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ABSTRACT 

The exciting and intriguing biological effects associated with a

melanocyte stimulating hormone, a-MSH, have initiated a variety of studies to 

identify the biologically important conformations of the backbone and 

sidechains structures. To further investigate the topology of the critical 

IImessagell residues, several bicyclic (sidechain-to-sidechain) and X1 restricted 

peptides have been synthesized and biologically examined, and selected 

analogues have been studied by NMR techniques and by theoretical molecular 

modeling studies. 
, r--:-

Bicyclic melanotropic peptides possessing the central sequence, Cys4-

"lsp5-His6-Q.Phe 7 -Arg8-Trp9-C~s 1 O-Lys 11, exhibited nearly identical 

nanomolar biological potencies in the lizard skin bioassay. Molecular modeling 

studies suggested the hypothesis of incomplete receptor binding by either the 

His or Trp residue as being responsible for the decrease in potencies relative 

to a-MSH, and the parent monocyclic peptides from which these bicyclic 

peptides were designed. This hypothesis is further supported by two

dimensional NMR studies of a representative bicyclic peptide, AC-Cys4_AfP5-

His6-Q.Phe7 -Arg8-Trp9_CYs 1 O_~ys 11_NH2. 

Peptides synthesized to probe the topographical space of the tryptophan 

residue at position nine provided extraordinary results regarding the biological 

phenomena of prolongation. These peptides were based on the template, Ac-
I I 

Nle4-Asp5_His6-DPhe7-Arg8-Xaa9-Lys10-NH2, where Xaa consists of the four 

isomers of ~-MeTrp, DTrp , and L- or D-TCA residues. Some of these peptides 

were selected for studies on the cloned hMC1 melanocortin receptor. These 

18 



studies resulted in a partial hypothesis accounting for the prolonged biological 

activities observed in other physiological assay systems. Conformational 

analysis by solution 20 NMR techniques revealed similar peptide backbone 

secondary structure features with main differences of structure occurring in the 

sidechain:x;1 space. The implications and results are discussed. 

Homology-based molecular modeling of the hMC1 melanocortin receptor 

was also undertaken and provided evidence for ligand-receptor interactions 

which are being tested by receptor mutagenesis studies. This three

dimensional computer model provides an opportunity to probe detail chemical 

ligand-receptor interactions and further study differences in biological activities 

and biological mechanisms. 
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Chapter 1 

INTRODUCTION 

a-Melanocyte-stimulating hormone, (a-melanotropin, a-MSH, Ac

Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2) belongs to the 

family of melanocortin peptides derived by posttranslational processing of the 

pro-opiomelanocortin (POMC) gene (De Wied and Jolles, 1982). Several 

biological activities have been attributed to this peptide hormone. Both 

peripheral and central nervous system activities related to this peptide hormone 

include: cognitive affects related to learning, memory and attention (De Wied 

and Jolles, 1982; De Wied and Croiset, 1991) analgesic effects (Walker et aL, 

1980), modulation of body temperature (Murphy et aL, 1983; Rothwell et aL, 

1991; Villar et aL, 1991), role in fetal development and parturition (Silman et aL, 

1976; Challis and Torosis, 1977; Clark et aL, 1978; Krieger, 1982; Wilson, 

1982), and immuno-modulatory effects (Cannon et aL, 1986; Hiltz and Lipton, 

1989; Hiltz et aL, 1991; Smith et aL, 1992). The most recognized biological 

activity of a-MSH is its role in regulating skin pigmentation: follicular 

melanogenesis, and tanning (Lerner and McGuire, 1961; Lerner and McGuire, 

1964; Levine et aL, 1991; Hadley et aL, 1992; Hadley et aL, 1993b). Clinical 

applications of melanotropic peptides and related analogues include the 

possibility of prevention of skin cancer and the detection and eradication of 

melanoma (Hruby et aL, 1984; Hadley et aL, 1985; Bard et aL, 1990; Wraight et 

aL, 1992; Hadley et aL, 1993a). 

