). This 

is consistent with earlier reports that [r_Tyr2] -a-MSH is less active 

than a-~SH and that [I2-Tyr2J-a-~:SH ;.s even less active than [I_Tyr2J_ 
a-t'SH (Eberle and Hubscher 1979b). This problem was at least partially 

compensated for in the present studies by the fact that [Nle 4] -a-HSH 

is sir,nificantly more potent than a-MSH. Therefore, the reduction in 

hormonal activity caused by the presence of iodine on the tyrosine 

residue of [I_Tyr2, Nle4J-a-MsH resulted in an iodinat~d melanotropin 

wi th a biological potency essentially equivalent to thRt of a-r·'SH. 

The preparation of a radioactive melanotropin having hir,h spe-

cific radioactivity and full biological potency required a rapid method 

for purification of the final product. After iodination (both enzYMatic 

and chemical) of [Nle 4J -a-~lSH the product [125I _Tyr2, Nle 4J -a-!-~SH was 

then purified by high performance liquid chromatography (HPLC) on the 

basis of iodine content (Figs. 19, 23, 24 and 25). [1?5I _Tyr2 , Nle
4J_ 

a-HSH eluted as a single sharp peak on the HPLC and was completely re

sol ved from both [Nle 4] -a-}~SH and [12512_Tyr2, tile 4] - -HSH. Al though 

[I_Tyr2, Nle4J-a-HsH is slip;htly less active than [Nle4]-a-}~SH, it 

possesses activity comparable to that of the native hormone (TableV 

and, therefore, may be the molecule of choice for examination of the 

small number of melanotropin binding sites present on the target 

tissues of this hormone. 
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