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ABSTRACT 

This research Initiated an Investigation of the structural 

relationships between melanocyte stimulating hormone (a-MSH) and Its 

melanin dispersion on lizard (Anolls carolinensls) and frog (Rana 

pipiens) skins bioassays 85 representing models for mammalian and 

amphibian melanocytes, respectively. 

From previous extensive structure-activity relationships of 

a-MSH together with the theoretical modeling ~e were able to design a 

group of linear and cyclic peptldes related to "4-10" fragment analo

gues of a-MSH. 

The solid phase synthesis of a-MSH and Its related pnalogues 

using the p-methylbenzhydrylamlne resin was accomplished. The C

terminal carboxamide and the N-termlnal acetylamlde were maintained In 

all peptldes synthesized. The cyclic peptldes were prepared In solu

tion phase using the linear peptide! generated by solid phase. All the 

cyclizatlon were done by using the hydrochloride salts of the peptide 
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and OMF as a solvent with dlphenylphosphoryl azide (OPPA) as a coupling 

reagent In the presence of K2HP04 as a base. The yellds of the cyclic 

peptide,. were In the range of 30-40%. 

In all the synthesized peptldes the replacement of O-Phe7 with 

L-Phe7 causes a reduction In the potency of the peptide on lizard or 

frog skins bloassays. Also, the reduction or Increase In ring size In 

the cyclic peptide from 23 membered ring diminishes the biological 

effect of the peptide under testing. 



CHAPTER ONE 

INTRODUCTION 
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a-MSH Is a trldecapeptlde (Ac-Ser-Tyr-Ser-Met-Glu-Hls-Phe-Arg

Trp-Gly-Lys-Pro-Val-NH2) which Is secreted by the pars Intermedla lobe 

of the pituitary gland. Since Its discovery at the beginning of this 

century (Smith, 1916; Allen, 1916) and Its full characterization In the 

mid-fifties (Lerner et al., 1955; Benfey et al., 1955; Porath et al., 

1955; Harris et al., 1957), It has been the subject of extensive stu-

dies (Hruby et al., 1984; Cody, et al., 1988). a-MSH shares the first 

thirteen amino acids with adrenocorticotropic hormone (ACTH). Recently 

It has been shown that a-MSH and related pep tides are derived from a 

large molecular weight precursor protein, pro-oplomelanocortln (Herbert 

et al., 1980; Mains et al., 1980) (POMC) In vertebrate pituitary and 

hypothalamus. All the peptldes related to a-MSH Isolated thus far from 

the pituitary gland show conservation of the sequence Met-Glu-Hls-Phe

Arg-Trp-Gly in their active core structure throughout evolution 

(Hruby.et al., 1984). In an attempt to correlate the structure of 

a-MSH to Its biological activity, classical str"l.IIcture-actlvlty rela-

tlonships have been carried out by numerous workers (Hruby et al., 

1984). Results of these studies showed that the minimal active 

sequence for this peptide hormone Is the tetrapeptide His-Phe-Arg-Trp 

(Hruby et al., 1987). Another approach In studying the relationship 

between the hormone structure and Its biological activity Is through 

the correlation of the 3-dlmenslonal structure to the biological activity 



Several techniques have been used to understand the topographical 

structure of a-MSH and Its effect on the biological response (Sawyer, 

1981; Cody, 1985 and references therein), but the conclusions from 

these studies are stili unclear. Some workers believed that a-MSH has 

a a-turn type of conformation centered around the Phe7 amino acid resl-

due. This hypothesis was tested by synthesizing an analogue where 

L-Phe was substituted by D-Phe as a a-turn stabilizer. The result of 

that study showed a 60-fold enhancement In the biological potency of 

the resulting analogues (Sawyer et al., 1980). Another approach to 

test the hypothesis was by stabilization of the a-turn through side 

chain to side chain pseudolsosterlc cycllzatlon via a disulfide bridge 

(Hruby, 1982). This molecule was prepared by replacing the Met" and 

Gly 10 by Cys residues and closing the disulfide. The resulting analo

gue was a superpotent agonist In the frog skin bioassay (Sawyer et al., 

1982). Extensive studies were carried out along these lines to corre

late the primary, secondary and tertiary structure of MSH to Its biolo

gical activity (Wilkes, 1985; Cody, 1985). NMR and CD studies 

suggested that these compounds had no distinct secondary or tertiary 

structure with the possibility of a-like conformations (Cody, 1985; 

Sugg et al., 1986; Ikeda et al., 1971, Higuchi et al., 1981; Rawson et 

al.,1982). 

As previously Indicated, conformational studies led to the 

synthesis of cyclic [Cy~4, Cys'10]a-MSH and Its fragment analogues. 

Conformational calculations were carried out on three of these cyclic 
, i J i 

analogues: Ac-[Cys4, Cys'0]a-MSH4-10-NH2, Ac-[Cys4, Cys l0]a-

14 
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MSH4-13-NH2 and Ac-[Cy's4, Cy~ 10]a-MSH4_13-NH2' The same type of calcu

lations were performed on a-MSH. The results of these calculations 

have suggested that the conformation of a-MSH and Its superagonlst ana

logues Is either a B-turn or a helical form (Nlklforovlch et al., 1981; 

Nlklforovlch et al., 1984). All these studies were made using the 

rigid body approach (Ramachandran and Saslsekharan, 1968; Scheraga, 

1968) In which the bond lengths and angles were kept "frozen" at their 

"equilibrium" values. Furthermore, since the peptide bond has a rota

tional barrier of .... 20 Kcall Mol owing to Its partial double-bond 

character, it was assumed that this torsion angle could be kept fixed 

at 1800 , corresponding to a trans conformation. Finally, In these 

calculations the possible slde-chalns conformations were assumed to be 

either gauche or trans (±60, 180, respectively), and selection of con

formers was based on using differences of 10 KcallMol as a criterion 

for keeping or neglecting that conformer. 

Peptides such as a-MSH are not static, fixed structures, but 

rather dynamic entities. Thus, they constantly vibrate with charac

teristic frequencies and undergo conformational fluctuations and tran

sitions (Hagler et al., 1985). It has been hypothesized that the 

dynamic properties of peptide hormones are Integrally Involved In the 

transduction of the biological messages (Hruby and Mosberg, 1982; Hruby 

and Hadley, 1986). Also, these molecules exist In a variety of media 

which may effect their conformations to a considerable extent. 

Finally, entropic contributions to the free energy, which are not 



considered in rigid-geometry calculations, may be very Important In 

determining the conformational equilibria. These facts have led to new 

approaches to study peptide systems, including the use of molecular 

dynamics (Karplus and McCammon, 1981) and Monte Carlo (Hagler and 

Moult, 1978) techniques. 

In this study, we have used synthetic, biophysical and theoreti

cal approaches In an Integrated manner to develop analogues of a

melanotropin with high agonistic potency and specificity. These 

results from these studies may provide a compound or compounds with a 

potential medical appUcatlons for treatment of certain diseases 

(Hadley et al., 1987). 
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CHAPTER TWO 

DESIGN AND SYNTHESIS OF LINEAR POTENT ANALOGUES 

OF a-MELANOTROPIN MODIFIED IN POSITIONS 5 AND 10 

The ability of tadpoles, frogs, chameleans, certain fishes, and 

other animals to change color is under the control of the melanocyte

stimulating hormone (a-MSH). The existence of substances In the 

pituitary that affect ~kln darkening in frogs and tadpoles was disco

vered In the early part of this century (Smith, 1916; Allen, 1916). 

The isolation, structure, determination. synthesis and bioassay of 

a-MSH were accomplished in the 1950'5 by several workers (Lerner, et 

al., 1955; Benfey, et al., 1955; Porath, et al., 1955; Root, 1956; Lee 
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et al., 1956; Harris, 1959; Harris. et al., 1957; Lerner. et al., 1960; 

Shizume et al., 1954; Hadley, et al., 1975). They defined the struc

ture of a-melanotropln as the trldecapeptlde (Ac-Ser-Tyr-Ser-Met-Glu

Hls-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2). which represents the first thir

teenth amino acids of adrenocorticotropin hormone (ACTH). Recently it 

has been shown that a-MSH and related pep tides are derived from a large 

molecular weight precursor protein. pro-oplomelanocortin (Herbert, et 

al., 1980; Mains et al •• 1980) (POMC) in the vertebrate pituitary and 

hypothalamus. Invesitlgatlon of all of the peptides related to a-MSH 

which are isolated from the pituitary gland showed a conservation of 

the sequence Met-Glu-Hls-Phe-Arg-Trp-Gly in their active core structure 

throughout evolution (Hruby et al.. 1984). This heptapeptlde sequence 



has been suggested to be the active site of the hormones that are 

generated from the biological processing of the POMC in the biological 

system (Hofmann, et al., 1974; van Nispen, et al., 1982). 

Based on the structural relationship to the biological potency 

of a-MSH and its analogues and fragments (Hofmann, et al., 1974; van 

Nispen, et al., 1982) using l!!. vitro frog skin bioassay system 

(Shlzume, et al., 19511), the active site of a-MSH has been shown to be 
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the heptapeptlde In position 4 to 10 which Includes Met-Glu-Hls-Phe

Arg-Trp-Gly. This fragment (a-MSHII-10) has been synthesized and tested 

for its melanocyte expanding activity In frog skin and showed to be a 

weak agonist in comparison to the native hormone (Hruby et al., 19811). 

The effects of amino acid exchange In positions 5 (Glu) and 10 (Gly) 

were not fully and systematically Investigated (Medzlhradszky, 1982). 

From our previous studies and other investigations (Medzihradszky, 1982; 

Hruby, et al., 1984) It was found that replacement of Met4 with 

Nle in the active site heptapeptide gave a potent analogue of a-MSH. 

In addition, substitution of Phe In position 7 with Its enantlomer 

Q-Phe resulted In a more potent analogue with prolonged activity 

In both systems of bioassay (frog and lizard skins bioassay) (Sawyer, 

1981; Cody, 1985; Wilkes, 1985). Table I shows the summary of some of 

the results of these studies. 

These structural-activity relationships showed two Important 

results. Firstly, the replacement of the Met amino acid with Its oxi

dizable side chain with the oxidatively stable amino acid Nle, which Is 

also an isosteric for Met, resulted In about a 10 fold enhancement of 



Table I 

Selective Fragments of a-MSH and Their Biological Activities 

on Frog (Rana plplens) Skin and Lh:ard CAnolis carollnensls) 

Relative Potenc~ 
Peptide Frog 

1 • a-MSH 1.0 

2. Ac-[ Nle4, D-Phe7] -a-MSH'-13NH260.0 

3. Ac-a-MSH4-10 NH2 0.0003 

4. Ac-[ Nle4] -a-MSH4-10NH2 0.002 

5. Ac-[Nle4 ]-a-MSH4-11 NH2 0.002 

6. Ac-[Nle4 , D··Phe7]-a-MSH4-10NH2 0.02 

7. Ac-[Nle4 , D-Phe7]-a-MSH4-11NH2 0.16 

a Hadley, et al., 1981 

b Sawyer, et al., 1980 

c Sawyer, et al., 1982 

d Wilkes, et al.. 1983 

Lizard 

1.0 

5.0 

0.004 

0.06 

1.0 

10.0 

8.0 

Reference 

a,b 

c 

c 

d 

c 

d 
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the biological potency of the peptide fragment. Secondly, replacement 

of L-Phe In position 7 with D-Phe and adding Lys in position 11 

further enhances the biological potency of the a-MSH fragment. To 

further investigate the structure-potency relationship of a-MSH4-10 

fragments, we have systematically investigated the structural require

ment for melanotroplc activity of a number of a-MSH4-10 analogues with 

emphasis on the effect of substitutions in positions 5 and 10. In this 

section we will report the synthesis of these a-MSH4-10 fragments; 

some of them display a potency higher than the native hormone In a 

number of bioassay systems. 

Results and Discussion 

The Ac-a-MSH4-10-NH2 analogues listed In Table II were synthe

sized by solid-phase peptide synthetic methods (Stewart, et al., 1976; 

Hruby, et al., 1977; Hruby, et al., 1973) using p-methylbenzhydryl

amine resin (pMBHA) as a solid support (Yang, et al., 1980), and 

purified by methods related to those used previously for a-melanotropln 

and analogues (YaJima, et al., 1974; Huntington, et al., 1970). The 

details of the synthetic methods are given in the Experimental Section, 

and the analytical results are given In Tables III and IV. The.!.!!. 

~ biological activities of the peptides were determined In both the 

frog (.B!!:!!. plpien.) (Shlzume, et al., 1954) and lizard (Anolis caroll

nensls) skin assays (Huntington, et al., 1970) over the full range of 

the log dose-response curves for the peptldes. The results of the 
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latter studies are shown in Figure I, and the relative potencies for 

both assays are summarized in Table V. Previously, it was reported 

that the addition of Lys-11 to the Ac-[ Nle4, .Q.-Phe7] -a-MSH4-10- NH2 

peptide resulted In an analogue with about one-tenth the potency of the 

native hormone a-MSH in frog skin bioassay (Wilkes, et al., 1983) and 

about 8 times the potency of the native hormone in lizard skin assay. 

Also, it has been shown that replacement of Glu in position 5 with 

either Gin or Gly amino acids resulted in equipotent or slightly less 

potent a-MSH analogues (Medzihradszk y, 1982; Hruby, et al., 1984). 

Replacement of Gly in position 10 by a-alanine reduces the potency of 

the peptide (Medzlhradszky, 1982). 

However, In this study we found that the exchange of Glu In 

position 5 with the shorter side chain amino acid aspartic acid causes 

slight enhancement in the biological potency, as in comparison of pep-

tides 2,6,9 with peptides 3,7,10 in Table V. In addition, 

exchanging Gly in position 10 with the basic amino acids Lys, Orn, Dab, 
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or Dpr gave analogues with enhanced activity in comparison to the native 

hormone, a-MSH or Ac-[Nle4, D-Phe7]-a MSH4-10-NH2 (see Table V). The 

effect of Glu substitution with Asp is more pronounced in compounds 2 

and 3 (Table I). This result may be attributed to the potentiation of 

the effect of shorter side chain amino acids in the full length hormone 

a-MSH. The synthesis of compounds 2, 3, 4 and 5 was done to complete 

the comparison, and to study the effect of exchange of amino acids In 

position 5, 10 and 11. The biological potency of these four compounds 

clearly showed the effect of those sites (5 and 10) on the biological 



response which resulted in compounds with up to 9 times the potency of 

the native a-MSH as In compound 3. In addition to the enhanced 

potency, some of these analogues showed prolonged activity in the frog 

skin and lizard skin bloassays. There Is a clear effect of the first 
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three N-terminal amino acids on the prolongation of these peptldes in 

lizard skin bioassay, as In compounds 2 and 3 (Table II). This pheno

menon could be related to the enhanced hydrophlllcity of the peptldes 

because of the hydrophilic side chains of these three amino acids 

(Ser-Tyr-Ser). This phenomenon was not noticed in all previous studies. 

In previous work (Hruby, et al., 1984) it had been reported 

that the Ac-[Nle", D-Phe7]a-MSH4_10-NH2 was prolonged on lizard but not 

on frog. This property of prolongation on one system and not on the 

other Is very interesting because It had been shown that the response 

In lizard skin bioassay goes In parallel with the response In the mela

noma adenylate cyclase system (Hruby, et al., 1984). However, the 

latter two systems appear to have quite similar structural requirements 

for hormone-receptor binding and signal transduction, at least based on 

our results and the previous work done by other groups (Medzlhradszky, 

1982; Hruby, et al., 1984). 

Substitution of Gly 10 In compound 6 by Lys 10 resulted in an 

analogue (7) with one-tenth the potency of a-MSH In the frog skin assay, 

but 8 times more potency In the lizard skin assay. There was no pro

longation of activity In either bloassays. This pattern of reactivity 

was retained in the series of compounds 7 through 12 (Table II) with 



clear effect of enhancement of the potency upon substitution of Glu S 

with AspS and Lys 10 with shorter side chain basic amino acids Orn, Dab, 

and Dpr. The effect of the length of the side chain of the basic amino 

acids on the biological activity Is manifested In going from Lys (4 

CH2S) to Dpr (1 CH2) with the maximum at compound 11 where we have 

potentiation of both effects of Asp at 5 position with Dab (2 CH24) In 

position 10. Compound 11 has equlpotency to a-MSH In the frog assay 

but Is 50 times more potent In the lizard assay system. 

This tremendous change In biological potency cannot be 

explained on the basis of the IIpophlllclty-hydrophlllclty of this ana

logue since it has the same residual charge In comparison with the 

other homologues. The possible reason for such a high potency for 12 

may be due to the topological relationships of the side chain groups In 

such a way that It forms a strong Ionic bond between basic side chain 

of Dab 10 (NH2) with the acidic side chain of AspS (COOH). This ionic 

bonding may force the molecule to assume a proper topological confor

mation which fits the peptlde.-hormone receptor. Modification In posi

tion 7 by replacement D-Phe with .!:.-Phe gave an analogue with reduced 

potency in confirmation with the previously reported effect of this 

substitution on the potency of a-MSH and Its analogues (Medzihradszky, 

1982; Hruby, et al., 1984). As a result, compounds 14 and 15 (Table 

II) were less active than their D-Phe7 analogues with a noticeable 

difference of prolongation In the frog skin assay. These results con

firmed what has previously been reported by our laboratory (Sawyer, et 

al., 1982). In conclusion, this systematic structure-function Investl-
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gation provides the first extensive correlation between stereostruc-

tural and amino acids replacement to comparative melanotroplc potency 

within the primary active site of a-MSH (Met-Glu-Hls-Phe-Arg-Trp-Gly). 

The potency range for the active-site heptapeptlde analogue of a-MSH 

tested was four orders of magnitude. Structural modification at the 
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GluS and Gly 10 of Ac-[Nle". D-Phe7]a-MSHlI_10-NH2 resulting In markedly 

increased (>lI5-fold) melanotroplc potency for the resultant peptide. 

Ac-[ Nlell • AspS. Q-Phe7• Dab 10]a-MSHlI_10-NH2. Furthermore. substitution 

of Gly-10 by basic amino acids (lys. Orn. Dab. Dpr) resulted In more 

potent analogues In both lizard and frog skin bloassays. These results 

are very Important for the future use of these analogues as drug 

carriers to target melanoma cells. Conjugation of drugs active against 

melanoma cells using these acidic or basic side chains may prove very 

Important for medicinal use of a-MSH and its analogues (Hruby. et al., 

1984). Also the length of side chain groups In' position 10 Is very 

important for the biological activity of these a-MSH4-10 analogues. 

Further studies In this direction are under Investigation In our 

laboratory. 

Experimental Section 

General Methods. Amino acid analysis was performed on a Beck

man Model 120C amino acid analyzer after acid hydrolysis In sealed 

vials. using either 11M methanesulfonlc acid or 6 M HCI :proplonlc acid 

containing 0.5% phenol. at 110°C for 22 h l!:!. vacuo. Ascending TlC was 



performed on Baker 250 nm analytical silica gel glass plates in the 

following solvent systems: (A) 1-butanol! acetic acid /pyrldine/ water 

(5:5:1:4); v/v (B) 2-propanoI!25% aqueous ammonia/water (3:1:1) v/v; 

(C) ethyl acetate/pyridine/acetic acid/water (5:5: 1 :3) v/v; (D) 

1-butanol/acetlc acid/water (4: 1 :5, upper phase) v/v peptides were 

visualized by ninhydrin, fluorescamine, and Iodine vapor. Optical 

rotations were performed at the mercury green line (546 nm) In a 

Rudolph Research Polarimeter (autopol). Carboxymethyl cellulose (CMC) 

cation exchange flne mesh resin with 0.72 meg/g capacity was purchased 
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from Sigma Chemical Co., St. Louis, MO. HPLC Vias performed on Perkin

Elmer series 313 chromatograph, equipped with a Model LCI 100 labora

tory computing Integrator using a Vydac 21STP15-16 C'SRP column (25 cm 

x 4.6 mm for analytical and 25 cm x 25 mm for preparative purposes), 

with a 0.1% trlfluoroacetic acld/CH3CN gradient (SO:20 to 50:50) over 

20 minutes with flow rate of 3 mL/mln. Peaks were monitored at 223 nm 

and 280 nm. HPLC solvents (Burdick and Jackson) were purchased from 

American Scientific Products (Phoenix, AZ.). In the solid phase 

synthesis, Na_Boc protected amino. acids were Na-deprotected with 4S% 

TF A In methylene chloride containing 2% anisole for 5 and 20 min each. 
',. 

After completion of coupling of all amino acids, the amino terminal end 

of each peptide was acetylated with a 6-fold excess of N-acetyllmidazole 

or a 2-fold excess of a 1: 1 mixture of acetic anhydride: pyridine In 

methylene chloride. The protected peptldes were deprotected and 

removed from the resin with anhydrous liquid HF (10 mL/g of peptide 

resin) containing 10% anisole and 6% of 1,2-dlthloethane 
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(Hruby, et al., 1977; Mitsueda, 1982) at OOC for 30-45 min. After 

removal of the HF l!!.~, the pep tides with the resin were washed 

with ether or ethyl acetate (3 x 30 ML) and the free peptide extracted 

with 30% aqueous acetic acid and lyophilized. The finished analogues 

were purified by ion-exchange chromatography on CMC; the eluting pep

tides were monitored at 280 nm. 

p-Methylbenzhydrylamine Resin. The synthetic resin was pre

pared and purified according to the procedure previously reported 

(Hruby, et al., 1977). All syntheses were performed on a semiautomatic 

peptide synthesizer, or on a Vega Coupler Model 1000 or 250 Peptide 

Synthesizer (Vega Biochemicals, Tucson, AZ). 

Ac-[Nle4 , .Q.-Phe7, Lys10, Gly11]a-MSHl-13-NH2, Ac-Ser-Tyr-Ser

Nle-Glu-His-D-Phe-Arg-Trp-Lys-Gly-Pro-Val-NH2 (2). The title compound 

was prepared by coupling Na_Boc-Val to p-methylbenzhydrylamlne resin 

(2.0 g pMBHA resin, 0.7 mmol NH2/9 of resin) using a 3 fold excess of 

the amino acid and solld-phase methods of peptide synthesis. After 90 

min the resin was washed with dlchloromethane, neutralized and the ter

minal amino group was acetylated with the acetic anhydride-pyridine 

mixture. No reactive amino groups on the resin were detected by the 

ninhydrin test (Kaiser, et al., 1970) after 30 min. A cycle for 

coupling of each amino acid residue into the growing peptide chain con

sisted of the following: 1) Washing with four 30-mL portions of 

~H2CI2' 2 min/wash; 2) Cleavage of the Boc group by 30 mL of 48% 

trlfluoroacetlc acid In dlchloromethane containing 2% anisole, one 
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treatment for 5 min, and a second for 20 min; 3) Washing with four 

30-mL portions of dlchloromethane, 2 min/wash; 4) neutralization by 

addition of two 30-mL portions of 10% dilsopropylethylamlne In dlch

loromethane and shaking for 2 min each; 5) Washing with four '30-mL por

tions of dlchloromethane, 2 min/wash; 6) Addition of 3 fold excess of 

the NCl_Boc amino acid derivative (In this case 2.1 mmol) In 5 mL of 

dlchloromethane, 2.4 mL of N-hydroxybenzotrlazole of 1 mmol/mL In DMF 

(except In the case of NCl-Boc-NlmTos-Hls), followed by 2.4 mL of DCC of 

1 mmol/ mL solution of DCC In DMF. The mixture then shook for 2-3 h (in 

case of Trp, Arg, and His, DMF was used as the coupling solvent); 7) 

After completion of the coupling (ninhydrin negative) washing with 

three 30-mL portions of dlchloromethane, 2 min/wash; 8) Washing with 

three 30-mL portions of 100% ethanol, 2 min/wash; 9) Washing with four 

30-mL portions of dichloromethane, 1 min/wash. The protected peptide 

resin corresponding to the title compound was obtained after stepwise 

coupling of the following NCl_Boc amino acids (or derivatives) was per

formed (in order of addition): NCl-Boc-Pro, NCl-Boc-Gly, NCl-Boc-

Lys( N&-2-CIZ); NCl-Boc-Trp('Ni-For), NCl-Boc-Arg, NCl-Boc-D-Phe, and 

NCl-Boc-Hls (Nim-Tos). The resulted Boc-His (Nlm-Tos) -D-Phe-Arg

(N9-Tos)-Trp(N'-For)-Lys(N&-2-CIZ)-Gly-Pro-Val-p-MBHA resh' was divided 

Into four portions. One-quarter (1.0 g, .... 0.35 mmol) of the protected 

peptide-resin was converted to the protected title peptide resin after 

coupling NCl_Boc-Glu (y-Bzl), NCl-Boc-Nle, NCl-Boc-Ser( O-Bzl), 

NCl-Boc-Tyr(0-2 Brz); NCl-Boc-Ser(O-Bzl). After coupling the last amino 
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acid, the Na-Boc protecting group was removed, the amino group neutra

lized, and the protected peptide was Na-acetylated with a 10-fold 

excess of N-acetyllmldazole In 20 mL of dlchloromethane and the 

resulting protected peptide resin, Ac-Ser-( O-Bzl) - Tyr (0-2-Brz) -Ser

(O-Bzl)-Nle-Glu (y-Bzl) Hls( Nlm-Tos) -D-Phe-Arg( Ng-Tos) -Trp( NLFor) -Lys

(NE:-a-CIZ) -Gly-Pro-Val-p-MBHA resin, dried.!!!.~. The protected 

peptide resin (1.0 g) was cleaved from the resin by liquid HF (vide 

supra). After evaporation of the volatile materials .!!!. ~ at OOC, 

the dried product was washed with ethyl ether (3 x 30 mL), extracted 

with 30% aqueous HOAc (3 x 30 mL), and lyophilized. The peptide powder 

(530 mg) was divided Into two portions (260 mg each) and one portion 

was dissolved in 1.5 mL of ammonium acetate buffer (pH 4.5) and 

filtered through a cartridge filter Into the top of a CMC column (2.0 x 

30.0 em) and eluted using 250 mL each of 0.01 (pH 4.5), 0.1 (pH 6.8), 

and 0.2 (pH 6.8) M NH40Ac. The major peak detected at 280 nm, was 

eluted between the end of the 0.1 and the first half of the 0.2 M 

NH40Ac fraction and was lyophilized to give 142.3 mg of white powder. 

Then 80.0 mg of the peptide powder was purified by preparative HPLC 

using 0.1% trlfluoroacetlc acld/CIBCN gradient (80:20 to 50:50) over 20 

minutes with flow rate of 3 mL/mln on Vydac semlpreparatlve column, and 

the major peak was collected and lyophilized to give 63 mg of the title 

peptide. The analytical data for the purified compound are given in 

Tables III and IV and the biological activities are given In Table V. 
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Ac-[Nle4, AspS, Q-Phe7, Lys 10, Gly 11 ]a-MSHl-13-NH2, Ac-Ser

Tyr-Ser-Nle-Asp-Hls-D-Phe-Arg-Trp-Lys-Gly-Pro-Val-NH2 (3). The title 

compound was prepared from 1.0 9 (-0.35 mmol) of Boc-HIs(Nlm-Tos)-D-Phe

Arg( N9-Tos) -Trp-( NLFor) -Lys( N£-2-CIZ) -Gly-Pro-Val-p-MBHA resin 

(prepared above), by stepwise coupling of Na-Boc-Asp(a-Bzl), Na-Boc-

Nle, Na-Boc-Ser(O-Bzl}, Na-Boc-Tyr(0-2-BrZ), and Na-Boc-Ser(O-Bzl}. 