During the past decade, several distinct melanocortin receptor types 

have been cloned and found to have different tissue expression patterns 
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(Chhajlani and Wikberg, 1992; Mountjoy et aL, 1992; Chhajlani et aL, 1993; 

Gantz et aL, 1993a; Gantz et aL, 1993b; Roselli-Rehfuss et aL, 1993; Desarnaud 

et aL, 1994; Gantz et aL, 1994; Griffon et aL, 1994; Labbe et aL, 1994). Isolation, 

characterization, and cloning of the melanocortin receptors have identified five 

human types to date. MC1 (317 amino acids) was characterized from human 

melanoma cDNA and found to be expressed specifically in melanocytes 

(Mountjoy et aL, 1992). A second report also identified the MC1 type isolated 

from human melanoma cells and was expressed in COS-7 cells (Chhajlani and 

Wikberg, 1992). The MC2 type (297 amino acids), also referred to as the ACTH 

receptor, was first reported by Mountjoy et aL to be expressed in the adrenal 

cortex and not in melanocytes (Mountjoy et aL, 1992). Interestingly, previous 

studies identified the presence of ACTH receptors in various parts of the brain 

(Hnatowich et aL, 1989). The MC3 type (361 amino acids) was reported to be 

expressed in brain, placental, and gut tissues and absent in both melanoma 

cells and adrenal gland (Gantz et aL, 1993a; Roselli-Rehfuss et aL, 1993). A 

fourth melanocortin receptor type, MC4 (367 amino acids), was found to also be 

primarily expressed in the brain and absent in the adrenal cortex, melanocytes, 

and placenta (Gantz et aL, 1993b). The recently reported MC5 type (325 amino 

acids) was found to be expressed in skeletal muscle, lung, spleen and brain 

(Gantz et aL, 1994). Another receptor designated MC5 has subsequently been 

reported (Labbe et aL, 1994). This type was also found to consist of 325 amino 

acid residues and found to be expressed in the skin, adrenal gland, skeletal 

muscle, bone marrow, spleen, thymus, gonads, uterus, and brain. This receptor 

subtype was found to share the greatest sequence homology (78%) with a 

previously reported human MC2 receptor (Chhajlani et aL, 1993). The 
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melanocortin receptor terminology now begins to overlap, and apparently up to 

six types may be currently identified. For the sake of clarity, the following 

terminology shall be utilized: MC1 as described by Mountjoy et aL (Mountjoy et 

aL, 1992) and Chhajlani and Wikberg (Chhajlani and Wikberg, 1992); ACTH 

(MC2) described by Mountjoy et aL (Mountjoy et aL, 1992) and Low et aL (Low 

et aL, 1994); MC3 described by Gantz et al. (Gantz et aL, 1993a) and Roselli

Rehfuss et al. (Roselli-Rehfuss et aL, 1993); MC4 described by Gantz et aL 

(Gantz et aL, 1993b); and MC5 described by Gantz et aL (Gantz et aL, 1994). 

The primary sequence for these melanocortin receptors are between 40% and 

60% homologous, as summarized in Table 1.1. 

The melanocortin peptides primary sequence used to help characterize 

the melanocortin receptors are shown in Table 1.2. The differing number of 

residues and sequences of the peptides have shown different binding and 

cAMP accumulation properties (Table 1.3). These characterizations with the 

native melanocortin peptide ligands provide subtle structural distinctions which 

can be valuable for designing specific receptor agonists and antagonists. For 

example, selective partial antagonists, based on modifications from the native 

melanocortin peptides sequences, have been reported for the MC4 and MC5 

receptors (Adan et aL, 1994). In addition, selective and potent antagonists 

(Hruby et aL, in press) have been identified from modifications in position seven 

of the monocyclic superpotent agonist AC-Nle4-A~p5_His6_DPhe7-Arg8_Trp9-
LVs 1 O-NH2 (MTII) (AI-Obeidi et aL, 1989a; AI-Obeidi et aL, 1989b). Utilization of 

a library approach also identified several antagonists (Jayawickreme et aL, 

1994) but their melanocortin receptor type specificity remains to be evaluated. 

Surprisingly, a naturally occurring 131 amino acid protein called agouti was 
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Table 1.1. Percent primary sequence homology for the five melanocortin 

receptor types identified to date. 

MC1 

MC2 

MC3 

MC4 

MC1 MC2 MC3 MC4 

Table 1.2 Primary sequence of the melanocortin peptides. 

MC5 

440/0 

430/0 

59% 

61% 

ACTH(1-39) SYSMEHFRWGKPVGKKRRPVKVYPNGAEDSAEAFPLEF 

ACTH(4-1O) MEHFRWG 

(X-MSH Ac-SYSMEHFRWGKPV-NH2 

NDP-MSH Ac-SYS(Nle)EHfRWGKPV-NH2 

p-MSH AEKKDEGPYRMEHFRWGSPPKD 

Y= YI-MSH 

Y2-MSH 

Y3-MSH 

YVMGHFRWDRF 

YVMGHFRWPRFG 

YVMGHFRWDRFGRRNGSSSSGVGGAAQ 

The one letter amino acid abbreviation have been used to represent the L 

amino acids. f signifies the D-Phe residue and Nle has the sidechain group -

CH2-CH2-CH2-CH3· 
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Table 1.3. Melanocortin receptor type cAMP accumulation profile. 

MC1 NDP-MSH > a-MSH = ~-MSH > ACTH, and no activity for y-MSH 

MC2 ACTH (1-39) (no activity detected for the other melanocortin peptides) 

MC3 NDP-MSH > y2-MSH = y1-MSH = a-MSH = ACTH (1-39) > y3-MSH > 

desacetyl-a-MSH » ACTH (4-10) 

MC4 NDP-MSH > a-MSH = ~-MSH = ACTH (1-39) > y-MSH > ACTH (4-10) 

MC5 a-MSH > ~-MSH > ACTH (1-39) > y-MSH 

identified as preferentially antagonizing the MC1 and MC4 receptor types (Lu et 

aL, 1994). Although the latter protein probably antagonizes the melanocortin 

receptors by a separate mechanism than the aforementioned peptide ligands, 

clues regarding primary and secondary features of peptide ligands provide 

needed information regarding the design of selective agonist and antagonist 

ligands. These findings emphasize the importance of the identification and 

distinction of different structural, conformational, and topographical features of 

the peptide ligands leading to agonist versus antagonist, and receptor 

selectivities 

Design of superpotent and receptor selective peptide ligands for 

structure-activity studies to probe receptor topographical preference remains a 

current goal of protein and peptide research (Hruby et aL, 1989; Hruby et aL, 

1990; Hruby, 1992). To effectively design compounds possessing desired 

biological activities, knowledge must be acquired regarding ligand bioactive 
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conformations and topology. Extensive structure-activity studies in combination 

with extensive biophysical methods such as NMR, CO, IR, and Raman 

spectroscopies have become invaluable tools in determining proposed 

bioactive conformations. The problem often remains that most of these peptide 

ligands are linear and have a tremendous number of available conformations. 

Identification of the biologically relevant conformations requires a tremendous 

effort and involves much speculation. To overcome this problem, the use of 

conformational constraints such as sidechain-to-sidechain, sidechain-to

backbone, and backbone-to-backbone cyclization have become common 

practice. This approach has been successful in creating ligands possessing 

enhanced biological potencies and in decreasing the number of allowed 

backbone conformations. These modifications still allow for a large degree of 

freedom and flexibility of the amino acid sidechains and their presentation to the 

receptor. The torsional angle about the ca-c~ bond, X1, (Figure 1.1 ) is an 

important conformational parameter for amino acid sidechains. This torsion 

Figure 1.1. Rotomer populations about the torsion angle X1 of amino acid 

sidechains. 

H H H 

H~R ~Hb Hb:@Ha 

CO I NH CO I NH 
CO 1;:/ NH 

Rb Ra 
R 

X1=-60 X1=±180 X1= +60 
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angle can allow for a variety of preferred sidechain rotamer populations, 

depending on the chirality at both carbon atoms. To limit the flexibility and 

available torsion angles in this region, addition of a methyl group at either the 

pro-R or pro-S position should decrease the available X1 angles obtainable 

(Hruby et aL, 1990). The systematic approach to identify desirable structures 

has incorporated synthesis of constrained melanotropin analogous (sidechain

to-sidechain, backbone-to-backbone), extensive theoretical molecular modeling 

(including molecular dynamics and mechanics), and NMR spectroscopy of 

selected peptides. Results from these studies suggested that incorporation of 

dual sidechain-to-sidechain cyclic constraints (Figure 1.2) may further restrict 

the backbone conformations of the melanotropin message sequence, His

OPhe-Arg-Trp. Several bicyclic peptides of varying chain length have been 

synthesized, biologically evaluated, and conformationally studied by theoretical 

molecular modeling and 20 NMR techniques (Haskell-Luevano et aL, 1995) 

(manuscript in preparation). Extensive structure-activity studies (Hruby et aL, 

1984; Hruby et aL, 1993; Vaudry and Eberle, 1993) have led to the design and 
I 

synthesis of the superpotent cyclic heptapeptide, Ac-Nle4-Asp5_His6-0Phe7-
. I 
Arg8_Trp9_Lys 1 0-NH2 (the superscript numbers refer to the location of the 

residues relative to the native a-MSH peptide) (AI-Obeidi et aL, 1989a; AI

Obeidi et aL, 1989b), This peptide has become a lead analogue for extensive 

studies to optimize and identify the bioactive conformations of a-MSH 

(Nikiforovich et aL, 1992; Hruby et aL, 1993; Sharma et aL, 1993; Sharma et aL, 

1994; Ugwu et aL, 1994). 