Each coupling was achieved as mentioned previously. Acetylation of the 

protected trldecapeptlde-resln was carried out by using a 10-fold 

excess of N-acetylimldazole In dlchloromethane (5 h) after deprotectlon 

and neutralization of N-terminal Boc group. The Ac-Ser(O-Bzl}-Tyr

(0-2-Brz) -Ser( O-Bzl} -Nle-Asp( a-Bzl) -Hls( Nlm-Tos) -D-Phe-Arg( N9-Tos)

Trp(NLFor)-Lys(N£-2-CIZ)-Gly-Pro-Val-p-MBHA resin was dried l!!. vacuo 

to give 1.8 9 of protected peptide resin. A 1.0 g of the protected 

peptide resin was cleaved by liquid HF and upon evaporation of the 

volatile materials, washing the resin material with dlethyl ether (3 x 

30 mL), extraction of the peptide with 30% aqueous HOAc (3 x 30 mL) and 

lyophilization a 600 mg of powder peptide was obtained. A portion of 

the crude tridecapeptlde (200 mg) was dissolved In 1.5 mL of NH40Ac 

buffer (pH 4.5) and filtered through a cartridge filter Into the top of 

the CMC column (2.0 x 30.0 em) and eluted with the same discontinuous 

gradient of aqueous NH40Ac as outlined under the previous peptide. 

After lyophilization, 152 mg was obtained. A 100 mg sample of this 

crude peptide was further purified by HPLC to give 67 mg of the title 

peptide. The analytical data for this peptide are given In Tables III 
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and IV, and a summary of the biological potencies is given in Table V. 

Ac-[ Nle4, O-Phe7, Lys 10, Gly 11 ]<l-MSH4-13-NH2, Ac-Nle-Glu-His-D

Phe-Arg-Trp-Lys-Gly-Pro-Val-NH2 (4). From 1.0 g ( .... 0.35 mmol) of 

Boc-His( Nim-Tos)-O-Phe-Arg( N9-Tos)-Trp( NI-For) Lys( NE_2-CIZ) -Gly-Pro

Val-p-MBHA resin (prepared above), the title peptide was synthesized by 

the solid-phase method after stepwise coupling of N<l-Boc-Glu (y-Bzl) and 

N<l-Boc-Nle. Each coupling reaction was achieved by the same way pre

viously reported for 2, except that the acetylation of the N-termlnous 

was achieved by 2-fold excess of 1: 1 acetic anhydllde-pyrldine In dl

chloromethane for 1 h. The peptide 4 was obtained In purified form as 

outlined for compound 3 to give a white powder of 4, yield 22%; the 

analytical data for the compound " are given In Tables III and IV, and 

the biological activities are given In Table V. 

Ac-[Nle4, AspS, O-Phe7, Lys '0, Gly"]<l-MSH4_13-NH2, Ac-Nle-Asp

His-O-Phe-Arg-Asp-Lys-Gly-Val-NH2 (5). From 1.0 g ( .... 0.35 mmol) of 

Boc-Hls (Nim-Tos)-O-Phe-Arg( N9-Tos) -Trp( NI-For) -Lys( NE-2-CIZ )-Gly-Pro

Val-p-MBHA resin prepared as In 2, the title peptide was prepared by 

stepwise coupling of N<l-Boc-Asp(a-Bzl), and N<l-Boc-Nle. The same tech

nique was used as for compound 2 in processing the resulting protective 

peptide resin. The peptide 5 was obtained as mentioned previously for 

compound 3 to give 53 mg of HPLC pure peptide starting with 130 mg of 

crude peptide purified previously with CMC chromotography as outlined 

in compound 2. The analytical data for compound 5 are given In Tables 



III and IV. and an outline of the biological activities is given in 

Table V. 

31 

Ac-[ Nle4, AspS, Q-Phe7]Q-MSH4-10NH2, Ac-Nle-Asp-Hls-D-Phe

Arg-Trp-Gly-NH2 (6). A 1.0 g of p-methylbenzhydrylamlne-resin (0.7 mmol 

NH2/9 resin) was suspended in dlchloromethane, washed, neutralized, 

swelled and washed with dlchloromethane. The swelled p-MBHA resin was 

coupled with the following amino acid derivatives: NQ-Boc-Gly, NQ-Boc

Trp( N'-For), NQ-Boc-Arg( N9-Tos), NQ-Boc-D-Phe, NQ-Boc-Hls( Nim-Tos), 

NQ-Boc-Asp(B-Bzl) and NQ-Boc-Nle. Each coupling reaction was achieved 

with a 3-fold excess of NQ-Boc amino acid (or derivative), a 2.4-fold 

excess of DCC, and a 2.4-fold excess of HOBt following the same tech

nique mentioned above. After coupling the last amino acid, the NQ-Boc 

protection group was removed, the amino group neutralized, and the NQ

amino group acetylated with 2-fold excess of 1: 1 mixture of acetic 

anhydride-pyridine In dlchloromethane for 1 h. The finished peptide-

resin weighed 1.8 g after overnight drying under vacuum. Cleavage of 1 g 

of the peptide-resin by HF gave 250 mg of crude peptide. Purification 

by CMC of this crude peptide using discontinuous gradient of NH40AC 

(0.01-0.2M) with pH 4.5 to pH 6.8, gave 180 mg of partially purified 

peptide. Then, 100 mg of CMC purified peptide was subjected to HPLC 

purification to give 52 mg of pure peptide. The analytical data for 

the compound are given In Tables II and IV, and the biological poten-

cies are given in Table V. 

Ac-[ Nle4, D-Phe7, Lys 10]a-MSH4_10-NH2, Ac-Nle-Glu-Hls-D-Phe-
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Arg-Trp-Lys-NH2 (7). A 2.7 g portion of p-methylbenzhydrylamine-resin 

(0.7 mmol NH2/9 resin) was suspended in dichloromethane and washed 

three times with 30 mL-portions of dichloromethane. The washed resin 

was shaken for 2 h in dichloromethane before filtering off the 

solvent. The swollen p-MBHA resin was neutralized the amino acids were 

coupled successively as outlined for compound 2. The following amino 

acid derivatives were coupled onto the resin (in order of their 

coupling): Na-Boc-D-Lys( NE_2-CIZ), Na-Boc-Trp( Ni-For), 

Na-Boc-Arg( N9-Tos), Na-Boc-D-Phe, Na-Boc-Hls( Nim-Tos). The resulting 

Boc-His (Nim-Tos) D-Phe-Arg( N9-Tos) -Trp( NI-For) -Lys( NE-2-CIZ) -p-MBHA 

resin was divided into two portions. One part of the resin was coupled 

stepwise with: Na-Boc-Glu(y-Bzl) and Na-Boc-Nle. This peptide-resin 

was Na deprotected and the N-termlnal acetylated with 2-fold excess of 

1: 1 mixture of acetic anhydride-pyridine In dlchloromethane for 1 h. 

The finished protected peptide resin was washed with dlchloromethane 

and dried l!!. ~ to give 2.1 g. A 1.7 g of the protected peptide 

resin was cleaved by anhydrous liquid HF:-anisole-dlthloethane (17 ml 

HF, 2 mL anisole, 1 mL dlthloethane). After evaporation of the vola-

tile materials, the dried, peptide and resin mixture was washed with 3 

x 30 mL of anhydrous dlethylether and extracted with 3 x 30 mL of 30% 

aqueous HOAc. The aqueous extract of the peptide lyophilized to give 

700 mg of crude peptide. A 300 mg portion of the crude peptide was 

dissolved in 2 mL of NH,.OAc buffer (pH 4.5), filtered through a 
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cartridge filter on the top of CMC column as outlined under compound 

2. ' The major peak was collected and lyophilized to give 172 mg of 

white powder peptide. Then, 110 mg of the crude peptide was purified 

on HPLC to give 58 mg of pure title peptide. The analytical data for 

the compound are given In Tables III and IV, and the biological poten

cies are given in Table V. 

Ac-[ Nle4, Asp5, Q-Phe7, Lys 10]a-MSH4_10-NH2, Ac-Nle-Asp-His

Q-Phe-Arg-Trp-Lys-NH2 (8). The protected peptide resin to the title 

compound was prepared from 1.8 g of Boc-Hls(Nlm-Tos)-D-Phe-Arg(Ng-Tos)

Trp(Ni-For)-Lys(N&-2-CIZ)-p-MBHA (prepared above) by stepwise coupling 

of Na-Boc-Asp(S-Bzl) and Na-Boc-Nle. Each coupling reaction was 

achieved with a 3-fold excess of Na-Boc amino acid (or derivative), a 

2.4-fold excess of DCC, and a 2.4-fold excess of HOBt following the 

same strategy outlined above. After coupling the last amino acid, the 

Na-Boc protection group was removed, the amino group neutralized, and 

the Na-amlno group acetylated with 2-fold excess of 1: 1 mixture of ace-

tic anhydride-pyridine in dic,hloromethane for 1 h. The Ac-Nle-Asp(S

Bzl) -Hls( Nlm-Tos) -D-Phe-Arg( N9-Tos) -Trp( NI-For)-Lys( N&-2-CIZ )-p-MBHA 

resin was washed with dlchloromethane and dried .m ~ to give 2.1 g. 

A 1.5 g portion of the protected peptide resin was cleaved by liquid HF 

and processed as In 7 to give 64 mg of the title peptide after HPLC 

purification of 112 mg of CMC chromotographlcally pure peptide. The 

analytical data for the compound are given In Tables III and IV, and 

the biological potencies are given in Table V. 
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Ac-[ Nle4, .Q.-Phe7, Orn 10]a-MSH4_10-NH2, Ac-Nle-Glu-His-D-Phe

Arg-Phe-Arg-Trp-Orn-NH2 (9). The protected peptide resin to the title 

compound was synthesized as reported for 7, except the Na-Boc-Orn(N0-

Z) was used instead of Na-Boc-Lys(Ne:-2-CIZ) in the coupling scheme to 

give Ac-Nle-Glu(y-Bzl) -Hls( Nlm-Tos)-D-Phe-Arg( N9-Tos)-Trp( Ni-For)-Orn

(NLZ) -p-MB HA resin. The peptide was cleaved from the resin, the pro

tecting groups removed, and the title compound purified as reported for 

7 to give the product 9 as a white powder: the yield 38%; the analyti-

cal data for the compound are given In Tables III and IV, and the 

biological potencies are given In Table .v. 

Ac-[ Nle4, AspS, D-Phe7, Orn 10]a-MSH4_10-NH2, Ac-Nle-Asp-Hls

.Q.-Phe-Arg-Trp-Orn-NH2 (10). The protected peptide resin to the title 

compound was synthesized as reported for 9, except the Na-Boc-Asp(B-Bzl) 

was used Instead of Na-Boc-Glu(y-Bzl) In the coupling scheme to give 

Ac-Nle-Asp(B-Bzl)-Hls(Nlm-Tos)-O-Phe-Arg(Ng-Tos)-Trp(NLFor)-Orn(NO-Z)

pMBHA resin. The peptide was cleaved from the resin, the protecting 

groups removed, and the title compound purified as reported for 7 to 

give the product 10 as a white powder: the yield 41%; the analytical 

data for the compound are given in Tables III and IV, and the biologi-

cal potencies are given in Table V. 

Ac-[Nle4, O-Phe7, Oab'O]a-MSH4_,0-NH2, Ac-Nle-Glu-Hls-O-Phe

Arg-Trp-Oab-NH2 (11). The protected peptide resin to the title com

pound was synthesized as reported for 7, except the NQ-Boc-Oab (NY -Z) 
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was used instead of Na-Boc-Lys( NE:-2-CIZ) In the coupling scheme to give 

Ac-Nle-Glu(y-Bzl) -Hls( Nlm-Tos)-D-Phe-Phe-Arg(Ng-Tos) -Trp( NI-For) -Dab( NY -Z) 

pMB HA resin. The Na-Boc-Dab (Na-Z) was synthesized as reported In 

literature (London, et al., 1984; Wakl, et al., 1981). The peptide was 

cleaved from the resin, the protecting groups removed, and the title 

compound purified as reported for 7 to give the product 11 as a white 

powder: yield 42%. The analytical data for the compound are given in 

Tables III and IV, and the biological potencies are given In Table V. 

Ac-[Nle4, AspS, D-Phe7, Dab10]a-MSH4-10-NH2, Ac-Nle-Asp-Hls-D

Phe-Arg-Trp-Dab-NH2 (12). The protected peptide resin to the title 

compound was synthesized as reported for 7, except the Na-Boc-Dab (NY -Z) 

and Na-Boc-Asp(a-Bz/} were used, Instead of Na-Boc-Lys(NE:-2CIZ) and 

Na-Boc-Glu(y-Bz/}, respectively, In the coupling scheme to give 

Ac-Nle-Asp (a-Bzl) -Hls( Nlm-Tos)-D-Phe-Arg( N9-Tos) -Trp( NI_For) -Dab (NY -Z)

p-MBHA resin. Upon cleaving ancI' processing the peptide resin as 

reported for 7, the peptide 12 was obtained as a white powder In 36% 

yield. The anlaytlcal data for the compound are given In Tables III 

and IV, and the biological potencies are given In Table V. 

Ac-[Nle4 , AspS, D-Phe7, Dpr10]a-MSH4-10-NH2, Ac-Nle-Asp-Hls

D-Phe-Arg-Trp-Dap-NH2 (13). The protected peptide resin to the title 

compound was synthesized as reported for 7, with the exception that 

Na-Boc-Dap(Na-Z) was used Instead of NQ-Boc-Lys(NE:-2-CIZ) and 

NQ-Boc-Asp(a-Bz/} for NQ-Boc-Glu(y-Bz/} In the coupling scheme to give 
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Ac-Nle-Asp(B-Bzl) -His( Nlm-Tos)-D-Phe-Arg( N9-Tos)-Trp( NLFor)-Dpr( NB-Z)

p-MBHA resin. The Na-Boc-Dpr(NB-Z) was synthesized as reported in the 

literature (Wakl, et al., 1981; London, et al., 1984). The peptide 

was cleaved from the resin, and purified as reported for 7 to give the 

peptide 13 as a white powder: yield 36%; the analytical data for 

the compound are given in Tables III and IV, and the biological poten

cies are given In Table V. 

Ac-( Nle4, Lys 10]a-MSH4_10-NH2, Ac-Nle-Glu-Hls-Phe-Arg-Trp-Lys

NH2 (14). The protected peptide resin to the title compound was 

synthesized as reported for 7, with the exception that Na-Boc-Phe was 

used Instead of Na-Boc-D-Phe In the coupling scheme to give 

Ac-Nle-Glu (y-Bzl) -Hls( Nlm-Tos) -Phe-Arg-Arg( N9-Tos)-Trp( NI-For)-Lys

(NE:-2-CIZ)-p-MBHA resin. The peptide was cleaved from the resin and 

purified as reported for 7 to give the title compound with 40% yield. 

The analytical data for the compound are given in Tables III and IV, 

and the biological potencies are given In Table V. 

Ac-(Nle4, AspS, Lys 10]a-MSH4_10-NH2, Ac-Nle-Asp-Hls-Phe-Arg

Trp-Lys-NH2 (lS). The protected peptide resin to the title compound 

was synthesized as reported for 7, with the exception that Na-Boc-Phe 

was used Instead of Na-Boc-D-Phe and Na-Boc-Asp(B-Bzl) replaced 

Na-Boc-Glu(y-Bzl) In the coupling scheme to give Ac-Nle-Asp'(B-Bzl)

Phe-Arg(Ng-Tos)-Trp(NI-For)-Lys(NE:-2-CIZ)-p-MBHA resin. The peptide 

was cleaved from the resin, the protecting groups removed, and the 



title compound purified as previously reported to give the product 15 

as a white powder in 37% yield. The analytical data for the compound 

are given in Tables III and IV, and the biological potencies are given 

in Table V. 
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Table II (a). Structure of a-Melanotropin Analogues 

Prepared During This Study 

No. Primary Sequence 

2 3 4 5 6 7 8 9 10 11 12 13 
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Ac-Ser-Tyr-Ser-Met-Glu-Hls-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 

2 Ac-Ser-Tyr-Ser-Nle-Glu-Hls-D-Phe-Arg-Trp-Lys-Gly-Pro-Val-NH2 

3 Ac-Ser-Tyr-Ser-Nle-Asp-Hls -D-Phe-Arg-Trp -l ys-Gly-Pro-Val-N H 2 

" Ac-Nle-Glu-Hls-D-Phe-Arg-Trp-Lys-Gly-Pro-Val-NH2 

5 Ac-Nle-Asp-Hls-.Q.-Phe-Arg-Trp-Lys-Gly-Pro-Val-NH2 

6 Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Gly-NH2 

7 Ac-Nle-Glu-Hls-D-Phe-Arg-Trp-Lys-NH2 

8 Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Lys-NH2 

9 Ac-Nle-Glu-Hls-D-Phe-Arg-Trp-Orn-NH2 

10 Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Orn-NH2 

11 Ac-Nle-Glu-Hls-D-Phe-Arg-Trp-Dab-NH2 

12 Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Dab-NH2 

13 Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Dpr-NH2 

14 Ac-Nle-Glu-Hls-Phe-Arg-Trp-Lys-NH2 

15 Ac-Nle-Asp-Hls-Phe-Arg-Trp-Lys-NH2 



Table II (b). Structure of Cl-Melanotropln Analogues 

Prepared During This Study 

No. Analogue 

1. Cl-MSH 

2. Ac-[Nle4 , D-Phe7, Lys10, Gly11]Cl-MSHl_13NH2 

3. Ac-[Nle4, AspS, D-Phe7, Lys10, Glyll]Cl-MSHl-13NH2 

4. Ac-[Nle4, Q-Phe7, Lys 10, Gly 11]Cl-MSH4_13NH2 

S. Ac-[Nle4, AspS, D-Phe7, Lys10, Gly11]Cl-MSH4-13NH2 

6. Ac-[Nle4, AspS, D-Phe7]Cl-MSHII-10NH2 

7. Ac-[Nle4, D-Phe7, Lys 10]Cl-MSHII-l0NH2 

8. Ac-[Nle", AspS, D-Phe7, Lys10]Cl-MSHII-l0NH2 

9. Ac-[ Nle", D-Phe7, Orn 10]Cl-MSH4-10NH2 

Hi. Ac-[Nle4, AspS, D-Phe7, Orn10]Cl-MSH4-10NH2 

11. Ac-[Nle4, D-Phe7, Dab 10]Cl-MSH4-10NH2 

12. Ac-[Nle4, AspS, D-Phe7, Dab 10]Cl-MSH4-10NH2 

13. Ac-[Nlell , AspS, D-Phe7, Dpr10]Cl-MSHII_10NH2 

14. Ac-[Nle4, Lys 10]a-MSHII-10NH2 

1S. Ac-[Nle4, AspS, Lys 10]Cl-MSH4-10NH2 
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Table III. Analytical Data of a-Melanotropln 

Analogues Synthesized in This Study 

Thin-Layer Chromatography 
23 

[a] 546 In HPLC 
Sompound Rf Values in Different Solvents 10% acetic acid Kia 

A B C D E 

2 0.34 0.62 0.0 0.0 0.39 -51.6 (c=O .31) 1.86 

3 0.32 0.63 0.0 0.0 0.38 -52.3 (c=0.33) 1.82 

4 0.43 0.67 0.0 0.0 0.42 -49.14 (c=0.35) 3.05 
I 

5 0.41 0.69 0.0 0.0 0.40 -50.0 (c=0.32) 2.98 

6 0.01 0.76 0.74 0.29 0.62 -44.8° (c=0.25) 3.32 

7 0.35 0.39 0.01 0.05 -50.0° (c=0.12) 2.56 

8 0.36 0.40 0.0 0.07 -28.0° (c=0.05) 2.25 

9 0.37 0.40 0.0 0.08 -12.5° (c=0.04) 2.24 

10 0.34 0.41 0.0 0.07 -20.0° (c=0.03) 2.14 

11 0.44 0.65 0.03 0.0 -30.0° (c=0.05) 2.12 

12 0.43 0.64 0.03 0.0 -32.7° (c=O.l1) 2.21 

13 0.41 0.63 0.02 0.0 -53.7° (c=0.033) 2.18 

14 0.34 0.38 0.0 0.1 0.0 -25.0 (c=0.02) 2.20 

15 0.32 0.39 0.0 0.08 0.0 -24.6 (c=0.16) 2.17 

aSolvent system was 15% acetonitrile In 0.1% trlfluoroacetlc acid; 

Isocratlc for 5 min, then, gradient to 45% acetonitrile (65% 0.1 FTA) 

over 15 min. Then, 5 min to 90% acetonitrile and 5 min to go to Ini

tial conditions. 
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Compound 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Table IV(a). Amino Acid Analysis of a-Melanotropin 

Analogues Prepared In This Study 

Ser Tyr Nle Glu Asp His Phe 

1.92 0.93 0.98 1.01 0.91 0.98 

1.94 0.96 0.97 0.98 0.97 1.01 

0.96 1.0 0.96 1.0 

0.99 0.96 0.98 1.01 

1.0 1.10 0.92 1.0 

1.0 0.97 0.90 1.1 

1 • 1 1.1 0.90 0.97 

1.10 1.10 0.99 1.0 

1.10 1.10 0.99 1.0 

1.10 0.90 0.92 1.10 

1.10 1.10 0.91 1.10 

1.10 1.0 1.1 0.90 

1.10 0.98 0.96 1.10 

1.10 0.98 0.99 1.10 
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Arg 

1.03 

1 • 1 

0.98 

0.97 

1.10 

0.96 

1.0 

1.10 

1.10 

1.10 

0.96 

0.94 

0.95 

0.96 



Compound 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Table IV(b). Amino Acid Analysis of a-Melanotropin 

Analogues Prepared in This Study 

Trp Gly Lys Pro Val Orn Dab 

0.90 1.03 0.99 0.92 1.03 

0.91 1.01 1.02 0.91 1.01 

0.90 1.02 0.98 0.90 1.02 

0.91 1.01 0.96 0.89 1.01 

0.91 1.1 

1.10 0.90 0.90 

0.90 0.93 

0.90 0.90 

0.90 0.90 

1.0 0.90 

1.10 0.91 

0.95 

0.90 0.94 

0.93 0.97 

42 

Dpr 

0.91 

- --- --------------------------------------
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Table v. Biological Activities of a-Melanotropln 

Analogues Studied in This Research 

Biological Potenc~ Residual Actlvit~ 

Analogue Frog Lizard Frog Lizard 

1.0 1.0 P(-) P( -) 

2 6.0 8.0 P(+) P( -) 

3 9.0 8.0 P(+) P( -) 

4 0.8 8.0 P(+) P(+) 

5 1.0 10.0 P(+) P(+) 

6 0.1 8.0 P(-) P(-) 

7 0.2 8.0 P(-) P(-) 

8 0.7 8.0 P(-) P( -) 

9 0.6 8.0 P(-) P( -) 

10 0.9 10.0 NO P( -) 

11 0.9 10.0 P(+-) P(+-) 

12 ·0.9 50.0 P(-) P( -) 

13 0.2 8.0 P(-) P( -) 

14 0.001 0.08 P(+) P(-) 

15 0.004 0.08 P(+) P( -) 
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Fig. 1. Biological potencies of different analogues of Ac-[Nle4 • AspS. 
D-Phe7• Lys 10]a-MSH4_10-NH2 in lizard skin. 
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DESIGN AND SYNTHESIS OF CONFORMATIONALLY RESTRICTED 

CYCLIC a-MSH WITH HIGH POTENCY 

Peptide hormones and their analogues are one of the most Impor

tant tools for studlng. the physlco-chemlcal basis of biological infor

mation transfer at specific target tissues. a-Melanocyte stimulating 

hormone (a-MSH) is a linear trldecapeptlde, Ac-Ser-Tyr-Ser-Met-Glu-His

Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2, that Is synthesized and secreted by 

the pars Intermedla of the vertebrate pituitary (Hadley et al., 1975). 

The hormone, along with other melanotroplns, Is derived from a large 

protein precursor, pro-oplomelanocortln, within cells of the pars Inter

media and the brain tissue (Herbert et al., 1980; Mains et al., 1980). 

a-MSH has vital physiological roles In the control of vertebrate 

pigment cell melanogenesis (Hadley et al., 1981), neural functioning 

related to learning and behavior (O'Donohue et al., 1980; Tllders et 

al., 1977), fetal development (Tllders et al., 1977), and human skin 

coloration (Lerner et al., 1960). 

While the physiological role of a-MSH In regulating hair and 

skin coloration In vertebrate seems well-establlshed (Medzlhradszky, 

1981; Hruby et al., 1984), Its role In other animals and other systems, 

especially In CNS (Hruby, 1984) and human, Is less well defined. One 

such Interaction Is that In coloration of human skin and hair (Lerner 

et al., 1960). For this purpose, we have utilized various structural 

considerations In conjunction with conformational constraints (Hruby, 
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1984; Hruby. 1985) to modify the Ac-[Nle4 • .Q.-Phe7]a-MSH4-10-NH2 struc

ture in a manner which enhances melanocyte dispersions in mammalian 

type of receptor (lizard skin). In our previous investigations toward 

these goals (Cody et al., 1987). conformationally constrained a-MSH 

compounds were synthesized and tested for their biological potency. 

The first synthesized analogues in this series was [Cys4. Cys 10]a

MSH1-13-NH2 which had over 20 times the activity of the native a-MSH 

hormone In frog skin bioassay over the linear portion of the dose

response curve, and about two to four fold the potency of a-MSH In the 

lizard skin bioassay (Sawyer et al., 1982). The design and synthesis 

of those cyclic a-MSH analogues were based on the consideration of the 

a-turn structure at the center of the active site (-Hls6-Phe7 -ArgU-

Tt'p9_) of a-MSH and the importance of this conformational property for 

the biological activity. From the structure activity studies of this 

class of a-MSH analogues, several conclusions can be drawn: 1) cycliza

tlon between positions 4 (Met4) and 10 (Gly 10) by Isosterlc replacement 

of Met4 and Gly 10 with cysteine amino acids enhanced the melanocyte 

dispersion activity by not less than 20 times In frog skin bioassay and 

two times In the lizard skin bioassay; 2) replacement of Phe7 with 0-

Phe7 In these cyclic analogues results In a 2-fold Increase In potency 

in the frog skin bioassay and a 4-fold Increase In the lizard skin 

bioassay; 3) the presence of Lys In position 11 always gave more 

actl ve analogues than those without It; 4) reduction or expansion of 

the ring size of disulfide bridge from 23-membered ring caused severe 



reduction in the biological potency of the resulted analogue. The 

results of these studies are summarized in Table VI. 

In considering these results with the results we reported in 

Chapter 2 of this research, we undertook a study to examine the possi

bility for a different kind of conformationally restricted a-MSH analo

gue. To simplify the picture, we concentrated on 4-10 fragments of 

a-MSH with the following general structure, AC-[Nle4, Xxx5, D-Phe7, 
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Yyy 10]a-MSH4_10-NH2 where the Xxx amino acid was either Glu or Asp and 

the Yyy amino acid was a basic amino acid, e.g. Lys, Orn, Dab, or Dpr. 

Theoretical studies of a member of these linear peptldes using energy 

minimization and molecular dynamics simulation (see Chapter 5) suggested 

that they share a general conformational pattern characterized by the 

proximity of the charged side chains of Xxx and Yyy amino acids. Using 

these facts, we synthesized a group of cyclic a-MSH analogues, and eva

luated their biological activities. The results of these studies are 

reported In this chapter. 

Results and Discussion 

The protected linear decapeptlde Ac-[ Nle4 , D-Phe7, Lys 10, 

Gly 11 ]a-MSH4-13-NH2 and the other heptapeptlde Ac-[Nlell , Yyy5, D-Phe7, 

Xxx]a-MSH4-10-NH2 analogues were prepared In a stepwise manner on a p

methylbenzhydrylamlne resin (substitution = 0.7 mmol NH2/9 resin) using 

the regular solid phase methodology (see Experimental Section). The 

Y xy amino acids In the heptapeptldes were Glu or Asp and the Xxx amino 
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acid residues were Lys, Orn, Dab or Dpr. The synthesized analogues are 

listed In Table V II. All the syntheses were carried out In dich

loromethane or In a mixture of dlchloromethane/dlmethylformamlde (1: 1) 

using a threefold excess of the NQ-t-butyloxycarbonyl-amlno acid deri

vatives (NQ-Boc-amlno acid). The side chains of the functional amino 

acids were properly protected as will be discussed In the Experimental 

Section. After completion of the linear peptide synthesis, they were 

cleaved and purified. The homogenous peptide! were characterized by 

quantitative amino acid analysis, thin layer chromatography and HPLC. 

Before cycllzatlon, the linear peptldes were converted to their 

trlhydrochlorlde salts on a dlethylamlnoethylcellulose column 

(hydrochloride form) (Donzel et al., 1977) and lyophilized to a glassy 

powder. Cycllzatlons to a cyclic lactam Involving the side chain 

groups of positions 5 and 10 were then accomplished according to proce

dures documented In the literature with little modification (Bradley et 

al., 1983; Christensen, 1979; Halstrom et al., 1968; Bradley et al., 

1979). Cycllzatlon using dlp,henyl phosphoryl azide and solid potassium 

phosphate dlbaslc In DMF was the method of choice In comparison to the 

one using triethylamine as a base. The latter was used In cycllzatlon 

of Ac-[Nle", AspS, .Q.-Phe7, Lys 10]a-MSH. In comparison with the general 

cycllzatlon procedure followed by us, the triethylamine methods gave 

more polymer and thus lower yields of the compounds of Interest In com

parison were the K2HPO" procedure (25% vs. 50%). The progress of the 

cycllzatlon reaction was followed by analytical HPLC together with the 
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ninhydrin test. The completion of the reaction was reflected by the 

complete disappearance· of the starting material (the linear precursor) 

shown In Figure 2 for Ac-(Nle4, AspS, D-Phe7, Lysl0Ja-MSH4_13-NH2 as a 

prototype for the other analogues. From these studies we did not 

notice any major difference In the rate of cycllzatlon of different 

heptapeptlde analogues. Thus, It seems to be that the ring size of the 

final products which range from 20 to 24-membered rings, did not appre

ciably affect the progress of cycllzatlon In this series of peptldes. 

This phenomenon may be attributed to the fact that these analogues all 

fall Into a conformation which brings the side chain groups of posi

tions Sand 10 In a proper position for Interaction with each other. 

This conclusion will be further discussed In Chapter S. 

The cycllzatlon reaction was achieved using the fully deprotected 

linear decapeptldes and heptapeptldes. In order to minimize the possi

bilities of side reactions, the linear peptide was first converted to 

Its trlhydrochlorlde salts and then cycllzed In the presence of five-

fold excess of K2HPO" as a base. Under thOle conditions, the arginine 

slde-chaln should remain protonated and thus protected. , However, It 

had been reported that when cycllzatlon was attempted on a linear pep

tides In Its trlacetute form, the cycllzatlon failed, leading primarily 

to acetylation of the basic amino acid slde-chalns (Donzel et al., 

1977; Kopple, 1972). The characterization of the cyclic peptide! was 

of primary Importance. The negative ninhydrin test Is, of course, a 
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necessary condition for the cyclic structure. However, all the experi

ments of cyclization we carried out did not give a completely ninhydrin 

negative, but Instead gave a very weak positive response. As a matter of 

fact, cycJization using triethylamine as a base gave a product which was 

complete ninhydrin negative but with more polymeric material (HPLC and 

mass spectrometry). In spite of the residual ninhydrin positive 

response, the HPLC showed more than 95% conversion of the starting 

material (linear peptide) to the product (cyclic peptide). Since the 

most likely side reaction that could occur during the cyclization step 

would involve a cyclodlmerization (or oligomerization), we Investigated 

this possibility for each compound we prepared. The testing for dlmers 

and polymer products was carried out by looking at the FAB mass 

spectrometry of the HPLC purified cyclic peptldes. The physical data 

are found in Table VIII. 

Our previous studies, together with the results of the others 

(Hruby et al., 1984; Llepkaula et al., 1983, 1984), pointed to the 

importance of conformational restriction for the active site of a-MSH 

or ACTH. Cycllzatlon constraints of a-MSH at positions 4 and 10 using 

pseudolsosterlc replacement of Met-4 and Gly-10 with Cys resulted In 

many fold enhancements In melanocyte dispersions activity of the 

synthesized analogue =s reported !n Table V II. The potency enhancement 

of the cyclic analogues compared to that of their linear precursor Is 

clearly dependent on the bioassay system we used. Our major Interest 

here was to get analogues with high potency at the lizard skin bioassay 



since the activity on the latter bioassay Is well correlated to the 

activity In mammalian systems (Hruby et al., 1984). The major charac

teristics of [C~s4. Cy~ 10]a-MSH cyclic analogues were that they showed 

low activity In lizard skin bioassay and high potency In the frog skin 

bioassay, and also a SOO-fold reduction In potency upon ring size 

reduction (22-membered ring) or Increale (24-membered ring) In com

parison with the optimized ring size (23-membered ring) as reported In 

Table VI. The conformational const!'"~!::-:tl! !mpc:ed by a cyclic lactam 
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ring formation using the side chain groups of the amino acids In posi

tions 5 and 10 resulted In a group of compounds shown In Table VII, 

with the relative biological potencies shown In Table IX. Compound 4, 

which possesses a 23-membered ring, gave the highest biological potency 

In the lizard skin assay system. No large changes In potency were seen 

In the frog skin assay. The enhancement In potency between the cyclic 

and Its linear ancestor Is on the order of ten times (see Chapter 2). 

The potency of cyclic analogue 3 Is not much affected In comparison to 

the linear analogue, but one Important change does occur with the 

appearance of prolonged activity for this cyclic analogue. The C

terminal tripeptide, Gly-Pro-Val has no effect on the potency of these 

analogues as Is demonstrated In compound 2. There Is one Important 

factor In these cyclic lactam peptldes, which Is the prolongation In 

activity of the cyclic analogue In comparison to the linear analogue as 

shown In Figure 3. The prolongation phenomenon was observed previously 



and it was reported that it may require different conformational and 

structural features which are not parallel with those related to the 

potency of the analogues (Hruby et al., 198'1). In addition, the loss 
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in prolongation and potency reduction as the ring size goes down from 

23-membered ring is very clear for compounds 5, 6, and 7. This change 

in biological activity may be attributed to the effect of the ring 

constraint on the active conformation of these pep tides (see Hruby et 

al., 1986 for a general discussion). The correlation of ring size with 

biological activity was reported In other cases of pep tides like oxyto-

cin (20-membered ring). This ring effect which Is directly related to 

the conformation of the peptide hormone will be further examined In 

Chapters 4 and 5 for some of these analogues. 

In conclusion, It appears that positions 13, 12, and 11 In a-

MSH are not Important for full biological activity of the cyclic com

pounds. This is parallel to previously reported results (Hruby, et 

al., 1984, 1987). The correlation of biological activity of melanotro-

pin Is related to conformational constraints Imposed by the lectam bond 

which may be closely related to the bloactlve conformation. It Is also 

clear that In this group of peptldes, the 4-10 sequence retains all the 

structural components necessary for superpotency and prolongation. The 

critical ring size effect on biological potency appeared again In the 

lactam type of peptide which Indicates that this rlng-slze-effect Is 

not dependent on the bridge type of cyclic peptide. 
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Experimental Section 

General Methods. Capillary melting points were determined on a 

Thomas-Hoover melting point apparatus and are reported uncorrected. Rf 

values on thin-layer chromatograms of silica gel were observed In the 

following solvent systems: (A) 1-butanol/ HOAc/H20 (4: 1:5 upper phase 

only), (B) l-butanol/HOAc/pyridlne/H20 (15:3:10:12), (C) 1-butanol/ 

pyridine/HOAc/H20 (5:5:1:4), (D) 25% ammonium hydroxide/isopropanol/H20 

( 1 : 3: 1 ) • Spots were revealed by U. V. absorption. ninhydrin. and iodine 

vapor. Amino acid analyses were obtained using a Beckman 120C amino 

acid analyzer following hydrolysis for 22 h at 120° with 4 M methane

sulfonic acid containing 0.2% 3-(2-amlnoethyl) Indole and subsequent 

neutralization with" N NaOH to pH 3.5. Also mixtures of HCI :proplonlc 

acid containing 0.5% w/v phenol were used for hydrolysis of the peptide 

sample under the same conditions. No corrections were made for destruc

tion of amino acids during hydrolysis. Fast atom bombardment mass 

spectra were obtained on a Varian 311A spectrometer equipped with an 

Ion Tech Ltd. Source with Xenon as the bombarding gas. Optical rota

tions were obtained on a Rudolph Research Autopol III polarimeter at the 

mercury green line (546 nm). HPLC was performed with the following 

solvent systems: 0.1% trlfluoroacetlc acid/ CH3CN as organic modifier; 

Vyd::c 218TP15-16 C18RP column:; (25 cm " 4.6 mm)( and (25 cm " 25 mm) 

were used. The eluted peaks were monitored at 223 nm and 280 nm. 

NQ-Boc-protected amino acids and amino acid derivatives were 

--- --- ---------------------------------1 
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purchased from Bachem (Torrance, CAl or were prepared by published 

methods. NQ-Boc-Dab (NY-Z) and NQ-Boc-Dpr(Na-Z) were prepared 

according to the literature procedure (see CH. 2). The p-methylbenz

hydrylamine resin (p-MBHA) was prepared from 1% dlvlnylbenzene cross

linked polystyrene resin by previously reported methods with an amine 

substitution of 0.7 mmol/g (see CH. 2). 

Solid-Phase Peptide Synthesis of Cyclic Melanotropln Peptldes. 

Analogues were prepared by standard solid-phase synthetic techniques 

used In our laboratory (Sawyer et al., 1982; Upson et al., 1976; Yang 

et al., 1980). In summary, NQ-tert-butyloxycarbonyl( NQ-Boc) protected 

amino acids and their derivatives were coupled to a p-methylbenz

hydrylamlne resin with a 3-fold excess of the Boc-protected amino acid 

derivative, a 2.Il-fold excess of N-hydroxybenzotrlazole (HOBt) of 1 

mmol/ mL solution In DMF (except In case of His) (FuJII et al., 1974), 

and a 2.Il-fold excess of 1 mmol/mL solution of dlcyclohexylcarbodllmlde 

(DCC) In DMF. The coupling reaction was carried out In dlchloromethane 

for a 1 to 3 hour period, which were monitored by ninhydrin 

(Christensen, 1979) and/or chloranll (Yamashiro, 1964) tests and 

repeated as necessary. Reactive side chains of amino acids were pro

tected as follows: Lys, 2 ,4-dlchlorobenzyloxycarbonyl; Orn, Dab, and 

Dap, N£-benzyloxycarbonyl; Trp, formyl; Ai"g, tus,l; His, tosyl; Glu and 

Asp, benzyl ester. Cleavage of the NQ-Boc protecting group was per

formed by treatment with 118% trlfluoroacetlc acid containing 2% anisole 

in dichloromethane for. 5 and 20 min each. 
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A cycle for the incorporation of each amino acid residue into 

the growing peptide chain consists of the following: 1) washing with 

CH2CI2 (tl x 30 mL, 1 min/wash); 2) Boc protection was removed at each 

step by two treatments with tl8% TFA In CH2CI2 containing 2% anisole for 

5 and 20 min each; 3) washing with CH2CI2 (tl x 30 mL, 1 min/wash); tI) 

neutralizing with 10% dllsopropylethylamlne In CH2CI2 (2 x 30 mL, 3 

min/wash); 5) washing with CH2CI2 (3 x 30 mL, 2 mln/w.uh), 6) adding 

the Boc-protected amino acid derivative In 20 mL CH2CI2 (except In the 

cases of Trp, Arg, and His, where DMF was substituted for CH2CI2 because 

of the solubility problem), followed by HOBt, followed by DCC and 

shaking for 1-3 h; 7) washing with CH2CI2 (3 x 30 mL, 2 min/wash), 8) 

washing with 100% EtOH (3 x 30-mL, 2 min/wash). Completion of coupling 

was monitored as mentioned above. After coupling the last amino acid, 

the Na_Boc protecting group was removed, the amino group neutralized, 

and acetylated with a 10-fold excess of N-acetyllmidazole In CH2CI2 or 

using 1: 1 mixture of acetic anhydrlded :pyrldlne In CH2CI2 (2-fold excess 

for 1 h). 

Peptldes were deprotected and removed from the resin with 

anhydrous liquid HF (10 ml 1 g of resin) containing 10% anisole and 8% 

1,2-dlthloethane (Matsueda, 1982) at OOC for 45 min. After evaporation 

of the volatile materials J!l vacuo, the free peptldes were washed with 

dlethyl-ether or ethyl acetate (3 x 30-mL) and then extracted with 30% 

aqueous solution of acetic acid (3 x 30-mL), and distilled water (3 x 

30 mL). The combined aqueous extract was lyophilized to give a white 

, -'~'".--,.~-", •.• ~ .• ~>,._ .4_.,.· .. ~.-
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powder of the crude peptide. Each peptide was purified by column chro

matography on catlon-exchange carboxymethyl cellulose (CMC) resin. 

using a discontinuous gradient of ammonium acetate buffer as follows: 

250 mL of 0.01 M NHliOAc. pHli.5; 250 mL of 0.01 M NHliOAc. pH 6.8. 250 mL 

of 0.1 M NHliOAc. pH 6.8; and 250 mL of 0.2 M NHliOAc. pH 6.8. The major 

peak (280 nm detection) eluted during the last part of 0.01 M NHliOAc 

(pH 6.8) and the first half of the 0.1 M NHliOAc (pH 6.8) buffer was 

lyophilized to give a white powder. A certain amount of this peptide 

was then purified further by using semlpreparatlve HPLC column (Vydac 

218 TP 15-16 C18RP 25 em x 25 mm) and the amino acids analyses was 

determined together with the other physical constants as shown In Table I. 
i I 

Ac-[Nleli • Glu5, .Q.-Phe7, Lysl0, Glyll]a-MSH4_13-NH2 (1). 

Starting with 1.0 g of Na-Boc-Val-p-MBHA resin (0.7 mmol of 

Na-Boc-Val), the protected peptide resin for the title compound was 

prepared after stepwise coupling of the following Na-Boc-protected 

amino acids (In order of addition): Na-Boc-Pro; Na-Boc-Gly; 

NO-Boc-Lys(N&-2,4-CIZ)i NO-Boc-Trp(NI-For)i Na-Boc-Arg(Ng-Tos)i 

NO-Boc-D-Phe; Na-Boc-Hls(Nlm-Tos); Na-Boc-Glu(y-Bzl); Na-Boc-Nle. 

After coupling the last amino acid, the Na_Boc protecting group was 

removed, the amino group neutralized, and acetylated with either 

10-fold excess of N-acetyllmldazole In dlchloromethane (6-8 h) or with 

2-fold excess of 1: 1 mixture of acetic anhydrlde:pyrldlne In dlchloro

methane (1-2 h), and the resulting protected peptide resin 

Ac-Nle-Glu(y-Bzl) -Hls( Nlm-Tos) -D-Phe-Arg( N9-Tos)-Trp( NI-For)-Lys (N&-
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2,4-CIZ)-Gly-Pro-Val-p-MBHA. A 1.0 9 ("'0.6 mmol) portion of the pro

tected peptide resin was treated with 10 mL anhydrous HF In presence of 

1 mL anisole and 0.8 mL 1,2-dlthloethane for 45 min at OOC. After the 

HF, anisole, and " 2-dlthloethane were evaporated l!:!. vacuo, the dried 

product mixture was washed with three 30-mL portions of dlethylether, 

and the peptide was extracted with three 30-mL portions of 30% acetic 

acid. Then, upon lyophilization of the aqueous extract of the peptide, 

a 325 mg of crude Ac-Nle-Glu-Hls-O-Phe-Arg-Trp-Lys-Gly-Pro-Val-NH2 pep

tide, as a white powder. was obtained. AlSO mg of crude Ac-[Nle4, 

.Q.-Phe7, Lysl0, Gly"]a-MSH4_13-NH2 was subjected to the purification 

scheme which Included dissolving the crude peptide In 2-4 mL of 0.01 M 

NH40Ac, pH 4.5, and chromatographed on carboxymethylcellulose column 

(2.0 x 25.0 cm) with a discontinuous gradient (250 mL each) of 0.01 

(pH 4.5), 0.01, 0.1, and 0.2 M NH40Ac (pH 6.8). The major peak detected 

at 280 nm was eluted during the first half of the 0.1 M NH40Ac (pH 6.8) 

buffer and was lyophilized to give 104 mg of a white powder. The CMC 

pure Ac-(Nle4, O-Phe7, Lysl0, Gly"]a-MSH4-13-NH2 was further purified 

by HPLC. using 0.1% trlfluoroacetlc acid buffer and acetonitrile as 

organic modifier on Vydac 218TP15-16 C'8RP (25 cm x 25 mm) semlprepara

tlve column. A 100 mg of the peptide was HPLC purified to give 74 mg 

pure Ac-(Nle4• O-Phe7, Lysl0, Gly "]a-MSH4_13-NH2 peptide. The analy

tical data of the compound are reported In Tables III and I V • A 40 mg 

sample of pure Ac-[Nle", O-Phe7, Lysl0, Gly"]a-MSH4-13-NH2 was 

dissolved In 1 mL of 5% HCI aqueous solution and chromatographed on 
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dlethylamlnoethylcellulose (Donzel et al., 1977) (of hydrochloric acid 

form) column (1.0 x 15.0 em) with 100 ml of 5% HCI aqueous solution and 

the eluted peak monitored at 280 nm. lyophilization of the collected 

peptide peak gave 35 mg of the Ac-[Nle, D-Phe7, lysl0, Glyl1]_ 

c:-MSHIt-13-NH2 • HCI salt. Then the peptide salt was dissolved In 

3 ml of dry DMF and secondary amine free (distilled from ninhydrin 

under reduced pressure) (Stewart et al., 1985). To the peptide solu

tion in DMF was added 120 mg of anhydrous K2HPO" (Bradley et 

al., 1983). Then the reaction mixture was cooled In an Ice-salt bath 

to OOC and ,17 III of dlphenylphosphorylazlde added and the reaction 

mixture stirred at OOC and then the whole reaction flask transferred to 

the cold room with 12°C. The reaction mixture was stirred overnight at 

12°C and the completion of the reaction was monitored by HPlC (Vydac 

column, 25.0 cm x 11.6 mm) with 0.1% trlfluoroacetlc acld/CH3CN as shown 

In Figure 2. Also, the ninhydrin test was used to detect the comple

tion of the cyclizatlon. The Ac-[ Nlell , GluS, D-Phe7, lys 10, Gly 11]_ 

a-MSHII-13-NH2 was purified, after quenching the reaction with 10% 

aqueous HOAc solution, by desalting on a P4 polyacrylamide column (80.0 

cm x 1.0 cm) using 30% HOAc, followed by semlpreparatlve HPlC to give 

16 mg of cyclic peptide Ac-[Nle4, GIIuS, D-Phe7, l~s10, Gly l']_ 

a-MSH4-13-NH2' The physical data of the compound are reported In 

Table VIII, and the biological potencies are given In Table IX. 
j I 

Ac-[ Nlell , GluS, D-Phe7, lys 10]a-MSH4-10-NH2 (2). The title 
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compound was prepared starting with 2.0 g of NQ-Boc-Lys(NE:-2,4-CI2Z)-P

MBHA resin ( .... 1.0 mmol of NQ-Boc-Lys(NE:-2,4-CI2Z), the protected peptide 

resin to the title compound was prepared after stepwise coupling of the 

following NQ-Boc-protected amino acids (In order of addition): 

NQ-Boc-Trp(Ni-For); NQ-Boc-Arg(Ng-Tos); NQ-D-Phe; NQ-Boc-His(Nim-Tos). 

The resulting protected peptide resin, Ac-Hls( Nim-Tos)-D-Phe-Arg( Ng

Tos)-Trp(NI-For}-Lys(NE:-2,4-CI2Z)-p-MBHA resin was split Into two 

halves. A 1.4 g ( .... 0.5 mmol) portion of the protected pentapeptide-

resin was converted to the protected title peptide resin after coupling 

NQ-Boc:-Glu(y-Bzl), and NQ-Boc-Nle. After coupling the last amino acid, 

the NQ-Boc protecting group was removed, the amino group neutralized, 

and acetylated as reported for compound 1, to give the protected pep-

tide resin Ac-Nle-Glu (y-Bzl}-His( Nlm-Tos) -D-Phe-Arg( N9-Tos)-Trp( Ni

For}-Lys(NE:-2,4-CI2Z)-p-MBHA resin. A 1.0 g of the protected peptide 

resin was subjected to liquid HF cleavage and the peptide processed as 

reported for " to give 356 mg of the crude Ac-[Nle4, D-Phe7, Lys l0]Q

MSH4-10-NH2 peptide as a w~lte powder. A 100.0 mg of the crude peptide 

was subjected to the purification scheme as outlined for 1, to give 65 

mg of HPLC pure Ac-[Nle4, D-Phe7, Lys 10]Q-MSH4-10-NH2 peptide. The 

analytical data of the compound are listed In Tables III and IV. A 40.0 

mg of pure Ac-[Nle4, D-Phe7, Lys 10]a-MSH4-10-NH2 was cycllzed by the 
I 

same approach used for 1 to give 13 mg of HPLC pure Ac-[Nle4, Glu5, 0-

Phe7• LY~ 10] -a-MSH4-10NH2' The physical data for 2 are listed In 

Table VIII, and the biological potencies are summarized In Table IX. 
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Ac-[Nlell , A~pS, Q-Phe7, Ly~101Cl-MSHII_l0-NH2 (3). From 1.11 g 

( .... 0.5 mmol) of Boc-Hls( Nlm-Tos) -O-Phe-Arg( N9-Tos)-Trp( NLForl-Lys( NE:

-2,II-CI2Z)-p-MBHA resin (prepared In II), the protected peptide resin 

of the title compound was prepared by stepwise coupling of NCl_Boc-Asp

(a-Bzl) and NCl-Boc-Nle. Each coupling reaction was achieved by 

following the same coupling scheme reported under the general solld-

phase peptide methodology. After coupling the last amino acid, the 

NCl_Boc protecting group was removed, the amino group neutralized 

and acetylated as reported for compound I, to give the protected 

peptide resin Ac-Nle-Asp(a-Bzl)-Hls(Nlm-Tos)-O-Phe-Arg(Ng-Tos)-Trp(NL 

For)-Lys( NE:-2,4-CI2Z)-p-MBHA resin. A 1.0 g of the vacuum dried pep

tide resin was cleaved and processed as mentioned for I to give 370 mg 

of the crude Ac-[Nle", AspS, Q-Phe7, Lys 10]a-MSH4-10-NH2' A portion of 

the crude heptapeptlde (110 mg) was purified by the same procedure used 

for I to give 82 mg of white powder of the linear title peptide. The 

analytical data of the compound are listed In Tables III and IV. A 

110.0 mg of the pure Ac-[Nle", AspS, O-Phe7, Lysl0]a-MSH4-10-NH2 was 

subjected to the cycllzatlon scheme as reported for 1, to give after 
r-=

processing and HPLC purification, 12 mg of pure Ac- [Nle4, AspS, 

O-Phe7, L;S 10]a-MSH4-10-NH2' The physical data for 3 are given In 

Table VIII, and the biological potencies are given In Table IX. 
r I 

Ac-(Nle4, AspS, O-Phe7, Orn10]a-MSH4-10-NH2 (4). A 1.0 g of 

p-MBHA resin (0.7 mmol/g) was loaded with Na-Boc-Orn(NY-Z) using the 

coupling scheme reported In the general solld-phase procedure. After 1 
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h coupling the reaction stopped, the resin washed, neutralized and the 

free amino group on the resin acetylated with 2-fold excess of 1: 1 mix-

ture of acetic anhydrlde:pyrldlne In dlch!oromethane for 1 h. Then the 

following amino acids were successfully coupled to the resin by step-

wise coupling: Na-Boc-Trp(NI-For); Na-Boc-Arg(Ng-Tos); Na-Boc-D-Phe; 

NaBoc-Hls (Nim-Tos); N"-Boc-Asp (B Bzl); Na-Boc-Nle. Each coupling reac

tion was achieved by following the same coupling scheme outlined under 

the general solid-phase peptide methodology. After coupling the last 

amino acid, the Na-Boc protecting group was removed, the N-termlnal 

amino group neutralized, and acetylated as reported for compound 1, to 

give the protected peptide resin Ac-Nle-Asp(S-Bzl)-Hls-(Nlm-Tos)-O-Phe

Arg(Ng-Tos)-Trp(NLFor)-Orn(N'Y-Z)-p-MBHA resin. A 1.0 g of the vacuum 

dried peptide resin was cleaved and processed as outlined under I to 

give 332 mg of the crude Ac-[ Nlell , AspS, D-Phe7, Orn 10)a-MSHII-l0-NH2. 

A lOS mg of the crude heptapeptlde was purified by the method used for 

I to give 78 mg of white powder of the linear peptide. The analytical 

data of the compound are listed In Tables III and IV. A 110.0 mg of the 

pure Ac-[Nlell , AspS, .Q.-Phe7, Orn 10)a-MSH4-10-NH2 was exposed to the 

cycllzatlon procedure used for 1, to give, after proper workup, a lS mg 
I i 

of pure Ac-[Nlell , AlPS, O-Phe7, Orn'O]a-MSHII-,0-NH2. The physical data 

for II are given In Table VIII, and the biological potencies are given 

In Table IX. 

Ac-lNlell , A~p5, O-Phe7, D~bl0)a-MSHII_l0-NH2 (5). A 1.0 g of 

p-MBHA resin (0.7 mmol/g) was coupled with Na-Boc-Oab(N'Y-Z) using the 
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coupling scheme reported in the general solid-phase procedure. After 

1 h coupling the reaction stopped, the resin washed, neutralized and the 

unreacted amino group on the resin acetylated with 2-fold excess of 1: 1 

mixture of acetic anhydrlde:pyrldlne In dlchloromethane for 1 h. Then, 

the following amino acids were successively coupled to the resin by 

stepwise coupling: Na-Boc-Trp (N'-For); Na-Boc-Arg( N9-Tos); Na-Boc-D

Phe; Na-Boc-Hls( Nlm-Tos); Na-Boc-HIs(Nlm-Tos); Na-Boc-Asp(B-Bzl); 

Na-Boc-Nle. After coupling the last amino acid, the Na-Boc protecting 

group was removed, the N-termlnal amino group neutralized, and acety-

lated as reported for compound 1, to give the protected peptide resin 

Ac-Nle-Asp(B-Bzl) -Hls( Nlm-Tos) -D-Phe-Arg( N9-Tos) -Trp( N'-For)-Dab (NY -Z)-

p-MBHA resin. A 1.0 g of the vacuum dried peptide resin was cleaved 

and processed as outlined under I to give 318.2 mg of the crude 

Ac-[Nle4, AspS, D-Phe7, Dab 10)a-MSH4-10-NH2. A 100.0 mg of the crude 

heptapeptlde was purified according to the procedure used for 1 to give 

78.2 mg of white powder of the linear peptide. The analytical data of 

the compound are reported In Tables III and IV. A 4S.0 mg of the pure 

Ac-[Nle4, AspS, Q-Phe7, Dab 10)a-MSH4_10-NH2 was cycUzed and purified 
I 

as previously discussed to give 13.2 mg of pure Ac-[Nle"', AspS, D-Phe7, 
---, 
Dab10)a-MSH4_10-NH2. The physical data for S are given In Table VIII, 

and the biological potencies are given In Table IX. 
I j 

Ac-[Nle4, AspS, D-Phe7, Dpr10)a-MSH4-10-NH2 (6). A 1.0 g of 

p-MBHA resin (0.7 mmol/g) was coupled with Na-Boc-Dpr(NB-Z) using the 



coupling scheme reported in the general solid-phase procedure. After 1 

h coupling the reaction stopped, the resin washed, neutralized and the 

unreacted amino group on the resin acetylated with 2-fold excess of 1: 1 

mixture of acetic anhydrlde:pyrldlne In dlchloromethane for 1 h. Then 

the following amino acids were successively coupled to the resin by 

stepwise coupling: Na-Boc-Trp (NLFor); Na_Boc-Trp (N'-For); Na-Boc-

Arg( N9-Tos); Na-Boc-D-Phe; Na-Boc-Hls( Nlm-Tos); Na-Boc-Asp(a-Bzl); 

Na-Boc-Nle. After coupling the last amino acid, the Na-Boc protecting 

group was removed, the N-termlnal amino group neutralized, and acety-
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lated as reported for compound 1 to give the protected peptide resin 

Ac-Nle-Asp (a-ZI) -His (Nlm-Tos) -D-Phe-Arg( N9-Tos) - Trp( NI-For) -Dpr( a -Z) -p-

MBHA resin. A 1.0 g of the vacuum dried peptide resin was cleaved and 

processed as outlined under 1 to give 310.8 mg of the crude Ac-[Nle4, 

AspS, D-Phe7, Dpr10)a-MSH4_10-NH2_ A 115.0 mg of the crude heptapep

tide was purified according to the procedure used for 1 to give 82.5 mg 

of white powder of the linear peptide. The analytical data for the 

compound are reported In Tables III and IV. A 38.3 mg of the pure 

Ac-[Nle4, AspS. D-Phe7• Dap10)a-MSH4_10-NH2 was cycllzed and purified 

as previously discussed to give 11.3 mg of pure Ac-[Nle4• A~pS. D-Phe7, 
----, 

Dpr10)a-MSH4_10-NH2. The physical data for 6 are given In Table VIII. 

and the biological potencies are given In Table IX. 

Frog and Lizard Skin Bioassay!. The biological potencies of 

a-MSH and the cyclic analogues were determined by their abillty to stl-



mulate melanosome dispersion in vitro in the frog and lizard bioassays 

as previously described (Shizume, eta al., 195'1; Huntington, ot al., 

1970). This l!:!. vitro assay provides clear cut dose response curves 

(between 2.5 x 10-11 and 'I x 10-10 M) and can detect minimal con

centration of a-MSH of about 10-11 M. The assay Is based upon the 

centrifugal dispersion of melanosomes (melanin granules) within the 

dendritic processes of Integumental dermal melanophores leading to 

darkening of the $kln. All the test solutions were prepared via serial 

dilutions from a stock solution (10-4 M). The frogs (Rana plplens) 

used In these evaluations were obtained from Kons Scientific, German

town, WI, and the lizards (Anolls carollnensls) were from the Snake 

Farm, La Place, LA. 
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Table VI 

Relative In Vitro Potencies of Cyclic a-MSH Analogues In the 

Frog (Rana plplens) and Lizard (Anolls caroJinensls) Skin Bloassays 

Rei. Ptcy. to a-MSHa 
Peptide Analogue Frog Lizard Ref. 

1. a-MSH 

Part A. Amino Acids 
substitution effect 

1.0 

2. [Cys4, Cy~10]-a-MSHl-13NH2 10.0 

3. Ac-[C~C;s10]-a-MSHII-13NH2 30.0 

II. Ac-[Cis", D-Phe7 ,. Cys 10]-a-MSHII_13 NHfi·O 

5. Ac-[Cy's4, Cy~ 10)-a-MSHII_12NH2 10.0 

6. Ac-[ Cys4, Q-Phe7, Cyt 10)-a-MSH4-12 NH2 20.0 

7. AC-[C;t.s4 ,cy~10~-a-MSHa-llNH2 0.16 
8. Ac-[Cys1r, Q-Phe , Cysl )-a-MSH4-11 NIq.5 

9. Ac-[CYs4. Cy's 10)-a-MSH4-10NH2 . 0.06 

10. Ac-lC;s4, D-Phe7 , Cys 10]-a-MSH4-10 NHll.75 

Part B. Ring Size 
effect (ring slze)b 

1. a-MSH 

1.0 

2.0 Sawyer, 

0.6 QxIy, 

6.0 Cody. 
1.5 CodY. 
6.0 QxIy; 

0.07 Cody. 
3.0 Hruby, 

0.003 Kni ttel. 

0.5 Cody. 

1984 

1984 

1984 
1984 

1984 

1984 
1984 

1981 

1984 

2. AC-lC;s4, Cy~ 10]-a-MSHII_13NH2 (23) 30.0 

3. [Mpe, Cys]-a-MSH4-13 NH2 30.0 

0.06 

0.60 Knittel. iS83 

1.0 Kni tt~l, 1983 

4. [M~all, Cys 10]-a-MSH4_13NH2 (22) 0.06 Lebl. 

5. Ac-[H~y4, Cys"]-a-MSH4-13NH2 (211) 0.06 0.70 Lebl. 

aBlologlcal potencies ere measured relative to a-MSH over the linear 
portion of the dose-response curve. 

bRing size = Number of bonds forming the ring of the peptide 
Mila = 2-Mercaptoacetlc acid 
Mpa = 3-Mercaptoproplonlc acid 
Hcy = Homocysteine 

1984 

1984 
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3 

" 
5 

6 
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67 

Table VII (a). Structure of Cyclic a-Melanotropin Analogues 

Prepared During This Study 

Primary Sequence 

2 3 " 5 6 7 8 9 10 11 12 13 

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

Ac-Nle-Glu-Hls-D-Phe-Arg-Trp-Lys-Gly-Pro-Val-NH2 
I , 

Ac-Nle-Glu-Hls-D-Phe-Arg-Trp-Lys-NH2 
I I 

Ac-Nle-Asp-Hls -,Q.-Phe-Arg-Trp-Lys-NH2 

AC-Nle-A~p-Hls -,Q.-Phe-Arg-Trp -O'rn -N H 2 
I i 

Ac-Nle··Asp-Hls -D-Phe-Arg-Trp-Dab-NH2 
I I 

Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Dap-NH2 
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Table Vll(b). Structure of Cyclic a-Melanotropln Analogues 

Prepared During This Study 

a-MSH 

68 

Ac-[ Nie4, clu5 D-Phe7 
, - ' Ly~10, Cly11]-a-MSH4_13NH2 

I Ly~10] -a-MSH4-10NH2 Ac--[Nle4 , CluS, D-Phe7, 

Ac-[Nle4 , 
I 

AspS, D-Phe7, L~s 10]-a-MSH4-10NH2 

Ac-[Nle4 , A~pS, D-Phe7 , O~n 10] -a-MSH4-10NH2 

Ac-[Nle4 , A~PS, D-Phe7, D~b 10]-a-MSH4-10NH2 
I 

D-Phe7 D~p 10]-a-MSH4-10NH2 Ac-[Nle4, AspS, - ' 



Table VIII. The Analytical Data of Cyclic a-Melanotropin 

Analogues Synthesized in This Study 

Thin-Layer Chromatography 
23 

la1546 
Rf Values in Different Solvent in 10% 

Compound acetic acid K 
A B C D 

2 0.76 0.79 0.89 -57.8 (c=0.045) 4.01 

3 0.89 0.65 0.18 -13.3 (c=0.015) 5.87 

4 0.65 0.73 0.80 0.29 -54.28 (c=O.07) 6.02 

5 0.66 0.71 0.79 0.28 -37.14 (c=O.07) 5.76 

6 0.77 0.80 0.88 -54.5 (c=O .01) 4.33 

7 0.77 0.78 0.87 -33.3 (c=0.0'l5) 3.45 
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MH+ 
Found 

Calculated 

1291 
1290.7 

1040.0 
1040.1 

1025.0 
1026.1 

1011.0 
1012.1 

997.0 
998.08 

983.0 
984.05 
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Demonstration of prolongation effect of linear vs. cyclic ana-
logous Ac-[Nle", AspS, D-Phe7 , Lys'0]a-MSH4-'0-NH2 In lizard skin. 
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Table IX. Biological Activities of Cyclic a-Melanotropin 

Analogues Studied In This Research 

Relative Potenc~ Prolonged 

Analogue Frog Lizard Frog 

1.0 1.0 p( -) 

2 1.0 6.0 p(+) 

3 0.5 9.0 p(+) 

4 0.5 90.0 p(+) 

5 1.0 20.0 p( -) 

6 1.0 5.0 p(-) 

7 0.01 5.0 p(-) 
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Actlvlt~ 

Lizard 

p( -) 

p(+) 

p(+) 

p(+) 

p(-) 

p(-) 

pC -) 



CHAPTER FOUR 

CONFORMATIONAL STUDY OF LINEAR AND CYCLIC 

FRAGMENTS OF MELANOTROPIN BY NMR 

To understand the relationships of structure to biolo-

gical activities of peptldes, knowledge of their conformational proper-

ties is an Important prerequisite (Farmer, 1980; Vida and Gordon, 

1984; Hruby, 1981). The Importance of peptide conformation in deter

mining the chemical-physical properties which initiate molecular 

recognition In hormone-receptor interactions. cell differentiation, 

13 

active transport, and other biological regulatory mechanisms Is now 

generally accepted. Transduction of the signal Is then achieved via 

conformational changes In the receptor-peptide complex which are caused 

by the complexation (Hruby, 1981; Hruby and Hadley, 1986)'. Thus far no 

3-dlmenslonal structural method Is available to study the structure of 

the complex or the bound hormone at the receptor level. As a result of 

these limitations, the most reliable approach to understanding the 

hormone-receptor Interaction Is "Ia the extensive analysis of the iso-

lated ligand (peptide). especially If conformationally constrained. 

Although the most popular method of analysis of a single crystalline 

compound Is the X-ray, It Is restricted to crystalline samples and 

gl"es only Information related to the solid state. Many reports have 

shown the large difference In conformation of a small molecule In solu-

tion relative to solid state conformation (Kessler et al.. 1901). In 

addition to the difficulty In getting a pure crystal for small peptldes, 
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the crystal structure often is strongly determined by intermolecular 

hydrogen bonds, whereas the solution structure is determined primarily 

by intramolecular interactions. However, it has been shown that in the 

cases where the energy barrier between the solid-state and solution 

conformation is high enough, the conformational changes can be followed 

directly by NMR after dissolution of the crystaline compound (Kessler 

et al., 1ge1; Bats et al., 1980). Thus the transfer of X-ray infor

mation to the solution conformation as a representative of the bloac-

tive structure should be carried out with care. The best 

representation of solution conformation can be obtained via NMR studies 

using as many different media as possible (Kessler. 1982). Including 

micells (Bosch et al •• 1980; Thompson and Glerasch. 1984) and artifi

cial membranes (Hig8shlJlma et. al •• 1987). The best link between X

ray analysis and NMR spectroscopy is provided by solid-state NMR 

(Opel/a and Glerasch. 1985). The main advantages of the NMR technique 

over others with respect to the study of the peptide conformations can 

be summarized as follows: 

1. Single atoms (1H. 13e. 15N) within a molecule can be 

detected separately in the same sample. The correlation bet

ween the spectra of these atoms and their surroundings can be 

Investigated, and hence their analysis permits the deter

mination of the spatial arrangements of the peptide com

ponents. 
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2. The presence of a set of different spectral parameters are 

available which depend In different ways on molecular confor

mations, e.g. chemical shifts (6), coupling constants (J), 

nuclear Overhauser enhancement (NOE) effects, and relaxation 

times (T" T2, Tp) (Poole and Farach, 1971). 

3. The revolution In making assignments of Individual 

signals to the atoms within the molecules as well as the 

extraction of the relevant spectral parameters, by the 

application of two-dImensional NMR techniques (Aue et al., 

1976; Freeman and Morris, 1979; Bax, 1982, 1984; Benn and 

Funther, 1983; Wider et al., 19811; Kessler and Bermel, 

1985; Bax and Lerner, 1986). 

The description of the conformation of peptide Is based on 

certain defined parameters (lUPAC-IUB Commission on Biochemical Nomencla

ture, 1972) which Includes the backbone dihedral angles ~, 1jI and CII and 

side chain torsion angles X. The definition of these angles Is 

Illustrated In Fig. 5. The I"'otatlonal freedom about several bonds In the 

peptide chain as well as In the side chains leads to the occurrence of a 

number of different conformations In solution, which normally are In 

rapid equilibrium with each other on the NMR time scale « 10-4 sec). 

The detection of a distinct rotamer will be possible If the energy barrier 

for that rotamer to rotate about 1jI or ~ bonds Is equal or higher than 

4 Kcal/Mol (Kessler, 1970). In addition, free enthalples of 15 to 17 

Kcal/ Mol are observed for rotations about amide bonds (Kessler, 1970; 
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single bond In aralno acid side chains and vicinal spin-spin 
coupling constants 3JCHa - CHao C. Standard conventions for 
the description of residues (broken lines) and peptide units 
(broken lines) recommended by the IUPAC-IUB commission on 
Biochemical Nomenclature (1970). 
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Ackman, 1975). To study such flexible molecules, conformational 

restriction by either a synthetic approach or via Intramolecular hydro-

gen bonding will be Indespenslble tools. These approaches will reduce 

the space available to the large number of conformations that the peptide 

molecule could attain. Hydrogen bonding Is a weak constraining force 

but It may Increase the preferrence of one conformer over the others. 

Further reduction In the conformational space available to the molecule 

can be achieved by cycllzatlon of peptldes via side chain to side chain 
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or backbone to backbone or any combination of these (Hruby, 1982). 

Another approach to constraint In peptide can be achieved via proper amino 

acid substitution or backbone modification (Spatola, 1985). 

The full recognition of the Importance of cyclic 

restrictions in designing a biologically active peptldes as an approach 

for the development of peptldlc drug Is nowadays getting more popular 

(Hruby, 1985; Vida and Gordon, 198'l). The major advantages of the con

formational constraint approach can be summarized as follows: 

1. The reduction In the number of conformations that are 

available compared to most linear analogues. 

2. Higher selectivity for specific receptor Is often found 

for cyclic structures over the Unear analogue (Mosberg et 

al., 1982, 1983a,b). 

3. The In vivo stability can be enhanced several thousands 

fold over the linear against enzymatic degredatlon (Akiyama 

et. al., 198'l). 
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4. Conformationally restriction makes the experimental access 

to the solution conformation much easier than In the case of 

linear analogues. 

There are several requirements In the NMR study for confor

mational homogeneity (Kessler, 1982; Jardetzky, 1980; Bundl and Wuthrich, 

1979). The most Important factors are: 

1. Strong differentiation of chemical shifts and coupling 

constants values of the same amino acid In different position 

In the same sequence. 

2. Strong differentiation of NH chemical shifts and their 

temperature dependence. 

3. Pronounced splitting of the dlastereotoplc protons of the 

side-chaln moieties. 

4. Deviation of 3JNH-CHa from Its mean value of .... 7.5 Hz in 

the random coli conformation. 

5. A linear correlation between the NH chemical shift and 

the temperature. 

6. Independence of coupling constants from solvent or 

temperature. 
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The use of these factors as a probe to test whether the mole

cule Is rigid or not, or whether there Is a predominant conformer or not, 

Is not absolutely conclusive In most of the cases. Nonetheless they 

generally are necessary criteria for a ·predomlnant conformer. In our 

study of a prototype fragment of melanotropln using NMR techniques, 

consideration of these criteria will be referred to most of the time. 

Some of the inherent problems which stili frustrate the 

use of NMR technique In peptide conformational study Include: ( 1) In 

most cases, a larger sample Is required than for most other physical 

methods; (2) the requirement to run several different experiments to 

remove the ambiguity from some of the results, e.g. In the cases where 

an overlapping between certain protons occurs. Running these experi

ments sometimes requires a highly skilled operator, even though the NMR 

technique Is stili one of the best ways to examine the structure and 

conformation of psptldes and proteins. In the synthetic peptide case, 

the availability of large samples does not represent a problem In most 

cases, so the required experiments can be done on the peptide under 

study. In this chapter the Investigation of proton NMR of four 

selected peptide analogues will be represented. The selection of these 

peptldes was based on the highly active and least active analogues of 

the cyclic and linear series. Also, the fact that the cyclic peptldes 

have a different ring size (23 vs 20) was another consideration In 

their selection. The structures of these pep tides are: 



80 

I. Ace-[Nlell , AspS, Q-Phe7, Lysl0]Cl-MSH,,_10NH2. 

II. Ace-[Nle", AspS, Q-Phe7, Opr10]Cl-MSH4_10NH2. 

III. Ace-[Nle4 , A~pS, Q-Phe7, l ys10]a-MSH4_10 NH2. 

IV. Ace-[Nle", AspS, 0-Phe7, 0~rl0]a-MSH4_10NH2. 

Methodology: 

In studying anyone of the peptide fragments, the following 

series of experiments were carried out. 

1. 10 Spectra: 

Here the simple spectra of each peptide (....l6 mg/O.3 ml 

solvent) under study were recorded. The following parameters were used 

during the study; solvent, OMSO-d6, 020, and H20 with 10% 020 were used; 

the suppression of HOD peak In the case of water solvent was carried 

out by selective Irradiation before data aqulsltlon. Usually 16K 

spectral points were collected. TSO was used as a reference In 

aqueous solution. and the OM SO methyl proton was used In the case of 

OMSO-d6 as a solvent. Each sample was bubbled for S-10 min with dry N2 

before use. Conventional 10 spectra were obtained In the Fourier 

transform mode and the resolution was enhanced with a Gaussian 

multiplication routine (resolution was 0.36 Hzl point). 

2. Temperature Study: 

All the temperature studies were done on samples dissolved In 

OMSO-d6. The samples were equilibrated for 15-25 min at each temperature 

before recording the spectra. Usually. at least four different tem-

peratures were used for each sample. 
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3. 2D Spectra: 

The COSY spectra (Jeener experiment 900-t,-90o-FID(t2); 256 

increments In tl and 10216 points In t2 were recorded) In DMSO and D20 

were used as a tool to assist In the assignment of various peaks In the 

spectra. Due to the overlapping of the aromatic B and a protons of 

His, D-Phe and Trp residues, a long range COSY In D20 was used to 

remove those ambiguities. 

". Homodecoupllng (Double-Resonance): 

To further improve the assignment of different protons, the 

homodecoupllng technique was used. The solution of the peptide in D20 

was used In most of these studies. 

5. Nuclear Overhauser Enhancement Correlation Spectroscopy 

(NOESY): 

This technique was used to study each of the four peptldes In 

DMSO as a solvent at 25°C. Variations of mixing time were used In the 

range of 150 millisecond (ms) to 800 ms In 100 ms Intervals, in an effort 

to find the proper mixing times. In all the experiments that were done 

on linear peptldes, we were unable to detect NOEs, so the data from this 

study will not be discussed In this chapter. 

All the NMR spectra were recorded on a Bruker AM 250 Spectro

meter equipped with an Aspect 3000 data system and a standard temperature 

control unit. Figures 5-11 are representative examples of various 

types of spectra recorded for the different peptldes. 



Results and Olscussion 

Peptide I: Ac-[Nlell , AspS, O-Phe7, Lys'0)Cl-MSHlI-,0-NH2. 

The assignments of the various peaks In different solvents 

were compared with the literature data (Sugg et al., 1986; Rawson et 

al., 1982; Higuchi et al., 1981). Several attempts have been made pre

viously to study fragments of ACTHlI-l0 or Cl-MSH4-10, which share the 

same sequence of amino acids, using NMR techniques (Rawson et al., 

1982; Higuchi et al., 1981; Cody, 1985; and Sugg et al., 1986). The 

general conclusion from these studies was that the Cl-MSH4-10 fragments 

can exist In either a random coil or an extended a-sheet conformation. 

In our previous extensive structure activity studies of Cl-MSH, the pre

sence of a a-turn centered around the Phe In position 7 was proposed.. 

Thlos Idea was tested by substitution of L-Phe7 with Its enantlomer 0-

Phe7 as a way to stabilize the a-turn at that position. The biological 

data supported that suggestion (Hruby et al., 1984). From the NMR 

investigation of peptide I, the formation of certain a-turn structures 
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was Indicated by the Involvement of Hls4 In Intramolecular hydrogen 

bonding (6NH/l1T = 1.4). In addition, the amide NH of .Q.-Phe7 and Lys8 

were clearly suggested to be hydrogen bonded to some part of the pep

tide backbone or side chain (Table X). This conclusion came from the 

fact that the temperature coefficients (6NH/l1T) of amide hydrogen 

Involved In some type of Intrlur.olecular hydrogen bonding will be below 

3 (Kessler, 1982; Hruby, 1974). The Involvement of Trp Is also 

possible since Its temperature coefficient Is small compared to those 
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Table (X). Proton NMR parameters in DMSO at 27°C for Ace- [Nlell , AspS, 

Q-Phe7 , Lys 10]a-MSH4_l0NH2' Chemical Shifts Are Relative to TMS. 

Amino Proton Chemical Shifts (ppm) 10-3 x 6NH/f. T 
Acid 

aCH BCH2 y CH2 6CH2 Others NH NH Others 

Ace --- --- --- --- 1.85 

Nle 4.02 (1.44) (1.22 (1.27 1 e:CH3 0.8 ~ 7.93 3.7 

Asp 4.28 2.60 --- --- --- 8.33 4.0 

His 4.42 2.72 --- --- C2H 8.91 7.96 1.4 

C4H 6.97 

D-Phe 4.35 3.00 --- --- IjIH 7.25 8.10 2.9 

Arg 4.20 (1.64) (1.27 (2.67 6NH 7.5 8.26 4.2 6NH1.6 

Trp 4.50 3.15 Indole 8.19 3.3 Indole 

NH 10.76 NH2.4 
C4H 7.6 
C7H 7.3 
C2H 7.17 
CSH 7.03 
C6H 7.09 

4.0 

Lys 4.26 (1.50) (1.24 (1.34) e:CH2 2.5 ~8.10 2.8~ e:NH2 

7.73 



of NH protons which are exposed to solvent (4 to 7.5). The Arg 15 NH 

protons for this peptide show, also, little temperature dependence. 
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This can be interpreted to result from either Intramolecular hydrogen 

bonding through slde-chaln to backbone or backbone to backbone interac

tions. 

The Arg E:NH2 was not clearly Identified In the NMR spectra 

because It was hidden underneath the aromatic protons. Raising the 

temperature shifted the Arg E:NH2 out of the aromatic region toward the 

higher field. The Arg E:NH2 showed a high temperature dependence. This 

result was In contradiction to the reported result In the case of the 

C-terminal-protected peptide H-Hls-Phe-Arg-Trp-Gly-OMe (Higuchi et al., 

1981). 

The Trp Indole NH was temperature Insensitive which was the 

case In other melanotropln fragments studied by the others (Higuchi et 

al., 1981). The Lys8 amide protons showed little dependence on tem

perature, which may Indicate Its Involvement In an Intramolecular 

hydrogen bonding network. These results clearly Indicate that some 

kind of secondary structure exists for peptide I In OM SO solution. The 

chemical shift ranges for the NH proton extended over about 0.4 ppm 

(Table X). This range Is wider than that reported for a random coli 

arrangement, which Is within 0.3 ppm (Sundl and Wuthrich, 1979), 

suggesting the presence of ordered structure In peptide I. Investiga

tion of Table X showed that the N-termlnal amino acids Nle4 and AspS 

both are exposed to solvent. This fact may Indicate that this dlpep-



tide tall is flexible with respect to the other part of the peptide. 

Another amino acid which Is highly exposed to solvent Is Arg8• This 

exposure results from sterlc hindrance between the side chains of 
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D-Phe7 and Arg8, which apparently leads to a slight bending In the pep

tide backbone In order to relieve this strain. Further Investigation 

of this point Is necessary. 

Another Important factor which can give Information about the 

spatial arrangement of the backbone and side chains In peptide I Is the 

3JNH-CHa and 3JCHa-CHS. From Investigation of Table XI, the 3JNH-CHa 

values ranged from 6.9 to 8.13 Hz. This range of amide coupling constants 

Is different than that reported for random coli (6-7Hz) or a-helix 

(""3Hz) (Bunchl and Wuthrich, 1979; Tonelli and Bovey, 1970; Ferretti 

and Padlllo, 1969). However, this deviation of NH-CHa coupling 

constant Is not very large In comparison to the mean value of ""7.5 Hz 

reported by others (Kessler, 1985). The latter value of 3JNH-CHa Is 

the one which was used In comparison of a fully rigid peptide to a 

flexible one. In the case of ,peptide I, the results Indicated that 

this peptide is between the two extreme cases. The empirical rela-

tionship between the coupling constant and the dihedral angle (Pardi et 

al., 19811) (eq. 1) was used to calculate the different possibilities 

for cjI angles for each residue (Table X I). 

3J(e) = 6.4 cos2e - 1.11 cose + 1.9 (1). 

In proteins, however, the dihedral angles cjI for all amino acid 

residues except glycine are concentrated in the range from -30° to 

-180° (Richardson, 1981). In a regular a-helix, cjI = -57°, and from 



Table (XI). Proton NMR Generated Conformational Parameters for 

Ace-[Nle'l , AspS, 0-Phe7 , Lys 10]aMSH'l-l0NH2 In OM SO 

Amino 3JNH-CH ~ aposslble Torsion b3JCHa-CHBl 
Acids (Hz) Angles (deg) 3JCHa-CHB2 

(Hz) 
4» A 4»B 4»C 4»0 

Nle 7.7 60 60 .::!1 -153 7.6 
8.0 

Asp 7.'l 60 60 -87 -153 9.7 
10.7 

His 7.8 60 60 ~ -150 6.15 
8.45 

O-Phe 6.9 -60 60 !! 159 5.0 
6.95 

Arg 7.9 60 60 -90 -150 7.5 
6.4 

Trp 8.13 60 60 ~ -148 8.2 
6.2 

Lys 7.5 60 60 .::!1 -153 7.6 
7.7 

aCalculated according to Bundl and Wuthrich, 1984. 

bOlgltal resolution was 0.36 Hzl point. 

cCalculated according to deLeeuw and Altona, 1982. 

cPosslble Rotation 
States of Xl (deg) 

g+ t 9 -

0.0 0.59 O.'ll 

0.0 0.89 0.11 

0.0 0.64 0.36 

0.30 0.'l6 0.24 

0.06 0.'l2 0.52 

0.0 0.39 0.61 

0.0 0.57 0.43 

86 
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equation (1) the corresponding value for 3JHN-CH" = 3.9Hz. For a regu

lar. anti-parallel a-sheet. cjI = -1390 and 3JHN-CHa = 8.9Hz; for a 

parallel a-sheet. cjI = -119 0 and 3 JHN-CH" = 9.7Hz. These numbers Indi

cate that 3JHN-CH" should be a useful parameter for distinguishing bet

ween ,,-helical and a-sheet structures. However. It Is well-established 

that the secondary structure elements In globular proteins are usually 

somewhat distorted (Richardson. 1981). so that they Include sizeable 

deviations In their Individual spin-spin couplings from the standard 

values. In addition to that. the cjI angles In tight turns and random 

coli peptide segments are crowded Into the same general region as those 

occupied by helices and a-sheets (Richardson. 1981). However. for pep

tides deviation In the secondary structure should be even greater. since 

In general they are more flexible than the globular proteins and their 

backbone Is more exposed to the surrounding environments. Thus. the 

range of the coupling constants In the case of peptide I Is within the 

region between ,,-helix and a parallel a-sheet. The possible range of cjI 

angles Is -87 0 to -92 0 for L-amino acids and 81° for D-Phe. This range 

of values was In a good agreement with the values obtained from the 

theoretical calculations (Ch. 5). These numbers also are consistent 

with the distorted type of a-or y-turn (Rose et al •• 1985; Smith and 

Pease, 1980). 

The conformation of the side-chains of amino acid components 

of peptide have been reported to be essential In receptor recognition and 



88 

transduction of peptide hormones (Rose et al., 1985). Thus, from the 

analysis of the side chain coupling constant, 3 JCHa-CHB' we can deduce the 

relative population of different conformations. Such treatments are ana

logous to those used for substituted ethane, where the conformational 

state at the Ca-CB bond Is represented In the form of three 

energetically-stable staggered rotamers g-, t, g+ (Fig. 5) 

corresponding to minimal energy conformation about this bond. The rela

tive conformer populations are determined by differences In their free 

energies: 

g-/t = exp (-AFg-t/RT) 

t/g+ = exp (-AFtg+/RT) 

where AFg-t = Fg--Ft and AFtg+ = Ft-Fg+. Since the rotations around the 

ordinary C-C bond usually are very rapid on a proton NMR time scale 

(<: 10-5sec) the observed constants are the averaged weighted values for 

the rotamers (Bystrov, 1976). To determine He 1 and HB2 Is difficult in 

most of the cases. Without the correct assignment of those protons only 

the relative population of rotamer g+ for which both B-protons are gauche 

to the a-proton, can be estimated. Under such circumstances each of the 

two other rotamer populations can't be evaluated alone, since the 

transposition of He, and Ha2 leads to the same results. 

In earlier work, a priori reasoning was used for selecting 

the predominant rotamer between g- and t. However, the assignment can 

be done by either stereoselectlve deuterium substitution of one of the 

a-protons, or by the pH effect on a-proton chemical shifts In certain 

cases of amino acids, 'e.g. Asp (Bystrov, 1976). 
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A more direct, general way of overcoming this ambiguity Is by 

examining the vicinal a-proton coupling with the 13C In the moiety 

H-Ca-ca-13 CO chain, and/or with the 15N In the 15N-Ca-Ca-1H chain. 

This information, along with the lH-Ca-Ca-1H coupling constants, per

mits the determination of various rotamer populations around the ca-ca 

bond In amino acids. Recently, new techniques have been introduced 

which make the exact determination of Hal and Ha2 and their coupling to 

Ha much easier. The use of double-quantum ~pectroscopy (Bodenhausen, 

1982) Is one of those methods available. The main advantage Is that 

the signals with mutual coupling are spread out In a different way In 

the wl dimension than In COSY spectra. The separation between these 

protons will be according to their double-quantum frequencies (I.e., 

the sum of the frequencies of two coupling protons). 

In our study, the assignment of the Hal and Ha2 protons was 

based on double resonance, COSY and long range COSY techniques. There 

was some difficulty in the assignment of a-protons of HIs4 due to their 

overlap with Arg6 cS CH2' The values of 3JHa-Ha are listed In Table XI. 

Using certain emperlcal relationships, the various populations were 

calculated (deLeeuw and Altona, 1982; Haasnoot et al •• 1980). As 

expected, the gauch (g+, +60) rotamer was the least populated of the 

three possible rotamers (Table XI). However, one Interesting features 

was the presence of an appreciable percent of g+ In case of D-Phe resi

due. This suggests that this residue needs to relieve strain resulting 

from slde-chaln Interaction between the benzyl side chain and the Arg 
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Fig. 6. 10 spectrum of the amide region of Ac-[Nle", AspS, Q.-Phe7, Lys l0J
NH2 in OM SO at 37°C with the following assigned peaks: 1, His 
lH, 2; Asp, 3; Arg, 4; Trp, 5; O-Phe, 6; Lys, 7; His, 8; Nle, 
9; Lys eNH2, 10; Trp "H, 11; Arg cSNH, 12; Trp 7H, 13; O-Phe 
aromatic, 14; Trp 2H, 15; Trp 6H, SH, 16; His 4H, 17; Arg eNH. 
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,PlPM 

Fig. 7. 10 spectrum of Ac-[Nle". AspS. 0-Phe7• Lys '0]NH2 In 020 with 
HOD suppression. 1; His "H. 2; Trp "H. 3; Trp 7H. " and 5; 

. O-Phe aromatic. 6; Trp 6H. SH. 2H. 7; His "H. 8, 9. Trp. 
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Q.-Phe. His. Asp 6Hs. 10. 11; Arg. Lys. Nle 6Hs. 12; O-Phe 
aCH2, 13; Trp BCH2, 14; His BCH2. '''; Arg 6CH2. Lys E:CH2. '5; 
Asp aCH2, 16; Acetyl, 17; Arg BCH2, Lys aCH2, 18; Arg yCH2. 
Lys 6CH2. !IIle yCH2, 19; Nle 6CH2. 20; Nle E:CH2' 
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Fig. 8. COSY spectrum of Ac-[Nle", AspS, D-Phe7, Lys 10J NH2 In DMSO 
with the following connectlvltles: Arg 8; CHy-CH6, b; 
CHB-CHa, Ci CH6-NH6, d; CHa-NHa. 
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side chain. This also affected behavior of· the Arg side chain confor

mation which had more g+ than the rest of the amino acids except O-Phe. 

The Importance of this type of slde-chaln conformation on biological 

activity Is not clear yet. However, It was reported that substitution 

of Phe7 In melanotropln peptldes with a 1,2,3 ,4-tetrahydrolso

qulnollne-3-carboxyllc acid (Tic) caused a 100 fold reduction In the 

biological activity (Cody, 1985). The side chain conformation of Tic 

was found to be g+, suggesting that this might contribute to the reduc

tion In the biological potency of the tested analogue. 

In conclusion, the possible secondary structure of peptide 

contains a a-type turn with the presence of some g+ side chain confor

mation In the O-Phe residue. 

, i 
Peptide III: Ac-[Nle4, AspS, O-Phe7, Lysl0)a-MSH4_10-NH2. 

In comparing the chemical shifts of the NH protons In pep

tide III to those In peptide I (Table XII and Table X) the following 

major differences were observed: (1) Nle4, HisS, O-Phe7• Trp9 and Lys 10 

were shifted down field from 0.05 to 0.5 ppm; (2) AspS and Arg8 were 

shifted upt1eld from 0.2 to 0.8 ppm; the most highly affected amide was 

the AspS NH proton which were shifted up field about 0.8 ppm. This 

shift may be related to a change of side chain conformation such that 

one of the aromatic side chains Is In close proximity to the Asp NH 

proton. From the computer modeling study (Ch. 5) the folding of the 

Trp Indole ring over the peptide backbone and Its proximity to the Asp 

NH may explain the high shift of the amide protons. Another factor 



94 

Table (XII). Proton NMR parameters In DMSO at 27°C for Ac-[Nle4 , AspS, 

Q-Phe7 , Lys 10]a-MSH4_10NH2. Chemical Shifts Are Relative to TMS. 

Amino Proton Chemical Shifts (ppm) 10-3 x 6NH/fl T 
Acid 

aCH SCH2 y CH2 6CH2 Others NH NH Others 

Ace --- --- --- --- 1.75 

Nle 4.0 1.44 1.25 1.25 eCH3 0.8 U.48 3.5 

Asp 4.33 2.81 --- --- --- 7.49 0.2~ 

His 4.36 2.96 --- --- C2H 8.8 8.20 0.3:l 
C4H 7.11 

D-Phe 4.42 3.15 --- --- !pH 7.34 8.60 7.0 

Arg 4.20 1.64 --- --- 6NH 7.87 8.07 5.3 

Trp 4.48 3.22 Indole 8.48 5.0 Indole 

NH 10.88 NH3.0 
C4H 7.65 
C7H 7.47 
C2H 7.24 
C5H 7.17 
C6H 7.24 

Lys 4.13 1.54 1.26 1.65 eCH2 2.9 8.15 4.0 

Laetam NH 7.48 laetam 

1.77 
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which supports this possibility is the large change In the temperature 

coefficient (c5NH/AT) of the Asp NH from 4.0 ppb (In peptide I) to 0.22 

ppb (In peptide III). This also may be related to either the shielding 

of the Asp NH from the solvent or to the Involvement of this amide pro

ton in intramolecular hydrogen bonding. In addition, the low c5NH/AT 

for His Is stili maintained after cycllzatlon. This result suggests 

that there Is a turn structure In such types of peptide that the mole

cule tries to maintain even after the cycllzatlon, while the D-Phe gets 

more exposed to the solvent. These results suggest that the cycllza

tlon does Induce some changes In the backbone and the side chain orien

tations with maintenance of some general features that existed In the 

linear peptide. 

Comparison of the coupling constants of amide protons to 

their corresponding CHa for the cyclic (Table XII) and linear (Table X) 

peptldes Indicates certain changes In the 3JCHa-NH of some amino acids. 

The largest Increase was for HisS and the smallest change was for Trp9. 

These changes indicate that .these residues experienced the largest 

changes upon cycllzatlon. Changes In the values for AspS and Lys 10 may 

be related to their Involvement In the formation of the lectam bridge. 

The. torsion angle estimates (Table XIII) did not suggest any major 

change In backbone conformation of the cyclic peptide relative to the 

linear analogue. In fact, the values of the. torsion stili are within 

the B-turn type of conformation, centered around the Q.-Phe7• 

------------- ---- -----------------------------
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Table ( ). Proton NMR Generated Conformational Parameters for 
i , 

Ac-[Nle", AspS, 0-Phe7, Lys 10]aMSH4-10NH2 In OM SO 

Amino 3JNH-CH aposslble Torslone a~JCHa-CHB 1 bposslble Rotation 
Acids (Hz) Angles (deg) JCHa-CHB2 States of Xl (deg) 

(Hz) 
~A ~B ~C ~O g+ t g -

Nle 6.9 60 60 -81 -159 7.6 0.0 0.50 0.50 
8.0 

Asp 7.9 60 60 -90 -150 11.0 0.0 1.0 0.0 
11.9 

bHls 8.3 60 60 -93 -147 6.0 0.29 0.36 0.35 
6.0 

O-Phe 7.2 -60 -60 86 153 6.1 0.04 0.58 0.38 
8.0 

Arg 7.6 60 60 -87 -153 5.0 0.17 0.58 0.25 
8.0 

Trp 6.9 60 60 .:!! -157 6.0 0.04 0.58 0.38 
8.0 

Lys 6.7 70 SO -80 -160 8.0 0.17 0.58 0.25 
5.2 

aThese values are average numbers from 020 and OM SO studies, with digi
tal resolution of 0-36 Hzl point. 

bThere was difficulty In the assignment and the values are the 
average result 
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Fig. 9. COSY spectrum of Ac-[Nlel4 , AspS, O-Phe7 , Lys l0) NH2 in 02° 
which Illustrate the following connectlvltles: Arg a; CHy -
CHo, b; CHa - CHB, Lys a; CHo - CH£, b; CHa - CHB, Asp; CHa -
CHB. 



a 
_H.l!...b 

11f'l 
Tr.p r 

-h=Pho 
I 

CI 

. 
· .. J? · . 
• i(): .. .. . · , . .. . 

! 

Hh a 

~~!. 
l!Jti 

J .. 

. 
" 

CJ 
r 

, 

~I 
{» 
Ii1 

I DI'!I D 

'f/' 
IS 

... ~ .. 
tt' oI' 

lli1lJJJJ IJillLWJ.lJllll U.IJ IJ llllJJJJ IJ W.l.1.I1J IJ W.I UJJ IJ I.LUlllJ IJllJ.lllJJ IJ lIll 
8.8 7.' 6.A S.B 4.8 5.6 2.R I.R· 

prH 

98 

Fig. 10. Long range COSY spectrum of Ac-[Nle". A~p5. 0-Phe7• L~s10)NH2 
In 020 which Illustrate the following connectivitles: His a; 
"H-2H. b; "H-CH B. Trp; 2H-CH B. O-_-Phe; 2. 6H-CH B. 
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Fig. 11. COSY spectrum ~f Ac-[Nle", AlpS, O-Phe7 , Ly~101NH2 In DMSO 
showing the following connectlvltles:- Arg 8i CHy-CHa, bi 
CHy-CHa, c; CHa-CHa, d; CH6-NH6, e; CHa-NHa. 
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Furthermore, examination of the side chain populations based 

on the 3JCHa-CHa did not Indicate any major changes relative to the linear 

peptide (Table XIII and Table XI) except that there Is a large change 

In the O-Phe7 X 1 from partially gauche + (g+) In the linear case to 

mostly trans In the cyclic peptide. This result was consistent with 

the theoretical studies (Ch. S). 

In conclusion, these results suggest that cycllzatlon 

Induced some changes In the backbone as well al In the side chain confor

mations, with the changes centered around the HisS and Trp9 resi-

dues and to a certain extent .Q.-Phe7 and Arg8• These changes may be 

correlated to the 100 fold Increase In biological potency upon cycllza-

tlon (Table V, Ch. 2 and Table IX, Ch. 3), and to the prolonged biolo

gical activity of the cyclic analogue. 

Peptide II: Ac-(Nle", AspS, .Q.-Phe7, Opr 'O ]a-MSH4-'0-NH2. 

Comparison of the chemical shift of the amide protons of 

peptide II and peptide I suggest that there Is no difference between the 

two (Table X and Table XIV). This result Is exp~ted '31~ce the only 

difference between the two Is the C-termlnal substitution of Lys 10 by 

1,3-dlamlnoproplonlc Kid (Opr). There Is aD 0.18 ppm difference In 

chemical shift between the Lys 10 amide NH and the Opr amide NH which 

may result from the Induction effect of a-NH2 In the latter case. 

Other side chain and CHa chemical shifts are almost Identical In the 

two peptldes. However, the temperature effect of the amide protons on 

the two peptldes Is totally different. In the case of peptide II, the 
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Table (XIV). Proton NMR parameters In OMSO at 25°C for Ac-[Nle4 , AspS, 

.Q.-Phe7 , Opr 10]a-MSH4_10-NH2. Chemical Shifts Are Relative to TMS. 

Amino Proton Chemical Shifts (ppm) 10-3 x6NH/l1 T 
Acid 

aCH BCH2 yCH2 6CH2 Others NH NH Others 

Ace --- --- --- --- 1.82 

Nle 4.10 1.42 1.22 1.20 e:CH3 0.8 ~ 8.04 3.9S 

Asp 4.42 2.76 8.28 3.8E 

His 4.44 3.02 C2H 8.53 8.15 3.SE 

O-Phe 4.47 2.92 .H 7.21 8.08 4.lE 
2.86 

Arg 4.26 1.62 6NH 7.511 8.23 4.2! 6NH6.1 

Trp 4.52 3.18 Ind. 8.11 4.3 Ind. 

NH 10.73 NH 3.7 5 
3.12 C2H 7.17 

C4H 7.55 
C5H 6.95 
C6H 7.03 
C7H 7.30 

Opr 4.4 2.54 BNH2 7.3 ~7.92 1.7'J BNH25. 6 
2.44 
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Table (XV). Proton NMR Generated Conformational Parameters for 

Ac-[Nle4 , AspS, D-Phe7 , Dprl0]ClMSH4_10NH2 in DMSO 

Amino a3JNH_CH Possible Torsion a3JCHCl-CH61 Possible Rotation 
Acids (Hz) Angles (deg) 3 JCHCl-CH62 States of Xl (deg) 

(Hz) 
~A ~B ~C ~D g+ t 9 -

Nle 7.4 60 60 -87 -15 8.1 0.0 0.44 0.56 
6.7 

Asp 7.3 60 60 ~ -154.5 7.5 0.0 0.54 0.46 
7.5 

His 7.3 60 60 ~ -154.5 7.5 0.0 0.53 0.47 
7.25 

D-Phe 7.2 -60 -60 .!! 155 5.0 0.54 0.24 0.22 
5.0 

Arg 8.0 60 60 -91 -149 8.25 0.26 0.60 0.14 
4.0 

Trp 7.1 60 60 .::!! -155 9.0 0.0 0.72 0.18 
9.0 

Dpr 8.2 60 60 -92 -148 7.25 0.0 0.51 0.49 
7.25 

aDIgltal resolution was 0.36 Hzl point. 
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Fig. 13. COSY spectrum of Ac-[Nle", AspS, 0-Phe7, Opr10 }NH2 In 0 20 

showing the following connectlvities: Opr; CHB-CHa, Asp; 
CHB-CHa. 
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Fig. 14. COSY spectrum of Ac-lNle4, AspS, .Q.-Phe7 , Dpr101NH2, In DMSO 
showing the following connectlvltles: Arg a; CHy-CH6, b; 
CHB-CHa, c; CH6-NH6, d; CHa-NHa. 
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only amide Ptoton which showed a low 0 NH I toT was that of Opr, while all 

the others appear to be exposed to the solvent. This result may be 

related to the difference In the topography of peptldes as a result of 

the decreased length of the Lys 10 side-chain (ZlCH2) relative to the Opr 

side-chaln (lCH2). Such an effect was not expected. Interestingly, 

the temperature coefficient oNH/toT of the Arg8 cSNH suggested that the 

availability of this group to the solvent Is more than that in the case 

of peptide I. 

Generally, the backbone conformation of peptide II Is closely 

related to that In peptide I with malntalnance of the B-turn type of 

structure (Table XV and Table XJ). However, the relationship In slde

chains conformations of peptide I and II have some pronounced differences 

(Table XI and Table XV). The major differences are In x1S and x16 

where both have much more g+ In peptIde II than In peptide I. These 

results, in general, are consistent with our theoretical study on these 

peptldes (Ch. S) In that X1s and x16 have more g+ character over the 

molecular dynamic simulation time. 

Peptide IV: Ac-[Nle4, A~p5, D-Phe', Op~10]aMSHq_l0-NH2. 

The cycllzed peptIde IV was chosen for a careful NMR and 

theoretical study since this cyclic 20-membered ring peptide had about 

a 100 fold reduction In potency relative to the linear analogue II 

(Table V, Ch. 2 and Table IX, Ch. 3). In this section the results of 

the NMR investigation will be presented. Examination of the CHa chemi

cal shifts for various residues (Table XVI), Indicated that the major 
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changes were an upfield shift for His6 of 0.23 ppm and a downfield 

shift for Trp8 of 0.12 ppm in peptide IV relative to peptide II. These 

changes clearly indicate that cyclization affected the overall confor

mation of this peptide. Furthermore, the aromatic protons of D-Phe7 in 

peptide IV experience a low field shift of 0.29 ppm relative to that 

found for the same protons In peptide II. These effects can be related 

to the anisotropic effect between the Imidazole ring of Hls 6 and the 

phenyl group of D-Phe7• 

The downfleld shift In the N-termlnal acetyl group chemical 

shift of 0.15 ppm relative to that In peptide II Is an additional para

meter indicating that the conformation of the cyclic peptide Is dif

ferent than its linear analogue. 

Obviously, the amide sensitivity to temperature changes for 

peptide IV is slightly different from that In peptide II as Is shown 

In Table XVI. The peptide NH of Nle4 and Hls6 and the Arg8 6NH in pep

tide IV are much more solvent protected than in peptide II. Thus, cer

tain conformational folding h~s resulted on cycllzatlon of peptide II 

to give IV. 

In comparing the backbone ~ angles of peptldes II and IV, as 

calculated from 3JNH-CHa of those peptide (Table XV and Table XVII), a 

general conclusion can be drawn: there Is an appreciable difference in 

the backbone conformations of these pep tides • The major changes were 

centered around the D-Phe7, Arg8 and Trp9 residues (Table XV and Table 

XVII). TherA is a clear a-turn of type II Involving D-Phe7 - Arg8 in 
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Table (XVI) .- Proton NMR parameters in OM SO at 27°C for Ac-[Nle4 , A s'p s-;
Q-Phe7 , Opr l'01a-MSH4-10-NH2. Chemical Shifts Are Relative to TMS. 

Amino Proton Chemical Shifts (ppm) 10-3 x cSNH/6 T 
Acid 

aCH aCH2 y CH2 cSCH2 Others NH NH Others 

Ace --- --- --- --- 1.97 

Nle 4.19 1.45 1.60 1.30 e:CH3 0.8 ~8.51 2.1 

Asp 4.57 2.77 8.62 5.7 

His 4.67 3.04 C"H 7.111 7.91 3.0 

C2H 8.55 

Q-Phe 4.48 3.30 .H 7.50 8.42 3.8 

Arg 4.27 1.66 1.27 3.04 cSNH 7.52 8.20 4.0 cSNH2.0 

Trp 4.40 3.20 Ind. 8.10 5.2 

NH 10.89 
C4H 7.63 
C7H 7.50 
C6H 7.22 
C5H 7.17 

4.0 

Opr 4.41 3.72 --- ---
Lactam --- --- --- --- NH 7.16 lactam 

4.3 
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. Table (XVllf. Proton NMR Generated Conformational Parameters for 
I i 

Ac-[Nle", AspS, O-Phe7, Dpr10]a-MSHII_10-NH2 In OMSO 

Amino a3JNH-CH~ Possible Torsion a3JCHa-CHB1 Possible Rotation 
Acids (Hz) Angles (deg) 3JCHa-CHB2 States of xl (deg) 

(Hz) 
ipA ipS ipC ipO g+ t 9 -

Nle 7.2 60 60 -811 -156 7.00 0.02 0.50 0.48 
7.25 

Asp 7.2 60 60 -811 -156 7.5 0.0 0.70 0.30 
9.0 

His 8.2 60 60 .:!! -147 6.8 0.0 0.57 0.43 
7.8 

O-Phe 4.7 -21 -99 64 176 5.0 0.48 0.29 0.23 
5.0 

Arg 5.5 90 30 -70 -170 7.0 0.0 0.53 0.47 
7.5 

Trp 9.0 60 60 -ill -138 5.0 0.0 0.83 0.17 
10.2 

Opr 8.2 60 60 -93 -147 5.0 0.23 0.52 0.25 
7.50 

80lgltal resolution was 0.36 Hzl point. 
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Fig. 17. Long range COSY spectrum of Ac-[Nle". ASfpS. 0-Phe
7

• Opr
10

) NH2 
in 0 20 showing the following connectlvltles: Arg; CHB-CHa. 
Asp; CHB-CHa. Opr; CHB-CHa. His; "H-CHB. Trp; 2H-CHB. O-Phe; 

2. 6H-CHB • 

.... -----------------~ 
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peptide I V which Is not so clear In peptide II. I n addition, a much 

greater contribution of the g+ conformation of the D-Phe7 slde-chain is 

observed in peptide IV relative to II. Also there Is more of the g+ In 

the X'8 in peptide I V relative to II. These results, again, are con

sistent with our theoretical studies (Ch. 5). 

In conclusion, from all the NMR studies the following conclusion 

can be made: ( ') the cycllzatlon through slde-chaln lactam bridge 

Induces an appreciable change In the topography of the molecules, and 

the effect Increases relative to the ring size; (2) different ring 

sizes have different conformational features; (3) the most sensitive 

conformational parameters affected by cycllzatlon were the slde-chaln 

conformations; (II) the malntalnance of D-Phe side chain In g+ confor

mation resulted in a lowering of the biological potency, while the 

trans conformation Is favored for highly potent analogues; (5) ring 

constraint may lead to more backbone exposure to the solvent; (6) most 

of the NMR results are consistent with the theoretical studies with a 

tendency of the NMR to give an average structure with respect to the 

theoretically generated structures. 



CHAPTER FIVE 

DYNAMICS AND CONFORMATIONAL ENERGETICS OF 

LINEAR AND CYCLIC ANALOGUES OF a-MSH4-10-NH2. 

Melanotropin stimulating hormone Is a trldecapeptlde secreted 

by the pars Intermedla lobe of the pltult.ary gland (see Chapter 2). 
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Since 1981 several attempts have been made to study the available confor-. 

matlonal space for this peptide hormone and Its fragment analogues 

(Nlklforovlch et al., 1981). In addition, several different physical 

methods have been used, to elucidate the most probable three-dimensional 

structure of a-MSH and Its fragments analogues (Cody et al., 1987, Ch. 

4). The heptapeptlde Met-Glu-Hls-Phe-Arg-Trp-Gly Is a common fragment of 

a-MSH and ACTH. In our study of the modified form of this heptapeptlde, 

Ac-Nle-Xxx-Hls-D-Phe-Arg-Trp-Yyy-NH2, we were Interested In correlating 

the theoretical structure of some of these heptapeptlde fragments with 

their biological activity. The following peptldes were selected as 

prototypes for this study. 

I. Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Lys-NH2' 

II. Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Dpr-NH2' 
r' i 

III. Ac-Nle-Asp-Hls-.Q,-Phe-Arg-Trp-Lys-NH2' 
, i 

IV. Ac-Nle-Asp-Hls-D-Phe-Arg-Trp-Dpr-NH2' 

These peptldes were chosen on the basis of their possessing the 

highest and the lowest biological potencies (see Table V, Ch. 2, and 

Table IX, Ch. 3). 

Investigations of such peptldes can provide answers to many 



questions tha.t can be asked In an attempt to understand the correla-

tion between biological activity and the topographical structure or 

structures that are available to these peptldes (Hruby et al., 1982; 

Strothers et al., 1984). Questions such as what are the conformations 

accessible to these peptide molecules, what kind of relatlonshlp(s) 
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exists between these conformations and the amino acid sequence of the 

peptldes, what are the major Intramolecular forces that determine these 

structural characteristics and the dynamic properties of these peptide 

fragments, etc. can be asked. In order to answer some of these 

questions, we report In this chapter on the results obtained from a mole

cular mechanical analysis of peptldes I, II, III and IV. 

Methodology 

As an Initial hypothesis, these peptldes are thought to have con

formations in solution which are a time average of various low-energy 

molecular conformations In equilibrium (Cillckson, 1975). Thus, In this 

study, as In the liquid state, we must account for an ensemble of poten-

tial conformations accessible to these peptldes. One of the computer 

simulation methods which can be used to explore the configuration space 

of such a non-ordered system Is molecular dynamics (Karplus and 

McCammon, 1981; McCammon and Karplus, 1980). In molecular dynamics, we 

express the potential energy, V, of the molecule in terms of an analyti-

cal representation of all Internal degrees of freedom and Interatomic 

distances of the system (Eq. 1). 



v = HDb[J-e-Cl(b-bO)2]-Db} + 1/2 IHa (a-aO)2 

+ 1/2 IH~ (1+5 cosn~) + 1/2 }:HxX2 

+ II Fbb (b-bo ) (b-bo) 

+ II Faa (a -ao)(a -a 00) 
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+ II Fba (b - boHa - ao) (1) 

+ III F~aa cos~(a -ao)(a -e 0) 

+ II Fxx xx 

+ IE[2(r*/r)12-3(r*/r)6]+I qlqJ/r 

This expression reflects the energy necessary to stretch bonds from 

their unstralned geometries, and to generate strain In torsions (~) by 

twisting atoms about the bond axis determining the torsional angle. Here 

Db, Cl, He, H~, Hx, Fbb , Fee, Fbe, F~ee ' and Fxx are force constants 

for the corresponding deformations; s defines the phase of the torsion 

potential; bo and eo are the unstralned values of . bonds and angles, 

respectl vely; and r, &, and q are the van der Waal.. radII, depth of the 

van der Waals potential, and partial atomic charges, respectively 

(Hagler, 1986). As a result of vibrational spectroscopy and normal mode 

analysis. It has been shown that these Internal deformations are coupled, 

and this Is represented by the cross terms In eq. 1., e. g. band b or. b 

and &. Finally, the nonbonded and Coulomb Interactions, representing 

sterle repluslons, attractions, and electrostatic Interatlons, are repre

sented by the last three terms In eq. 1, respectively. 

After specifying the potential energy of the molecule, the ini

tial conditions can be defined by selecting a set of Initial velocities 



117 

for each of the atoms. Once the initial conditions are given, Newton's 

equation of motion is integrated forward in time (Eqs. 2 & 3). 

Fi = mai (2) 

av (rt •••• r n ) = F( ri •••• r n ) (3) 

Where Fi is the force on atom i, rl represents the (x, y , z) coordinates of 

atom i, ml is its mass, and ai is its acceleration. By" integrating 

Newton I s equation. the trajectory of the atom as a function of time can 

be estimated. In this way, the concerted motions of the individual atoms 

of the peptide molecule can be traced as their velocities fluctuate In 

response to the forces exerted on them by the other atoms In the mole

cule. This can be done by calculating the forces FI, through the 

Integration of the potential energy, V, which Is given In Eq. 1. Then, 

upon taking a small time step of 10-15 seconds (fs), and applying the 

acceleration, al (t), as calculated from Newton' s equation over this time 

Interval, we update the velocity and position of each atom In the peptide 

by using an algorthlm called "the predlctor-corrector procedure (Ciear, 1971). 

Then, by repeating the estimation of the forces and accelerations at 

the new position, a tracing of the trajectories of the atoms and the 

associated conformations and transitions can be followed over the spe-

cified time period of the dynamic simulation. Upon analysing the dynamic 

traJectories, the conformational motion of the peptide can be viewed on 

an interactive graphics system. In addition, the different conformations 
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that the pep~lde hormone can undergo become amenable to analysis and com

parison with the experimentally derived structure (Hagler et al., 1985, 

Dauber et al., 1981). In order to run a dynamic simulation, we have used 

the C HARMM program developed by Karplus I group at Harvard (Brooks, et 

al., 1983). The following steps were used to study each of the four 

peptides mentioned at the beginning of this chapter. 

1. Energy Minimization: 

By using the extended conformation, the structure of the peptide 

under study was built using the CHARMM program. The generated structure 

was then minimized using ABNR algorlthlm (Adapted Basis of Newton Raphson 

Method) until convergence of the structure to a minimum. The minimized 

structure coordinates can be stored In PDB format (Protein Data Bank for

mat) to be used In the next step. 

2. Thermallzatlon: 

After generation of the minimized structure, Its POB can be sub

jected to dynamic simulation (for 2000-3000 femtoseconds, In our case) at 

the specified temperature (3000 K In our study). By this t.nermallzatlon 

step, the Initial conformation can be generated. The small residual for

ces In the molecule Induce acceleration to each of the atoms, and thus 

give rise to atomic motion. The velocities are scaled until they 

correspond approximately to room temperature. The peptide then continues 

In constant motion, a result of the thermal energy possessed by the 

atoms. The trajectory Is determined by the temperature (or kinetic 

energy) and the Interatomic forces. 
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3. Production: 

In this step we used the thermallzed structure conformation as 

our starting point. Then, upon dynamic simulations for a specified time 

interval (20 ps in our study) and analyzing the resultant trajectories, we 

can derive information regarding the structure of the peptides under 

study. 

4. Analysis of The Dynamic TraJectories: 

Using the analysis facility in CHARMM, we were able to analyze 

the trajectories of each of the four pep tides (vide supra). The analysis 

was carried out at 1 ps Intervals, and the corresponding energy and poe 

coordinates along the time interval of the dynamic simulation were 

generated and studied. The valence, total and the nonbonded energy com

ponent of each peptide are tabulated In tables (XVIII, XXII, XXVI, XXX). 

Using the total energy as an Indicator for the comparison, we were able 

to group the possible structures of each peptide Into several subgroups 

with 5 Kcai/Mol energy difference between each group. Then, selecting a 

prototypical structure of each subgroup. and energy minimizing It, we 

obtained a minimized structure that represents a particular class of 

possible structures that are available for the peptide under investiga-

tion. In all the cases we studied, the generated structures were grouped 

Into four main groups. Then, each prototypical structure was minimized 

and Its coordinates and energies were extracted and analyzed to get the 

torsion angles and the contribution of each energy term to the total 

energy of the peptide structure (Tables XIX, XXIII, XXVII, XXXI). In 
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addition. the four minimized structures of each peptide were compared to 

the possible structure(s) generated by the NMR for each of the four pep

tides studied. The comparison to the NMR based structure was done by 

comparing the calculated coupling constants for the torsion angles, ~ 

(Pardi et al., 1984) of the energy minimized structures of each peptide 

from the dynamic study to the coupling constants of the corresponding 

peptide obtained In DMSO solvent In the NMR study. Then, the theoretical 

torsion angle ~ and the one obtained from NMR were compared (Table XXI). 

The selection of the best representative structures from the theoretical 

study to that from the NMR study was made following multiple regression 

analysis (Jurs, 1986) of the coupling constants of the theoretical and 

NMR-derlved structures, using R2 as the Indicator of the closest simi

larity between the theoretical and NMR-derlved conformation. The sum

marized results from these studies are given In Tables XXI, XXV, XXIX, 

XXXIII. To better understand the conformatlonal-blologlcal activity 

relationships. we examined and compared the linear and cyclic peptide 

having the same structural components with the only difference being the 

lactam side chain bridging between the linear and the cyclic peptide. 



Results and Discussion 

1. Ac-[Nle4, Asp5, ~-Phe7, Lys10]a-MSH4_10-NH2 

Linear (I) and Cyclic Lactam (III). 

A. Peptide I: Ac-[Nle4, Asp5, ~-Phe7, Lys10]a-MSH4_10-NH2. 
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The molecular dynamic simulation and energy minimization of the 

generated prototype structures will be discussed in comparison with the 

results obtained from the NMR study of this peptide. 

Conformer I (0 ps): 

The peptide was still in a fully extended conformation with weak 

hydrogen bonding between the His4(No} •• ~-Phe5(NH) and Arg6(oNH} •• Lys8(CO}. 

The differences between the minimized and dynamic structure are mostly 

reflected in the torsion angles , and ~, with little change in the side 

chain torsion angles (xl). The generated stereo-structures of this pep

tide after minimization are shown in Fig. 18. One observation about this 

structure is that the xl of the side chain of all amino acids of this 

peptide were in the trans conformation. This result is consistent with 

the NMR results which indicated that the predominant side chain confor

mation of the amino acid components of this peptide are the trans types. 

In addition, the changes in the backbone conformation upon minimization 

of the dynamic generated structure are most rather minor. There is no 

characteristic turn structure, but the most possible is the extended type 

of strucutre with a y-turn at the N-terminal Ac-Nle4• Also, there is a 

distorted a-turn around ~Phe7 with stabilization of that turn by a His6 

side chain to backbone interaction, His6 (oN) to ~-Phe7 (NH). This type 
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of hydrogen bonding persists after the minimization which Indicates that 

this arrangement is a low energy conformation. A further side chain to 

backbone interaction which remained after minimization Is an Arg6(N9H) to 

Lys8(CO) bond, which forms a 16 membered hydrogen bonded ring structure. 

Conformer II (4 ps). 

This conformer has the same type of N-termlnal conformation as 

that reported above for conformer I. In addition, a Type II a-turn at 

Hls4-D-PheS Is observed. The side chain topology described by the xl 

angle Is the same as that of conformer I. The difference between the 

dynamic and the minimized structure Is mostly In the torsion angles , and 

'" but not In the X 1 angles. This suggests that changes In the backbone 

are more common than In the side chain. It Is reported that side chain 

conformation is more closely related to the biological activity require-

ments than the backbone (Manavalan and Momany # 1981). The backbone side 

chain Interaction of Hls"(6N) •••• D-PheS(NH) also appeared In the mini-

mized structure. Some of the hydrogen bondlngs which are present In the 

dynamic structure are Aspl(NH) •••• Ac1# Arg6(N9H2) •••• Arg6 and Lys8(NH2 

amlde) •••• Aspl were replaced by Lys8(NH) •••• Aspl with perslstance of 

Lys8(NH2 amlde) •••• Aspl. This type of Interaction Is very Important 

since It shows clearly that the Interaction between Lys8 side chain and 

Aspl side chain Is one of the most stable. This kind of Interaction led 

us to examine whether the cycllzatlon via lectam bridging between e:-NH2 

of Lys8 and a-COOH of Aspl will stabilize this type of conformation and 

also enhance the biological activity ~ l!:!!!:!. The stereoview 
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structure of .this conformer is shown in Fig. (19). 

Conformer III (S ps): 

There are no major changes In the backbone conformation of this 

conformer relative to conformer II; one Interesting feature Is related 

to the change in the side chain conformation of Nle4 which shifted from 

trans to g-. This· change In the side chain topology may be Important for 

binding of the hormone to Its receptor. The change In the Nle4 side 

chain was reflected In a big change In • and 1jI angles of the proceeding 

residue AspS. This suggests that changes In side chain topology may 

affect the backbone of the peptide In certain cases. but the opposite Is 

not true as Is clearly shown from a study of Table XX. In addition. the 

pattern of hydrogen bonding In conformer III resulted from the Interac-

tion between the AspS and Lys8 side chains. Also, the following hydrogen 

bonds were present In the dynamic structure: D-Phe5(NH) •••• Asp3, 

Lys8(NH) •••• Asp3. and Lys8(NH2 amlde) •••• Asp5 (SCO) which were replaced 

by Lys8(NH) •••• Asp3 and Lys8(NH2 amlde) •••• AspS (SCO) upon minimization. 

The total energy of conformer III Is about SKcal/Mol lower than that of 

conformer II. The difference In energy may be due to the conversion of 

some of the potential energy Into kinetic energy. The stereovlew struc-

ture of conformer III Is shown In Fig. 19. and the energy Is listed in 

Table XVIII. 



124 
Conformer IV (11 ps): 

This conformer is about 2Kcal/Mol away from the dynamically 

generated minimal structure, and is characterized by further changes in 

the side chain topography of AspS and D-Phe7 residues. The X lS of AspS 

changed from a trans to g-, while the D-Phe x17 went to g+ from trans. A 

g+ conformation is rare In peptldes and proteins (Richarson, 1981). This 

may not be related to the enhanced biological activity of these mela

notropin peptide hormone related fragments upon D-Phe substitution for 

L-Phe in position 7 (Sawyer et al., 1981). The changes of X 1" of Nle" to 

Its preferred trans form, with movement of the AspS side chain toward g

with a concomitant chan~e of D-Phe7 x1S from trans to g+ suggests that 

the changes In side chain topography In a residue further down In a pep

tide chain may be reflected on a change In the side chain conformation of 

another residue 1 to 3 residues away. However, the pattern In hydrogen 

bonding of conformer IV Is characterized with the a number which also 

existed In other conformers, e.g. Lys10(NH) •••• AspS(SCO). Lysl0(NH2 

amide) •••• AspS(SCO) and Lys 10( N&H2)" .. AspS(SCO) In the dynamic struc

ture, which were replaced by Lys l0(NH) •••• AspS(aCO), Lysl0(NH2 

amide) •••• AspS(BCO) and Arg8(NH) •••• Hls6(OC) In the minimized structure. 

Correlation Between the Theoretical and NMR Based Conformational 

Structures of Ac-[Nle4, AspS, D-Phe7, Lysl0]a-MSH4_10-NH2: 

A correlation between the theoretical and NMR based conformational 

structure of Ac-[ Nlell , AspS, D-Phe7, Lys 10]a-MSH4-10-NH2 was examined 

in an effort to correlate the structure and the biological activity. 
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TABLE (XVIII). Total Energy and Energy Components of the Minimum 

Energy Structures Underlying the Dynamic Trajectory of Ac-[Nle4 • AspS. 

D-Phe7 - . Lys 10]a-MSH4-10-NH2 

Potential Energy 

Time 
(ps) Valencea Nonbondedb Total (~mln)C 

0 97.52 -35.22 62.30(20.96) 
1 100.00 -36.89 64.12(22.78) 
2 93.92 -35.03 58.88(17.54) 
3 85.71 -32.58 53.13(11.79) 
4 93.54 -38.65 54.89(13.55) 
5 88.09 -37.48 50.62(09.28) 
6 109.61 -48.38 61.23(19.89) 
7 98.76 -44.76 54.03(12.69) 
8 96.28 -51.69 44.59(03.25) 
9 103.09 -48.42 54.67( 13.33) 
10 111.37 -51.41 59.96(18.62) 
11 97.83 -54.11 43.72(02.38) 
12 99.98 -44.14 55.84(14.50) 
13 99.70 -50.58 49.12(07.78) 
14 98.43 -41.84 56.59(15.25) 
15 92.32 -50.98 41.34(00.00) 
16 99.32 -54.33 44.99(03.65) 
17 91.00 -45.63 45.37(04.03) 
18 96.74 -48.33 48.41(07.07) 
19 111.53 -49.26 62.27(20.93) 
20 115.01 -54.02 60.99(19.65) 

aThe valence term represents deformations of the Internal coordinates 
with respect to the minimized starting structure. 

bThe nonbonded refers to the van der Waals. electrostatic potential and 
hydrogen bonds energies. 

c~min represents the difference In energy between any structure and the 
minimum structure. 
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Table (XIX). Energy and Energy Components of Dynamic Generated 

Conformers of Ac-[Nle4, AspS, Q-Phe7, Lysl0]a-MSH4-10-NH2' 

Energy Conformer I Conformer II Conformer III Conformer IV 
Components o PS 4 PS 5 PS 11 PS 
( Kcal/Mol) Dyn (Min) Dyn (Min) Dyn (Min) Dyn (Min) 

aE Total 62.2(-13.7) 55.0(-18.1) 50.7(':'23.4) 43.8(-26.4) 

E Bonds 25.2(1.2) 28. i( 1.1) 23.1{ 1.1) 21.6(1.2) 

E Angles 46.9(15.6) 42.2 (15.8) 39.1( 15.7) 41.6( 17 .2) 

E Dihedrals 25.2(6.7) 22.7(9.3) 25.9(6.2) 24.6(6.6) 

E VOW --34.4 ( -36.7 -38.2(-44.7) -37.3(-46.5) --50.9(-56.4) 

E Elec -0.22(0.3) -0.5(0.31) -0.2(0.10) -1.1(-1.3) 

E HB -0.7(-0.9) -0.001(-.007) -0.02(-0.01 ) -2.1(-3.9) 

aE represents the term energy 

Total = total potential energy (Valence energy + Nonbonded energy) 

Bonds = energy term which describes the bond strain 

Angles = energy term which describes the angle strain 

Dihedrals = energy term which describes the torsion angles strain 

VOW = energy term which describes Van der Waals energy 

Ele = energy term which describes Columblc energy 

HB = energy term which describes the hydrogen bonding energy 
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Table (XX). Conformational Parameters for Selected Conformers of 

Ac-[Nle4 , AspS, Q.-Phe7 , Lys 10}a-MSH4_10-NH2. Dynamic and Minimized 

Parameters are Listed. 

Conformer I Conformer II Conformer III Conformer IV 
Angle o PS 4 PS 5 PS 11 PS 

Residue (deg. Dyn (Min) Dyn (Min) Oyn (Min) Dyn (Min) 

4> -92.l( -84.3) -128.7(-83.1) -84.1 (-81.0) -117.6(-71.6) 

Nle 1/1 119.5(125.2) 150.7(122.1) 111.9(128.0) -40.7 ( -47.8) 

Xl 172.2(-174.8' -178.6(-170.4 -67.0(-64.4) -172.9( 179.9) 

cjI -83.6(-83.8) -102.7(-89.9) -171.9(-152.6) -117.5(-116.1) 

Asp 1/1 114.1( 118.2) 125. 7( 115.9) 162.9(140.8) 157.6(148.3) 

Xl -176.2(-174.2) -161.8(-172.7 j -154.5(-176.1) -60.8(-52.7) 

cjI -127.2(-136.7) -99.7(-89.3) -95.2(-78.6) -103.3(-87.3) 

His 1/1 159.6{162.1) 108.4(102.7) 119.7(114.4) 82.2{128.6) 

Xl -162.7(-166.3 -159.3(-170.7 -161.7(-174.2) -160.0( -169.7) 

cjI 155.2( 152.1) 132.4(127.3) 86.4(94.6) 99.7(76.2) 

D-Phe 1/1 -139.6(-149.0 -123.9(-142.6, -109.5(-142.5) -61. 7( -103.4) 

Xl -176.9( 173.4) 176.7(172.2) 174.6(173.4) 40.0(62.3) 

cjI -164.4(-158.6 -123.9(-94.78, -89.6(-84.7) -94.2 (-73.1) 

Arg 1/1 133.7(134.5) 113.5(120.5) 119.9(116.2) 140.1 ( 122.3) 

Xl -162.6(-176.0J -174.7(-176.3 -167.4(-177.6) -165.3{-175.3) 

cjI -84.4(-88.0) -109.l( -99.8) -117.9(-87.4) -105.6(-93.9) 

Trp 1/1 126.0(133.0) 122.2 ( 131.9) 131.4{130.0) 149.1(144.7) 

Xl -177.5(-176.2 -175.9(-171.1 176.3(-174.8) -159.7(-153.9) 

cjI -80.2( -93.7) -102.3(-101.8 -105.3(-95.2) -130.3(-126.5) 

Lys 1/1 -36.7( -51.9) -53.3(-44.2) -50.7(-45.5) -30.3(-43.9) 

Xl -164.9( -170.4} -177.7(-167.6 -172.0(-168.2) -139.8(-173.3 ) 



Thus, an NMR investigation (see Ch. 4) of peptide I was carried out. 

A comparison of the calculated and observed coupling constants for 
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various amino acids of peptide I (Table XX I) in conjunction with regression 

analysis suggested that conformer III is the one which corresponds mostly 

closely to the possible conformer generated by the NMR. Since conformer 

I and II also are somewhat related to the NMR structure but mostly to a 

highly energetic form (dynamic structure), their contribution should be 

negligible. In conformer III the corresponding , angles can be fit to 

values based on the 3 JNH-CHa values from the NMR study of I In DMSO 

(Table XI, Ch. 4). In general the, values are not related to those for 

parallel B-sheets (, = -119°), the a-helix (, = -57°), or the antl-

parallel B-sheet (, = -139°). Examination of the backbone torsion angles 

of conformer III, clearly suggest a slightly distorted type II or II B-

turn structure centered around D-Phe residue while the N-termlnal amino 

acids. AspS and Nlell , and the acetyl group exist as a distorted C7 turn. 

Usually In protein turns are distorted from their standard values 

(Richardson, 1981). From the study of the energy components of the 

various conformers (Table XIX), It appears that the favored conformer III 

Is slightly higher In energy relative to the lower energy but less 

favored conformer IV. 

From our studies and others (Hruby et al., 1987), It has been 

shown that the active segment (message sequence) of a-MSH In the central 

tetrapeptide Hls-Phe-Arg-Trp. In order to further understand the beha-
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aTable (XXI). Theoretical and Experimental Determined Coupling Constants 

for Different Residues of Ac-[Nle", Asp5, Q-Phe7 , Lys 10)Il-MSH4-10-NH2. 

The R2 of the Regression Analysis Is also listed. 

3JNH-CHIl(Hz) 

Conformer I Conformer II Conformer III Conformer I" 
Residue Dyn (Min) Dyn (Min) Dyn (Min) Dyn (Min) 

Nle 8.1 (7.3) 9.5 (7.1) 7.2 (6.9) 9.7 (5.6) 

Asp 7.2 (7.2) 9.1 (7.9) 5.2 (7.6) 9.7 (9.7) 

His 9.6 (9.1) 8.8 (7.8) 8.4 (6.5) 9.1 (7.6) 

Q-Phe 7.3 (7.7) 9.4 (9.6) 7.5 (8.4) 8.8 (6.20) 

Arg 6.2 (6.9) 9.7 (8.4) 7.9 (7.3) 8.3 (5.8) 

Trp 7.3 (7.7) 9.4 (8.8) 9.7 (7.6) 9.3 (8.3) 

Lys 6.7 (8.3) 9.0 (9.0) 9.2 (8.4) 9.1 (9.6) 

bR2 Dyn 
(Min) 0.2 (0.07) 0.2 (0.10) 0.1 (0.32) 0.0 (0.00) 

aValues generated by using Eq. 1 (p. 73) and values In Table XX. 

bValues obtained from NMR study. 

CR2 calculated via the following equation: 

R2 = 1-L (YI-YI)2/LlYI-YI)2 

where yl = Dependent variable 

yl = Estimated value of yl 

yl = Mean value of I y = ~ n 
L Yk 
k=l 

where n Is the number of observables. 

NMRb 

6.9 

7.90 

8.30 

7.20 

7.6 

7.10 

6.70 
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0.0 ps 

4.0 ps 

5.0 ps 

11. 0 ps 

Fig. 18. Stereoviews of Ac-lNleq• AspS. D-Phe7• Lys '0]a-MSHq_1O-NH 2 in 
four conformations generated In a molecular dynamics simula-
tion (time along molecular dynamics trajectory given In 
picoseconds) • 
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vlor of the peptide I during the dynamic run, we Investigated the beha

vior of the backbone torsion angles Ijl and ljI for the residues His6, 

Q-Phe7, Arg8 and Trp9 together with the side chain torsion angle X 1 for 

these amino acid residues. The results of these studies are given in Figs. 

19a and 19b). The Hls 6 Ijl and ljI angles stabilize during the flrst four ps 

of the simulation and remain around the values which are characteristic 

of a-turns (Ijl = -60, ljI = 120). The close relationship between the Ijl and 

ljI angle of a particular residue Is very clear In Fig. 19a. Any changes 

In the value of Ijl will be associated with a change of ljI. In addition, 

the fluctuation of the side chain x16 Is parallel to the fluctuation In 

the Ijl torsion angle for the same residue. Also, the x16 angle stays 

within the range of trans (±180) to g- (g- = -60°). This type of confor

mation was Identical to that found In the NMR of Hls 6 In DMSO. The trans 

and g- conformations are the most probable types of conformations of the 

side chain In peptldes and proteins (Richardson, 1981). 

In the plot of the torsion angles for D-Phe we noticed a tran

sition In the side chain torsion angle x17 from trans to g+ (g+ = . 

+60°) • Although g+ Is generally a less favored conformation, Its beha

vior may explain the enhancement In the biological activity of the mela

notropln related peptldes upon substitution of Phe7 by Its enantlomer 

D-Phe7 (Sawyer et al., 1981). The transition In D-Phe of Xl was accom

panied In movement of the ljI angle from -180 to about -90 and this angle 

fluctuated around that value. The change In , angle happened before the 

change in X 17 angle of .Q.-Phe. However, upon Investigation the orien

tation of the aromatic side chain of Phe7 using Interactive graphics, 
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it appeared that In the g+ conformation It first has a pseudo equatorial 

orientation, and then went to an axial conformation for the rest of the 

dynamic run. The changes in the slde-chaln conformation of Phe7 was 

accompanied by changes In 41 and x18 of the neighboring residue Arg8• But 

the changes In the Arg conformation were transient since the molecule 

tried to restore the. original conformation after the first four picose-

conds of the simulation. In addition, at around 14 ps the X18 angle 

changed from trans to g- for a short period of time and then tried to 

return to the trans form. 

These major changes In the conformation of D-Phe7 and Arg8 can be 

determined from the NMR studies of melanotropln peptldes with D-Phe7 

substituted for L-Phe7• It has been shown that the 13C relaxation time 

for Arg side chain (6 carbon) was very short In .Q.-Phe7 -containing compounds 

compared to the L-PheLcontalnlng ones. This result was Interpreted as 

an Indication of sterle hindrance In the environment of Arg8 due to the 

D-Phe7 substitution. Thus, the effort of D-Phe to stay In a g+ confor

mation may be related to a relief of strain due to side chain Interac-

tions with Arg8• 

Investigation of the trajectory of the Trp9 residue In the dyna

mic studies does not seem to Involve any major changes In Its backbone or 

slde-chaln conformation. The backbone conformation of Trp9 Is almost 

Identical to that of Hls6. In addition, the x 16 and X 19 are locked In a 

trans conformation most of the time, although x16 has a higher population 

of g-. This result Is well correlated with the NMR results (Table XI, 

Ch. 4). 



135 

B. Peptide III: Ac-[Nle4, A~p5, D-Phe7, Ly~10]a-MSH4_10-NH2: 

Conformer I (0 ps): 

This peptide initially has extended structure with a total 

potential energy of about 63 Kcal/mole. The contribution of the non

bonded energy term is about 30% of the total energy (Table XXII). The 

major contributing factor in the nonbonded energy was the Van der Waals 

component (Table XXIII). Energy minimization causes 10-35° changes in 

the backbone torsion angle (~ and $) but little change in the side 

chain torsion xl (Table XXIV). The backbone conformation is locked 

mostly in a turn of type II (Asp5, His6) or type II~ (Q-Phe7, Arg8). 

The major turn is located around the ~Phe residue. Side chain tor

sions range between g- for Nle4, His6 and Lys8 to trans for Asp5, His6, 

Q-Phe7, Arg8 and Trp9. Hydrogen bonds range between weak (O.O/Kcal/M) 

to strong (-2.38 Kcal/M). The main ones Arg6(N9H) •••• LyS10(CO), 

Arg8(N9H2) •••• Lys10(CO). These two hydrogen bonds persisted after 

energy minimization of this conformer. The stereoview structures of 

this conformer is shown in Fig. 20. 

Conformer II (8 ps): 

There are no major changes in the side chain conformation of this 

conformer relative to those reported for conformer I. In addition, the 

backbone conformation is almost identical to that of conformer I with 

more ordered a turn of Type II for Arg8, Trp9. The major hydrogen bonds 

in the dynamic form are: Arg8(N9H2) •••• Lys10(OC) and Trp9(NinH) •••• 

His6(OC). Upon energy minimization additional hydrogen bond are 
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TABLE (XX II) • Total Energy and Energy Components of the Minimum 

Energy Structures Underlying the Dynamic Trajectory of Ac-[ Nle4 , A~p5, 

D-Phe7, LY's 10]a-MSH4-10-NH2 

Time 
(ps) 

o 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Valencea · 

94.14 
96.56 
97.88 
87.26 
99.09 
99.73 
94.51 
97.76 

103.54 
93.34 

110.98 
101.03 
99.48 
93.54 

118.00 
104.09 
104.86 
104.52 
108.28 
100.44 
101.01 

Potential Energy 

Nonbondedb 

-31.48 
-34.19 
-35.99 
-39.39 
-38.85 
-34.92 
-40.36 
-40.97 
-43.86 
-40.55 
-53.20 
-50.80 
-53.03 
-45.78 
-48.09 
-46.34 
-53.38 
-54.48 
-51.90 
-53.30 
-49.92 

62.66(16.21) 
62.37(15.92) 
61.89( 15.44) 
47.87(01.42) 
60.24(13.79) 
64.81(18.36) 
54.15(07.70) 
56.79(10.311) 
59.68(13.23) 
52.79(06.34) 
57.78(11.33) 
50.23(03.78) 
46.45(00.00) 
47.76(01.31) 
69.91 (23.46) 
57.75(11.30) 
51.48(05.03) 
50.04(03.59) 
56.38(09.93) 
47.14(00.69) 
51.09(04.64) 

aThe valence term represents deformations of the Internal coordinates 
with respect to the minimized starting structure. 

bThe nonbonded refers to the van der Waals, electrostatic potential and 
hydrogen bonds energies. 

cllmin represents the difference In energy between any structure and the 
minimum structure. 



Table (XXII!). Energy and Energy Components of Dynamic 

Generated Conformers of Cyclic Ac- [Nle", 

A~p5, Q-Phe7 , L~s 10]C&-MSH,,_10-NH2' 

Energy Conformer I Conformer II Conformer III Conformer 
Components o PS 8 PS 11 PS 

'" PS ( Kcal/Mol) Dyn (Min) Dyn (Min) Dyn (Min) Dyn (Min) 

aE Total 62. 7( -12.1) 59.8(-18.6) 50.3(-28.5) 69.7(-26.7) 

E Bonds 2".1( 1.3) 2".0(1.") 27.0(1.4) 25.11(1.3) 

E Angles "4.8(19.5) "9.5(18.3) 46.7(20.1) 58.7(19.2) 

E Dihedrals 25.1(8.7) 30.1( 13.2) 27.3(15.0) 23.6( 13.5) 

IV 

E VOW -28.2( -37 .5) -41.2(-45.0) -46. 1 ( -58.2) -44.6(-54.0) 

E Elec -o.6( -0.62) -0.6(-0.7) -0.7(-1.0) -0.5(-0.8) 

E HB -2.7(-3.4) -1.9(-6.0) -3.9(-5.8) -3.0(-6.0) 

aFor notations see Table XIX. 
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Table (XXIV). Conformational Parameters for Selected Conformers of 

Cyclic Ac-[Nle4, A~p5, O-Phe7, L~s10]a-MSH4-10-NH2' Oynamic and Mini-

mlzed Parameters are Listed. 

Conformer I Conformer II Conformer III Conformer IV 
Angle o PS 8 PS 11 PS 14 PS 

Residue (deg. Oyn (Min) Oyn (Min) Oyn (Min) Oyn (Min) 

, -10~ .9( -82.4) -106.3(-85.5) -80.8(-87.0) -95.8(-77.9) 

Nle 1/1 104.2(109.3) 157.9(138.7) 89.2(107.5) 130.9(96.2) 

xl -62.5(-64.4) -41.0(-64.2) -57.2(-63.3) -45.2(-64.6) 

, -94.2(-86.8) -95.4(-78.5) -99.5(-69.0) -109.9(-78.6) 

Asp 1/1 115.7(93.8) 98.6(105.4) 104.1(95.5) 129.2(99.2) 

Xl 162.6(-176.0 -175.6(-171.5 -80.3(-80.2) -92.75(-88.4) 

, -100.4(-86.9) -76.3(-84.8) -108.7(-99.2) -62.7(-95.4) 

His 1/1 149.7(140.4) 112.2 (86.1 ) 58.1(78.5) -178.1 (85.2) 

Xl -76.5(-63.1) -51.1(-69.3) -65.9(-59.0) -67.2(-57.8) 

, 86.7(84.7) 70.2(88.6) 124.5(95.4) 112.1(9'1.0) 

Q,-Phe 1/1 82.0(68.0) 135.1( 139.2) -132.3(-129.4) -1'16.4(-132.9) 

Xl 177.3(-178.7 117.1( 143.8) 167.9(177.6) 172.5(176.2) 

, -89.5(-77.9) -81.4(-86.7) -116.5(-118.9) -102.3(-136.2) 

Arg 1/1 118.8(105.7) 118.4(109.5) 102.4(100.1) 92.5(111.8) 

Xl -166.4(-172.9 -176.8(-173.8' -130.6(-154.8) -178.9(-169.5) 

~ -148.0(-127.8 -117.8(-125.6 -111.9(-97.40) -101.9 (-96.8) 

Trp 

'" 
69.6(50.7) -8.8(10.8) -21.2(-32.5) -3.6(-34.2) 

Xl -165.8(-162.3 -49.0(-40.2) -63.0(-69.3) -61.1( -45.1} 

, -125.7(-117.5 -95.9(-104.2 -90.0(-90.2) -90.0(-78.9) 

Lys 1/1 116.2 (107.3) 74.4( 101.7) -55.7(-47.2) -93.3(-39.9) 

Xl -56.7(-56.5) -54.6(-54.10 -60.0(49.0) -54.0( -48.9) 
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Hls"(NlmH) •••• Nle2(OC). The total energy of this conformer Is not very 

far from that for conformer I (59 vs. 63), but upon minimization these 

conformers converged to different structures as reflected by their total 

energy (Table XXII!). The stereovlew structure of this conformer Is 

shown In Fig. 20. 

Conformer III (11 ps): 

This conformer stili maintained the general backbone conformation 

of conformer II with some changes In xl angles. The total energy of the 

dynamic structure Is about 50 Kcall Mole which minimized to -29 Kcall Mol 

with major contributions from the nonbonded energy term. The hydrogen 

bonding pattern Is still about the same as reported for conformer II with 

strong hydrogen bonding for Trp9(NH) •••• Asp5. Arg8(N9H2) ••• D-PheS and 

Lys l0(NH) ••• AspS. The minimized structure has some additional hydrogen 

bonds including Hls6(NlmH) •••• Nle". Arg8(N9H2) •••• AspS. and Lys l0(NH) •••• 

AspS with loss of the Arg8(N9H2) .... D-Phe7(OC) H-bond. The stereovlew of 

this structure with the hydrogen bonds Is shown In Fig. 20. 

Conformer IV (111 ps): 

This conformer Is close to conformer III based on Its structure 

after minimization. with the only major changes being the , angles of the 

Nle4 and Hls6 residues. These changes may be reflected through the 

cooperative effect between residues via the backbone or through side 

chains Interaction. The major hydrogen bond was Trp9(NH) •••• AspS(BCO) 
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0.0 ps 

8.0 ps 

11.0 ps 

14.0 ps 

Fig. 20. Stereoviews of Ac-(Nle4• A~p5. O-Phe7, L~s10]a-MSH4_10-NH2 in 
four conformations generated In a molecular dynamics simula-
tion (time along molecular dynamics trajectory given In 
picoseconds) • 



which gets stronger after minimization. The minimized structure has 

additional hydrogen bonds Including Trp9(NlnH) •••• Nle4 and 
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Hl s6 (NimH) •••• Nle4• The folding over of the C-termlnal and N-termlnal 

part of the molecule Is reflected through the Lys 'O(N£H) •••• Ac
'
(OC) 

hydrogen bond which Is present In both dynamic and minimized structures 

of conformers III and IV. The stereovlew structure of this conformer Is 

given In Fig. 20. 

Correlation Between The Theoretical and NMR Based Conformational Struc

tures of Ac-[ Nle4, A~p5, D-Phe7, L~s 10)a-MSH4-to-NH2: 

A comparative study of the NMR results from both water and DMSO 

with the theoretical results using molecular dynamic simulation, Indica-

tes that some of the dynamic conformers are closer to the NMR model than 

others. In Table XXV, we summarize the theoretical and experimental 

coupling constants for peptide III. The regression analysis Indicated 

that the dynamic structure for conformers II, III and IV are close to the 

NMR structure with the closest resemblance being the energy minimized 

conformer II. Based on the energy of these conformers In Table XXIII, we 

see that there are considerable differences In the total energy for the 

various minimized and dynamic structures. Examination of the backbone 

changes of confor:~rs I, II, III and IV by Interactive graphics and by 

examination of Table XXIV, showed that major changes occured In ~ and '" 

angles with much less change In the side chain torsion angles. Thus, 

various backbone arrangements can have the same side chain topography 

which Is Important for the biological activity of the peptide hormone. 
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aTable (XXIX). Theoretical and Experimental Determined Coupling Constants 

for Different Residues of Ac-[Nle", A~p5, O-Phe7 , Ly~10]a-MSH4_10-NH2' 
The R2 of Regression Analysis Is also listed. 

3JNHa-CHa(Hz) 

Conformer I Conformer II Conformer III Conformer l'v 
Residue aDyn (Min) Dyn (Min) Dyn (Min) Dyn (Min) bNMR 

Nle 2.0 (6.3) 9.2 (7.4) 6.8 (7.5) 8.5 (6.5) 6.9 

Asp 8.3 (7.5) 8.4 (6.5) 8.8 (5.4) 9.5 (6.6) 7.9 

His 8.6 (7.6) 6.3 (7.4) 9.4 (8.7) 4.5 (8.5) 8.3 

D-Phe 7.3 (7.3) 5.4 (7.6) 9.5 (7.9) 9.2 (8.0) 7.2 

Arg 7.8 (6.5) 7.0 (7.5) 9.6 (9.7) 9.0 (9.1) 7.6 

Trp 8.1 (9.5) 9.6 (9.6) 9.5 (8.6) 9.0 (8.6) 7.1 

Lys 9.6 (9.6) 8.5 (9.0) 7.9 (7.9) 7.9 (6.6) 6.7 

cR2 Dyn 
(Min) 0.1 (0.11) 0.21 (0.36) 0.29 (0.0) 0.24 (0.15) 

aValues generated by using Eq. 1 (p. 73) and values In Table XXIV. 

bVulues obtained from NMR Study. 

cR2 calculated via the linear regression analysis using LOTUS 1-2-3 

software (for definition of R2 see Table XX!). 
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The differences between NMR deduced models and the theoretical ones may 

be related to either ambiguities in the measurement of NMR parameters or 

due to the differences between the two technlqueso In NMR study one uses 

solvent. as the media which is not the case in the theoretical study which 

is based on l!!. ~ environment. Furthermore, the theoretical structure 

is generated for a fragment is derived using parameters from X-ray as a 

major source of informations. Thus the presence of solvent is Implicit 

in the structures produced by the theoretical simulations. One possible 

way to bring a closer correlation between the experimental and theoreti-

cal results is to do more elaborated NMR studies and to explicitly 

Including the solvent effect In the theoretical study. Of course, the 

major NMR parameter correlated to conformation Is the torsion angles 

estimated from coupling constants which are difficult to obtain exactly. 

In addition, the ~ angle can be affected by changes In the 1/1 or X angles. 

Thus all of these parameters have to be determined before we can come to 

a firm conclusion about the correlation between theoretical and experi

mental results. 

In studying the trajectory of the torsion angles 4», 1/1 and xl for 

the core residues HIs6, D-Phe7, Arg8 and Trp9 over the dynamic simulation 

time many Important conformational features can be obtained. In Figs. 

21a, 21b the plots of the torsion angles as functions of the time are 

reported. In the case of Hls6 there are no major changes In either Its 

backbone or side chain dihedral angles. Also, the probable backbone con

formation for His Is the Type II B-turn and g8uche( -) (g-) side chain 
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arrangement. There are some fluctuations in the 1/1 angle after the 1st 8 

ps of the run. The cooperative effect between ~ and 1/1 angles is very 

clear along the traJectory. These results are in agreement to a certain 

extent with the NMR determinations shown In Table XIII of Ch. 4. 

However, since the NMR results are usually represented as an average 

value, we don It see the predominance of one conformational type as is the 

theoretical study. 

In case of the D-Phe7 residue, more pronounced changes occurred 

during the simulation. The major transition In ~ angle from about 90° to 

-180° after the first 8 ps may reflect the high conformational preference 

for this residue. In comparison to peptide I the conformation for .Q.-Phe7 

In peptide III Is more specific. The ~ and 1/1 angles remained in their 

preferred conformation after the first 8 ps of the study In the case of 

the cyclic peptide, while they continued to fluctuate In the linear one. 

The most drastic difference between the linear and cyclic peptide is that 

the X17 In the cyclic analogue 15 locked In the trans conformation, but 

It goes to gauche(+) (9+) In the linear. This side chain may be the 

Important factor In causing about 100 fold enhancement In biological 

activity after cycllzatlon (Table V, Ch. 2 and Table IX, Ch. 3). Further 

testing of this hypothesis Is under study In our laboratory. 

There Is not much change In the conformation of the Arg8 residue. 

From Fig. 21b, It Is clear that the fluctuations In backbone and side chain 

conformation Is much less In the cyclic peptide than In the linear (Figs. 

19 vs. 21). The transition of ~ angle In Arg from about -90 to more 

extended form after the first 8 ps of the simulation may be related to 
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the transition In the backbone of the D-Phe7 residue. 

Another crucial' change occured In the Trp9 residue which also may 

playa major role In the enhancement of the biological potency of the 

cyclic analogue. The transition In the backbone and side chain confor

mation started after the first II ps, and transform both 4» and 1/1 to the B

turn Type II conformation (1/1 III -80, 1/1 III 10 to 70). This conformational 

locking may be a result of the limited space available to this residue 

due to the restriction Introduced by the cycllzatlon. In addition to 

that, x17 Is locked In gauche (g-) most of the time. This side chain 

conformation Is different from the one In the linear analogue. Thel5e 

results are consistent with thl! NMR results (Table XIII, Ch. II). 

2. Ac-(Nle", AspS, D-Phe7, Dpr'O]a-MSHII-'0-NH2 

Linear (II) and Cyclic Lactam (IV). 

A. Peptide II: Ac-(Nle", AspS, D-Phe7, Dpr'O ]a-MSH4-10NH2· 

Dynamic simulation of the minimized structure of Peptide II for 

20 ps, leads to several substructures. Analysis of the dynamic traJec

tory at each picosecond and gathering the conformers within S Kcall Mol 

differences In their total energy lead to four major conformers. The 

energy analysis of the dynamic simulation and the energy and Its com

ponents for each conformer are listed In Table XXVI and Table XXVII. In 

addition, the backbone and side chain torsions for each residue In pep

tide II are tabulated In Table XXVIII. To further Investigate the 

detailed properties of each conformer, we will describe each conformer 

separately. 
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Conformer 1-(0 ps): 

The peptide was' a fully extended structure with all X' angles 

In the trans form except for the C-termlnal residue, Dpr, which was In 

gauche (g-) conformation. The major changes In the energy minimized 

structure were In the backbone IjI and 1/1 angles of each residue, though It 

appears that the 1/1 angle Is much less affected by minimization than the IjI 

angle. The cooperatlvlty between IjI and 1/1 Is not very strong for some of 

the residues e.g. Hls6, D-Phe' and AspS. This may Indicate that the 

molecule maintains a preferred type of conformation at the sites occupied 

by those residues. The general type of backbone arrangement seems to be 

a distorted type of B-turn type II or II centered around the D-Phe' 

residue. The major contributing component for the energy of this con

former Is again the nonbonded term described by the van der Waals energy. 

Also, there Is an appreciable hydrogen bond contribution In both the 

dynamic and the energy minimized structures. Several hydrogen bonds 

exist In conformer I. The major ones are D-Phe' (NH) •••• Hls6 (Nlm), 

Trp9(NHln) •••• HlsS(Nlm), Dpr'O(NH) •••• AspS, Dpr'O(NH2 amide) •••• 

AspS and Dp 10(BNH2)' ••• Arg8• Some of these hydrogen bonds are 

lost after minimization but others are retained, Including the 

D-Phe'(NH) •••• Hls6(Nlm), Trp9(NHln) •••• Hls6(Nlm), Dpr'O(NH2 amide) •••• 

AspS and Dpr(BNH2) •••• Arg6( OC). The latter was the strongest In both 

structures, which may be related to the observed temperature effect on 

the amide proton NMR chemical shifts In DMSO (Table XIV, Ch. 4). 
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Also the Hls6 residue Is Involved in hydrogen bonding in both structures 

which may explain the small temperature coefficient for Its amide proton. 

Conformer " (II ps). 

In this structure several changes occured In the backbone and 

side chains conformation relative to Conformer I. The predominance of 

a distorted B-turn around the tetrapeptide Hls-D-Phe-Arg-Trp is stili 

evident. The change In X17 from trans to the gauche (g+) confor

mation was observed for this conformer. The change in the D-Phe7 side 

chain conformation was accompanied with changes In Its 1jI angle and also 

In the adJact Arg8 • and 1jI angles. These changes may be related to the 

fact that side chain groups need to change In order to accomodate the 

change In the Q,-Phe7 side chain conformation. Several hydrogen bonds 

exist In this conformer with the major ones being Trp9(NlnH) •••• 

Hls6(Nim), Drp l0(NH) •••• Asp5(SOC) and Dpr10(SNH2) •••• Asp5(SOC). This 

result was consistent with the NMR result. From the energy point of view, 

there Is about 10 Kcal/ Mol difference between conformer I and ", but 

both of them converged to the same energy upon energy minimization calcu

lations. This result may be related to the fact that small peptide! are 

flexible molecules In their structural conformation (Richardson, 1981). 

Also, the substitution of certain amino acids with their specific side 

chain may Introduce more flexibility In the peptide backbone conformation 

(Hruby, 1981). 
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Conformer I~I (9 ps): 

There are no major changes In this conformer with respect to Con

former II, though some changes In ell and 1jI angles for some of the amino 

acids occurred. The B-turn type II Is more pronounced In D-Phe7 -Arg8 with 

the locking of X17 Into a gauche (g+) conformation. A new H-bond 

appeared between, Arg8 ( N H) •••• AspS, and Dpr 1 0 (N H) •••• AspS and 

Dpr10 (BNH) •••• Arg8(OC) are stili present. Upon energy minimization, the 

Arg8( NH) •••• AspS hydrogen bonds disappeared while the others remained. 

The minimized structure has lower energy than the other two conformers 

discussed above (Table XXVII), which Is parallel to the total energies of 

their dynamic structures. 

Conformer IV (17 psI: 

This structure represents another group of substructures. 

The backbone conformation, as described by the ell and 1jI dihedral angles, 

has a more extended form at the N-termlnal amino acids Nle4 and AspS. 

The type II B-turn conformation of the distorted kind Is found for the 

Nle4, AspS. Hls6 and D-Phe7 residues. The turn conformation centered 

around D-Phe residue Is stili of the a type II kind. The type II turn 

Is highly distorted, and can be described for the D-Phe-Arg site. The 

hydrogen bonding pattern for conformer I V was as follows: In the dynamic 

structure there were very weak hydrogen bonds between Nle4(NH) ••• 

Hls6 (y-turn), Arg8(NH) ••• AspS (a-turn), and Dpr10(NH amlde) ••• Trp9. 

Upon minimization, the following hydrogen bonds were present: 
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TABLE • (X_XVI). Total Energy and Energy Components of the Minimum 

Energy Structures Underlying the Dynamic Trajectory of Ac-[ Nle4, AspS, 

D-Phe7• Dpr'0]a-MSH4_,0-NH2' 

Potential Energy 

Time 
(ps) Valencea Nonbondedb Total (llmln)C 

0 113.31 -53.54 59.77(08.76) 
1 111.15 -53.73 57.42(06.41) 
2 112.28 -46.73 65.55(06.41) 
3 112.35 -51.42 60.93(09.92) 
4 115.61 -48.75 66.86(15.85) 
5 121.62 -55.87 65.75(14.74) 
6 105.04 -45.41 59.63(08.62) 
7 108.82 -46.36 62.45 (11.45) 
8 120.51 -54.15 66.36(15.35) 
9 104.96 -53.95 51.01(00.00) 
10 106.44 -53.43 53.01(02.00) 
11 107.97 -46.50 61.47( 10.46) 
12 108.71 -46.89 61.82( 10.81) 
13 120.33 -48.71 71.62(20.61 ) 
14 117.59 -50.90 66.69(15.68} 
15 tt8.tO -47.93 70. t7( 19.16) 
16 110.04 -47.37 62.67(11.66) 
17 114.30 -47.21 67.09(16.08) 
18 107.94 -49.42 58.52(07.51) 
19 112.30 -46.02 66.28(15.27) 
20 111.69 -52.17 59.52(08.51) 

aThe valence term represents deformations of the internal coordinates 
with respect to the minimized starting structure. 

bThe nonbonded term refers to the van der Waals, electrostatic 

hydrogen bond energies. 

Cllmln represents the difference In energy between any structure and the 
minimum structure. 



Table (XXVII). Energy and Energy Components of Dynamic Generated 

Conformers of Ac-[Nle4• Asp5 • .Q.-Phe7, Dpr 10]a-

MSH4-10- NH2· 

Energy Conformer I Conformer II Conformer III Conformer IV 
Components o PS 4 PS 9 PS 17 PS 
(Kcal/Mol) Dyn (Min) Dyn (Min) Dyn (Min) Dyn (Min) 

E Total 59.6(-10.3) 66.8(-10.0) 51.0(-111.2) 66.9(-13.2) 

E Bonds 25.0(1.2) 22.1(1.2) 26.3(1.5) 19.9(1.1) 

E Angles 49.2(21.3) 111.9(23.4) 35.5(23.8) 47.7(21.3) 

E Dihedrals 39.1 (24.5) 42.5(25.11) 42.9(25.5) 46.5(24.7) 

E VOW -45.7(-50.2) -45.0(-53.0) -48.3(-58.2) -44.8( -51.6) 

E Elec -1.1(-0.9) -1.0(-1.2) -1.3(-1.3) -0.4(0.8) 

E HB -6.7(-8.1) -2 .6( -6.1) -4.3(-6.0) -2.8(-8.1) 

aSee Table XIX for notations. 
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Table (XXV! II). Conformational Parameters for Selected Conformers of 

Ac-[Nleq, AspS, O-Phe7, Opr'O]a-MSHq_l0-NH2' Oynamlc and Minimized 

Parameters are Listed. 

Conformer I Conformer II Conformer III Conformer IV 
Angle o PS 16 PS 9 PS 17 PS 

Residue (deg. Oyn (Min) Oyn (Min) Oyn (Min) Oyn (Min) 

«P -151.0(-129.6' -106.2(-83.3) -115.1(-88.7) -816.2(-151.6) 

Nle 1jI 130.2( 124.1) 127.1(110.6) -169.5(171.1) 137.2(129.16) 

xl -167.5(-169.4} -79.3(-65.9) -82.0(-61.2) 175.4(-173.2) 

«P -103.6(-96.6) -151.3(-142.9) -95.9(-105.8) -138.11(-91.7) 

Asp 1jI 58.8(60.9) 59.3(52.4) -60.1(-44.5) -35.2( -79.1) 

xl -173.2( -173.9) -171.2(-173.3 -1711.6(-179.7) -150.93(-173.160) 

«P -71.1(-79.2) -85.4(-72.0) -60.2(-77.6) -75.9(-62.30) 

His 1jI 157.2(157.3) 167.8(137.2) 107.1(95.2) 136.6( 127.10) 

Xl -166.6(-163.2 -55.2 (-65.8) -62.8(-65.9) -60.0(-77.2) 

«P 89.8(88.9) 89.7(1011.1) 111.1(121.8) 77.8(100.6) 

O-Phe 1jI -93.0(-97.5) -119.3(-87.1) -19.2(-52.5) -95.7(-92.7) 

Xl 171.9(172.5} 55.4(57.9) 62.1(57.40) 63.6(61.3) 

«P -99.3(-83.9) -80.3(-93.3) -117.9(-103.4) -81.9(-95.4) 

Arg 1jI 83.7(102.3) 108.6(85.5) 36.0(69.5) 142.4( 100.2) 

Xl -177.0(-173.5 -163.6(-152.1 J -46.2 (-52.1) -48.6(-57.4) 

«P -69.4(-86.9) -71.7(-71.8) -53.6(-61.2) -106.3(-75.6) 

Trp 1/1 99.3( 105.1) 146.7(108.7) 122.2(1111.3) 77.9(94.8) 

Xl -66.2(-76.4) -86.3(-72.2) -63.2(-66.3) -63.3(-69.7) 

«P 110.0(-127.8 -93.3(-101.7 J -142.9(-106.2) -114.6 (144.1) 

Opr 1jI -31.5(-33.4) -78.6(-45.0) 119.2(127.4) 139.8 ( 121 • 1 ) 

Xl -51.2(-63.2) -61 • 3 ( -53 .4) -67.6(-61.0) -71.6(-62.2) 
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Hls6(NlmH)._~.Arg8(OC), Arg8 ••• AspS, Arg8(N9H2) ••• Asp5, Dpr 10 (NH 

amide) ••• His6(Nim) and Dpr 10 (BNH) ••• Hls 6(Nim). The perslstance of the 

Arg8 (N H) ••• AspS hydrogen bond Is an Indication of the Involvement of this 

part of the molecule In a type II B-turn conformation. Most of these 

results are consistent with the NMR results described In Ch. " of this 

work. The stereovlew structures of various conformers are shown In Fig. 22. 

Correlation Between the Theoretical and NMR Based Conformational 

Structures of Ac-[ Nle", AspS, D-Phe7, Dpr 10]a-MSH4_10-NH2: 

Comparison of the calculated NMR coupling constants (based on the IjI 

angles of various residues (Table XXVIII)) In the dynamic and the energy 

minimized structure were made through multiple regression analysis (Table 

XXIX), and the best fit was with conformer III. Although conformer III 

Is the structure which has the minimal energy In both dynamic and mini

mized studies, It also has the highest value of the nonbonded energy term 

(van der Waals). This may Indicate that the minimal dynamic structure is 

the one which has. the closest resemblance to the NMR structure. This 

fact will be very Important for future search to determine the best 

structure generated by theoretical calculation which corresponds to the 

one determined experimentally. In addition, conformer III has a per-

manent hydrogen bonding between Arg8 •••• Dprl0(BNH2) and Dpr10 (NH) •••• 

AspS. The latter may explain the Involvement of Dpr amide hydrogen 

In an Intramolecular hydrogen bond (Table XIV, Ch. "). The formation of 

a Type II B-turn Is also represented by the Arg8(NH) •••• Asp5 hydrogen 

bonding which Is present In this conformer. 
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The correlat.!.on between the ~ angles of conformer III residues and the NMR 

generated values are In close agreement, with the highest difference 

being about 20° (Table XV, Ch. 2 and Table XXVIII). However, there is 

stili more resemblance between the minimized structures of conformers II 

and IV and the NMR-based structure (Table XXIX). This result may result 

because the NMR generated conformation usually represents an average 

s tructu re in case of pep tides (Rose et al., 1985). Thus, the theoretical 

based structure will represent the finally tuned one In comparison to the 

NMR structure. This fact has to be kept In mind during any correlation 

between theoretical and experimental results. 

To look deeply Into the details of changes In the structure of 

the peptide along the trajectory in the dynamic simUlation, the history 

of the backbone and side chain torsion angles were plotted In Figs. 23a, 23b. 

The residues His6, D-Phe7, Arg8 and Trp9 were the ones selected for the 

study since these are the message sequence amino acids of melanotropln 

hormone (Hruby et al., 1987). In Fig. 23a the 4» angle for Hls6 is locked 

at around -900 with some transitions at around 6 to 8 ps. These fiuc

tuatlons In the 4» angles were accompanied by slight changes In the '" 

angles which started at around 4 ps to go from about -180° to -90° and 

stayed around that value. These values for the backbone angles are In 

the range for a type II B-turn conformation (Rose et al., 1985). In 

addition, the x16 Is changed from trans (-180°) to gauche (g- -60°) 

and spent all the time In that form. This type of behaviour In the pep

tide backbone and side chain conformation may Indicate that although this 
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is a linear p~ptide, which we expected to be highly flexible, it stili 

has an ordered structure. The arrangement of the peptide in its order 

structure might be directly related to the biological activity of that 

peptide (Rose et al., 1985, Hruby, 1982). 

In case of D-Phe7 the major characteristics are In the tran-

sition of the X17 from a trans to a'gauche(+) (g+) conformation where it 

spends all the rest of the time. The other backbones dihedrals are simi

lar In their conformation to that observed in case of peptide I. One 

major difference Is that the X17 In case of peptide II went to gauche(+) 

(g+) earlier than that by peptide I. This fast conversion In side chain 

conformation may be related to the substitution of an amino acid with a 

shorter side chain group (Lys 1 0 to Dpr 1 0) which has appreciable effect en 

the side chain conformation of D-Phe7• This result may be related to the 

reduction in the biological activity of peptide II relative to peptide I 

(Tab. V, Ch. 2), and It may be possible to use this finding to design an 

antagonist to melanotropln. Thus, by proper substitution for certain 

amino acids, the x17 can be locked In Its gauche (g+) conformation 

which will bind to the receptor but without transduction. 

The conformation along the dynamic trajectories for Arg8 Is 

characterized by II transition In the, and 1jI angles toward a more 13-

turn type of conformation. Further changes In the 1jI angle started around 

4 ps and were accompanied by the transition of X '8 from trans to 

gauche(-) (g-). In addition, the 1jI angle tries to return to a distorted 

a-turn type of conformation. Both, and X angles stayed at the same 

range of values after the first 5 ps of the dynamic run. 
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aTable (XXIX). Theoretical and Experimental Determined Coupling Constants 

for Different Residues of Ac-[Nle4 , AspS, Q-Phe7 , Dpr10]a-MSH4_10-NH2. 

The R2 of Regression Analysis is also listed. 

3JNHa-CHa(Hz) 

Conformer I Conformer II Conformer III Conformer IV 
Residue Dyn (Min) Dyn (Min) Dyn (Min) Dyn (Min) NMR 

Nle 7.8 (9.5) 9.3 (7.1) 9.6 (7.8) 7.2 (7.7) 7.40 

Asp 9.1 (8.6) 7.8 (8.6) 8.5 (9.3) 9.0 (8.1) 7.30 

His 5.6 (6.6) 7.4 (5.7) 4.2 (6.4) 6.2 (4.5) 7.30 

D-Phe 7.9 (7.8) 7.9 (9.2) 9.5 (9.7) 6.4 (8.9) 7.20 

Arg 8.8 (7.2) 6.8 (8.3) 9.7 (9.1) 7.0 (8.5) 8.00 

Trp 5.4 (7.6) 5.7 (5.7) 3.5 (4.3) 9.3 (6.2) 7.10 

Dpr 3.6 (9.6) 8.3 (9.0) 8.6 (9.3) 9.6 (1.8) 8.20 

R2 Dyn 
(Min) 0.1 (0.11) 0.0 (0.23) 0.2 (0.25) 0.0 (0.20) 

asee Table XXI for notations. 
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5.0 -

11.0 ps 

Fig. 22. Stereoviews of Ac-(Nle4 , AspS, O-Phe7, Opr 10]a-MSH4-10-NH2 In 
four conformations generated In a molecular dynamics simula-
tion (tIme along molecular dynamics trajectory given In 
picoseconds) • 
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tions of the tIme elapsed In the dynamic simulations for A; 
Hl s6, B; O-Phe7 In Ac-[Nle4 , AspS, O-Phe7 , Opr10Ja-MSH4-10-NH2' 
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Thus, an or~ered conformation of this p,tlptlde was observed over most of 

the dynamic: simulation. The arrangement of the Arg8 side chain In 

gauche( -) (g-) place It away from the backbone of the peptide. This 

arrangement Is In parallel to the result obtained by the effect of tem-

perature on the chemical shift of the guanidlno 6NH group (Table XIV, Ch.4). 

For Trp9, the , and 1jJ angles were fixed at around -90° and +90°, 

respectively. This conformation was comparable to that observed for T rp9 

In peptide I. The X19 In case of peptide II Is fixed at gauche(-) (g-) 

which is different In peptide I, where it was fixed In a trans form. 

The perferred gauche (g-) for Trp9 over the more stable trans may be 

related to a preferred arrangement of the C-termlnal amino acid, Opl'" In 

such ill way as to favor this conformation for the Trp9 residue. 

B. Peptide IV: Ac-[Nle4, A~pS, .Q.-Phe', Dpr10]CI-MSH4_10-NH2. 

In analyzing the dynamic simulation for Ac-[ Nle4, AspS, 

D-Phe', Dpr 10]CI-MSH4_10_NH2 , four substructures were selected. The 

general characters and major factors related to the conformation of 

this peptide will be explained In the following paragraphs. 

Conformer I (0 ps). 

This conformer Is about 12 Kcai/Mol above the minimal energy In 

the dynamic simulation (Table XXX). Energy minimization gave a conformer 

with an energy of about -20 Kcal/ mol. The difference In backbone 

dihedral angles was about 2 to 20° for the dynamic and the energy mini

mized structure. The conformation for acids Hls6, Phe', Arg8, and Trp9 
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was that of a_ olstorted type II or type II a-turn. depending on the 

residues under consideration. Twa major properties of this conformer can 

be seen by looking at the x17 which Is g+ and that which Is In a cis con-

formation. These conformational changes are the opposite of those In 

peptide II, which may explain the 100 fold reduction In the biological 

actl vlty of peptide I V relatl ve to peptide II. The g+ conformation of X 17 

were confirmed by the NMR study. but the 1114 conformation Is stili 

under Investigation. This pattern of arrangements were noticed in all 

the conformers of peptide IV. The only hydrogen bonding In conformer 

was Arg8(NH) ••• AspS which persisted during the minimization. The 

stereoview structure of conformer I Is shown In Figure 24. 

Conformer II (S ps). 

This conformer has a lower energy than conformQr I (Table XXXI), 

with conformational changes leading to the s-turn structure, and there Is 

more hydrogen bonding In this conformer than conformer I. The major 

hydr9gen bonds were Dpr lO (NH) ••• Hls 6(Nlm), DprlO(C-termlnal NH2)'" 

Hls 6(Nlm), and Dpr'O (SNH) ••• Hls 6(Nlm) In the dynamic structure, . 
which were maintained In the minimized structure with an additional 

hydrogen bond between Arg8(N9H) ••• Nle4• This latter hydrogen bond 

may be related to the NMR result which showed the Involvement of 6NH of 

guanldlno group In Arg In Intramolecule hydrogen bonding (Table XVI. 

Ch.4). The stereovlew of this conformer Is given In Figure 24. 
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TABLE (XXX) • Total Energy and Energy Components of the Minimum -
Structures Underlying the Dynamic Trajectory of Ac-[Nle4 , 

r-
Energy AspS, 

D-Phe7 - ' 
Dp~ 10]<l-MSH4-10-NH2. 

Potential Energy 

Time 
(ps) Valencea Nonbondedb Total (~mln)C 

0 82.50 -37.72 44. 78( 12 .29) 
1 91.00 -44.14 46.86(14.37) 
2 85.18 -50.04 35.14(02.65) 
3 86.75 -41.81 44.94(12.45) 
4 95.51 -49.32 46.19( 13.70) 
5 94.20 -50.82 43.38(10.89) 
6 90.42 -46.85 43.57(11.08) 
7 91.74 -48.65 43.09(10.60) 
8 106.47 -54.02 52.45(19.96) 
9 89.98 -49.29 40.69(08.20) 
10 91.75 -50.34 41.41 (08.92) 
11 90.02 -48.54 41.48(08.99) 
12 85.55 -53.06 32.49(00.00) 
13 90.94 -56.80 34.15(01.66) 
14 85.96 -48.00 37.96(05.47) 
15 83.48 -48.25 35.23(02.74) 
16 92.04 -48.61 43.43(10.94) 
17 94.79 -45.43 49.36(16.87) 
18 86.34 -50.58 34.76(03.27) 
19 96.39 -48.47 47.92(15.43) 
20 94.07 -43.36 50.71(18.22) 

aThe valence term represents deformations of the Internal coordinates 
with respect to the minimized starting structure. 

bThe nonbonded refers to the van der Waals, electrostatic potential and 
hydrogen bonds energies. 

c~mln represents the difference In energy between any structure and the 
minimum structure. 



Table (XXX I ~_. Energy and Energy Components of Dynamic Generated 

Conformers of Cyclic Ac··[ Nle4 , AspS, Q.-Phe7 , 
--, 
Dpr 10]a-MSH4-10-NH2. 

aEnergy Conformer I Conformer II Conformer III Conformer IV 
Components o PS 5 PS 12 PS 17 PS 
( Kcal/Mol) Dyn (Min) Oyn (Min) Dyn (Min) Dyn (Min) 

E Total 44.8(-19.5) 43.3 (-28.1) 32.6(-30.5) 49.4(-28.0) 

E Bonds 20.9( 1.1) 20.8(1.5) 16.7(1.5) 21.3(1.3) 

E Angles 34.2(18.7) 39.4( 18.5) 42.1(20.4) 42.3(20.0) 

E Dihedrals 27.3(9.0) 33.8(11.7) 26.8(10.0) 30.9(10.1) 

E VOW -37.2(-47.5) -46.5(-53.2) -48.0(-55.1) -44.0( -54.0) 

E Elec -o.S( -0.8) -0.5(-0.7) -0.5(-0.4) -o.3( -0.7) 

E HB -0.04(-0.05) -3.9(-5.9) -4.6(-7.2) -1.3(-4.8) 

aSee Table XIX for notation. 
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Conformer IIJ (12 ps): 

This conformer has the lowest total energy compared to the other 

substructures which resulted in the dynamic simulation of peptide IV 

(Table XXX!). In addition, conformer III minimized to the lowest energy. 

The Involvement of Dpr 10 In several hydrogen bonds through Its amide NH 

or C-termlnal amide with the Hlsll Imidazole nitrogen Is related to the 

adaptation of this peptide In an order structure during the dynamic simu

lation. Also, an additional hydrogen bond (Arg8(NH) ••• Nlell ) Is Involved 

In stabilizing this conformer. The Dpr10 (NH) ••• Hls6CNim) hydrogen 

bonding is related to a side chain backbone Interaction which Introduces 

a stabilization of the peptide conformation CRose, et al., 1985). The 

stereoview of this conformer is listed in Fig. 211. 

Conformer IV (17 ps): 

Although this conformer has about 10 to 7 Kcal/Mol more poten

tial energy than conformers II and III, It minimized to the same energy 

as the other two conformers. The hydrogen bonding in this conformer is 

similar to the one we noticed' in conformers III and II. In conformer IV, 

several hydrogen bonds exist: Arg8(NH) ••• AspS, Dpr 'O CC-termlnal 

NH2) ••• Trp9 and Nlell (NH) ••• Hls6(OC). The latter hydrogen bond may be 

related to the NMR result (Table XVI, Ch. II) which showed the Involvement 

of the Nlell amide In Intramolecular hydrog~n bonding. The minimized 
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5.0 ps 

~~l-"""" 

Fig. 24. Stereoviews of Ac-[Nle4, A~p5, .Q.-Phe7, Dpr 10}a-MSH4-10-NH2 
In four conformations generated In a molecular dynamics 
simulation (time along molecular dynamics trajectory given 
In picoseconds). 
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structure of.conformer IV has several new hydrogen bonds, e.g. 

His6(Nlm) ••• Arg8, Arg8( NH) ••• AspS, Arg8( NHg2)" .AspS, D~r 10(NH2 amide) ••• 

Hls6(Nlm) and Dpr10(BNH) ••• Hls6(Nlm). These hydrogen bonds were In the 

range of -0.2 to -1.6 Kcal/Mol. The NMR study showed that the Nle4 , 

Dpr 10 and Hls 6 residues are Involved In Intramolecular hydrogen bonds 

(Table XVI, Ch. 4). The stereo-structure of conformer IV Is shown In 

Fig. 24. 

Correlations Between the Theoretical and the NMR Based Conformational 

Structures of Ac-[Nle4, A~pS, D-Phe7, Dp'rl0]a-MSH4-10-NH2: 

A comparison of the observed and calculated coupling constants 

for the ~ angles In Table XXXIII, and the results were analyzed by 

multiple regression analysis. They showed that the NMR structure repre-

sents an average structure of the four major conformers. The closest 

conformer to the NMR structure Is conformer III (Table XXXII!). This 

conformer Is the lowest In Its potential energy relative to the other 

structures (Table XXX!). Also, this conformer showed the same pattern of 

hydrogen bonding as was indicated by the NMR results (Table XVI, Ch. 4). 

A comparison of the .. angles of conformer III and the X angles of its 

side chain groups indicated that the conformations from the calculations 

and from the NMR analysis of peptide IV (Table XVI and Table XVII, Ch. 4) 

are similar. Thus, this theoretically deduced structure is in a close 

relationship to that determined by the experimental approach using 1 H 

NMR. However, the NMR structure doesn't resemble only one type of con-

former, but rather an average. 
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Table (XXXIJ). Conformational Parameters of Cyclic Ac-[Nle4, AspS, 

D-Phe7, DP~ TO]a-MSH4-10- NH2· 

Conformer I Conformer II Conformer 111 Conformer IV 

Residue ~O~~ Dy/l r~n) DY~ r~n) DyrP(M~) DyrF(M~) 

q, -83 • 1( -81 .3 ) -112.1(-83.0) -82.3(-63.0) -102.4(-112.9) 

Nle ljI 97 .9( 119.9) 103.4 (104.9) -15.3(-35.2) -46.7(-50.0) 

Xl -65.1(-65.6) -92.0(-69.5) -75.2(-64.6) -122.1(-64.1) 

q, -94.9(-105.9 -136.6(-125.7) -66.8(-62.2) -153.7(-118.0) 

Asp 1/1 21.2(-42.9) -59.4(-69.0) -46.3(-51.3) -30.0( -42.4) 

Xl -128.8(-167.3 -114.9(-157.4 j -163.4(-162.5) -144.3 ( -161. 5) 

q, -110.9(-117.1 -130.4(-122.6' -131.9(-133.6) -118.3(-110.6) 

His 1/1 100.1( 112.2) 60.5(77.3) 89.3(84.8) 117.2(108.2) 

Xl -175.9(-169.6 -80.7(-98.3) -95.4(-94.5) -71.8( -62.0) 

q, 91.2(90.7) 85.1(87.0) 76.5(68.0) 96.0(85.0) 

D-Phe 1/1 -161.5(-151.7 -139.4(-134.4 -139.8(-141.57) -129.3(-131.2) 

xl 106.9(78.0) 55.8(57.4) 76.9(64.2) 67.2(72.8) 

q, -134.5( -99.4.} -101.1(-107.5' -78.9(-85.3) -130.3(-131.0) 

Arg 1/1 53.8(-50.9) -119.1(-69.4) -76.0(-78.4) -63.1(-58.3) 

Xl -69.6(-66.6) -57.4(-60.9) -72.0(-68.6) -61 • 3 ( -44 .0 ) 

~ -147.5(-170.4' -137.6(-152.0 -167.7(-149.0) -160.3(-158.5) 

Trp 1/1 133.9(142.2) 121.0(130.7) 146.2( 123.1) 144.0( 120.8) 

Xl 118.9(-177.6 -130.2( -168.9 j -175.4(-179.3) 175.3(179.1) 

q, 65.5(-79.0) -81.4(-109.6' -140.8(-112.6) -111.9(-76.0) 

Opr ljI -29.2(-5703) -28.8(-46.0) -57.4(-45.1) -36.0(-53.1) 

Xl -55.3(-66.8) -46.2(-58.4) -52.0(-54.8) -53.2(-60.6) 
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Table (XXXI~I)a. Theoretical and Experimental Determined Coupling 

Constants for Different Residues of Cyclic Ac-[ Nlell , A~pS, D-Phe7, 
----r 
Dpr10]a-MSHlI_l0-NH2' The R2 of Regression Analysis is als~ listed. 

Residue Conformer I Conformer II Conformer III Conformer 1\1 NMR 

Nle 7.1 (6.9) 9.6 (7.1) 7.0 (4.6) 9.0 (6.6) 7.20 

Asp 8.lI (9.3) 9.1 (9.6) 5.0 (lI.S) 7.5 (9.7) 7.20 

His 9.5 (9.7) 9.5 (9.7) 9.lI (9.3) 9.7 (9.5) 8.2 

Q-Phe 8.0 (8.0) 7.4 (7.6) 6.3 (5.2) 8.5 (7.3) 5.0 

Arg 9.3 (8.8) 9.0 (9.4) 6.6 (7.11) 9.5 (9.4) 5.5 

Trp 8.2 (5.4) 9.1 (7.1) 5.7 (8.0) 6.7 (6.9) 9.0 

Dpr 4.9 (6.6) 6.9 (9.5) 8.8 (9.6) 9.6 (6.2) 8.20 

R2 Dyn 
(Min) 0.1 (0.17) 0.1 (0.02) 0.1 (0.27) 0.1 (0.06) 

aSee Table XXI for notation 
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Clos~ examination of the backbone and side-chain torsion angles 

of the four residues, Hls 6, .Q.-Phe7, Arg8 and Trp9 provided much insight 

Into the behavior of this peptide along the dynamic trajectory. The 

results of this study are shown In Fig. 25a, 25b. The comparison of the 

behavior of the ~, 1/1 and X angles of peptldes II and IV can help explain 

the changes In biological activity of these peptides (Table V, Ch. 2 and 

Table IX, Ch. 3). 

The 1/1 angle of the His6 experienced the least change of any major 

transition along the dynamic trajectory (Figure 25a). This angle Is 

mostly locked In one type of conformation which Is related to a a-turn 

structure (+120 to 0). The same thing Is noticed for the ~ angle which 

fluctuated around -900
• This value also Is In close approximation to the 

a-turn conformation (-60 01" -90). The major change In the conformation 

of this residue was In the fluctuation of the x16 angle between trans and 

gauche(-) (g-), and the ds arrangement of 1116 dihedral angle. These 

changes In the side chain and backbone may have a tremendous effect on 

the biological activity of the peptide hormone. It has been noticed that 

several backbone conformations of single peptide hormone may have only 

one type of side chain conformation (Manavalan and Momany, 1981). Stu

dies of several peptide hormones have shown that the correlation between 

side chain conformation and biological activity Is more reliable than the 

relationship between backbone and biological response (Rose et al., 1985, 

Hruby, 1982). 
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Fig. 25a. Plot of the torsion angles xl , ~ __ , 1/1_._, as functions of 
the time elapsed In the dlnamlc simulations for A; Hl s6, B; 
D-Phe7 In Ac-[Nle4, A~p , D-Phe7, Dpr 10]a-MSH4_10-NH2· 

171 



~T __ ~A~----------------------------------------~ 2 

a 
fii 
i+---~----~---r----~--~---'----~--~----~--~ 0.0 10.0 12.0 11.0 16.0 10.0 20.0 0.0 2.0 1.0 6.0 

T1NEIPSC) 

a B 
~~--=-------------------------------------------~ 
a ·'\'V-'V\·\v..A·,/'\t-VV/\A.·l\t~\./\t./VV..r-·'V:'y.·/V\/\V\./ 
Iii 

111 
W 
W a: 

.Cla 
~c:i' 
W 
-l 
CI 
Z 
a:a 

!ii' 
I 

12.0 11.0 16.0 18.0 20.0 

Fig. 25b. Plot of the torsion angles X 1 ___ , ~ __ , tj/_._, as functions of 
the tlme elapsed In the dynamic simulations for A; Arg8 , B; 
T rp9 In Ac-[Nle!', AspS, D-Phe', Dpr 10]a-MSH4-10-NH2· 

172 



113 

In t~e case of Hls 6 in peptide IV, the story Is different since 

the backbone conformation Is stable relative to the slde-chaln confor

matlons. The change In conformation of this peptide Is due to the ring 

constraint (20 membered ring) which brings the Hls6 and Trp9 slde-chain 

groups close to each other (Fig. 24). Thus the molecule tries to relieve 

the strain by changing the side chain conformation of one of the 

Interacting amino acids. This Is not the case for peptide II, which has 

no constraint due to cycllzatlon (It Is a linear peptide), and where the 

Hls 6 slde-chaln and CAl4 angle are locked In a trans form throughout the 

dynamic simulation. The large change In biological activity between the 

linear and cyclic peptide may be attributed to these kinds of confor

mational changes. The .Q.-Phe7 residue Is also locked In one type of con

formation for both Its, and 1/1 angles. The side chain x17 Is locked Into 

a gauche( +) (g+) conformation. This type of side chain conformation 

appears to be related to a reduction In the biological activity of this 

peptide relative to the linear peptide which has a mixture of trans and 

gauche(+) (g+) conformations. Again, the presence of only one type of 

conformation In peptide IV also Is related to the constraint experienced 

by the molecule due to the slde-chaln to slde-chaln cycllzatlon. This 

technique of using the constraint as a way to fix the molecule In one 

type of conformation over the other Is well documented In the literature 

(Saklklbara, 1986; Kopple et al., 1984; Mosberg et al., 1982; Kessler et 

al., 1985; Kazmierski and Hruby, 1987). 

The conformation of Arg8 Is again different from that of the 

linear analogue (peptld@! ! I). The '" angle Is transformed from 90° to 



about -70° wJth transitions of x18 from Its fluctuation value between 

trans (-180°) and gauche(-} (g- 60°) to only a gauche(-} (g-) type of 
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conformation. There Is no change In the IjI angle for the linear and the 

cyclic structure. There Is another factor which may be related to the 

effect of cycllzatlon on the biological response of peptide IV. The Trp9 

residue has no ch~nge In Its 1jI angle In the linear and cyclic pep tides. 

but does have transitions of Its IjI and x19 conformation from -90° 

In the linear peptide to -180° In the cyclic peptide. This latter confor

mation Is also favored In most peptide structures (Rose et al., 1985). 

The locking of Trp In this extended conformation Is In parallel with the 

NMR result which showed that Trp residue Is highly exposed to solvent 

with M/b.T of 5.2 x 10-3 In OM SO (Table XVI, Ch. 4). This again may be 

related to an unfavorable conformation of this peptide which reduces Its 

biological activity by a factor of about 100 (Table V, Ch. 2 and Table 

IX, Ch. 3). 

Conclusions: 

From the preceedlng studies, the following points can be made: 

( 1) The dynamic simulation of the conformational history of the 

four molecules over 20 picoseconds demonstrates a drastic reduc

tion In flexibility of the constrained cyclic analogues rela-

tive to their linear analogues. 



(2) ~ssentlally one conformational family emerged for the 

cyclic analogues. 

(3) Despite the variations In backbone conformation, the orien

tations of side chains were highly conserved from structure 

to structure except In the cases where a highly active molecule 

converted to a very Inactive one upon cycllzatlon or substitu

tions. 

(II) High melanotroplc activity with prolongation requires 

the locking of D-Phe side chain In a trans conformation:, while 

the low activity Is characterized by a gauche( +) (g+) confor

mation of the D-Phe side chain. 
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(5) The correlation between the dynamic and the NMR structures Is 

not very high because of the nature of the NMR technique which 

gives an average structure; many results from the NMR measure

ments are confirmed through the analysis of the dynamic simula

tion. 

(6) To further correlate the theoretical structure with the 

experimental will require elaborate experiments. 

(7) The search for a single bloactlve peptide conformation Is 

frustrated by the sensitivity of the peptide conformation to 

Its environment and the likelihood that different active ana

logues have different backbone conformations while retaining 



essentially the same side chain arrangements. In addition. the 

presence of multiple receptors or biological variation toward 

the same peptide can add another difficulty. 

(8) Dynamic simulation and energy minimization Is a powerful 

technique which can give a wealth of Information necessary to 

understand the correlation between conformation and biological 

activity of peptide hormones. 
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