Several models have been proposed for the bioactive conformations 

of a-MSH, but these generally have been limited to the backbone <p,,,, torsion 
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Figure 1.2. Structure of bicyclic analogue VI 
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angles (Nikiforovich et aL, 1984; AI-Obeidi et aL, 1989b; Haskell-Luevano et aL, 

1995). The sidechain topography also is important in identifying bioactive 

conformations, and a preferred topology for receptor recognition. Rotation about 

the ca_c~ torsion angle, X1, of a sidechain group is an important 

conformational parameter. Incorporation of a methyl group at either the pro-R or 

pro-S position of the ~-carbon of aromatic amino acid residues should decrease 

the freedom of rotation about this angle "and limit the available topographies to 

either a gauche -, trans, or gauche + conformation (Figure 1.1), depending on 

stereochemical considerations. This particular topographical constraint, in 

addition to other more global constraints, such as sidechain-to-sidechain 

cyclization, can be used to probe the molecular recognition processes for 

preferential ligand binding. For these reasons, the superpotent peptide, Ac

Nle4-Adp5_His6-0Phe7-Arg8_Trp9_L~s 1 O-NH2 was chosen as a template to 

incorporate a ~-MeTrp residue at the nine position (Figure 1.3). The tryptophan 

was selected since it is a key constituent of the melanocortin pharmacophores 

(necessary sidechain group(s) for generating a physiological response), with 

another being phenylalanine. Incorporation of ~-MePhe into the seven position 

had been previously reported (Hruby et aL, 1993), thus leaving the nine 

position to be examined. 

Successful synthesis and biological evaluation of the above peptides 

have provided exciting biological results. Therefore identification of their 

conformations by biophysical techniques was of critical importance. 20 NMR 

studies were conducted to examine the solution conformations of selected 

peptides in OMSO. Molecular modeling of the melanocortin receptor, hMC1 R, 
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was performed to identify possible peptide-receptor interactions that may be 

critical for receptor recognition and signal transduction. In addition, these 

receptor modeling studies may also provide suggestions to biological 

mechanisms such as prolonged activity. 

Figure 1.3 Structure of the template peptide Ac-Nle4-Aslp5_His6_DPhe7-Arg8_~
MeTrp9_L~s 10 -NH2 containing the four isomers of ~-MeTrp at position nine. 
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Chapter 2 

EXPERIMENTAL AND THEORETICAL METHODS FOR THE SYNTHESIS AND 

CONFORMATIONAL ANALYSIS OF TOPOGRAPHICALLY CONSTRAINED a

MELANOTROPIN PEPTIDE ANALOGUES. 

Rationale and Design of Topographically Constrained Analogues 

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

NH2) is a highly flexible, linear peptide, and determination of its biologically 

relevant conformations required for receptor recognition and binding, signal 

transduction, and receptor dissociation have proven difficult. An approach to 

overcome the problem of an enormous number of allowed peptide backbone 

conformations, and determine the biologically relevant one~, is the utilization of 

sidechain-to-sidechain cyclic constraints (Hruby, 1982; Hruby et aL, 1990). 

Several endeavors to IIlockli in the bioactive conformations of a-MSH have been 

reported previously. These approaches have sought to stabilize a postulated 

reverse-turn occurring in the active site region, His-Phe-Arg-Trp. These 

sidechain monocyclic analogues include: Ac-[cJs4, cyk 10] a-MSH-N H2 
I I 

(Sawyer et aL, 1982), Ac-[Cys4, QPhe7, Cys 10] a-MSH(4-11 )-NH2 (Cody et aL, 

1985), Ac-[Nle4, DOrn5, Xaa7, GIL8] a-MSH(4-11 )-NH2 where Xaa is 1.- or D-
I I 

Phe (Sugg et aL, 1988), Ac-[Nle4, Yaa5, DPhe7, Lys10] a-MSH(4-10)-NH2 

where Yaa is Asp or Glu (AI-Obeidi et aL, 1989a; AI-Obeidi et aL, 1989b), Ac

[Nle4, Aslp5, DPhe7, Zaa10, L~s11] a-MSH(4-11 )-NH2 where Zaa is Ala, Aib, 

30 



or Sar (Nikiforovich et aL, 1992), and the N- to C-terminal monocyclic 

analogues cyclo(Gly-His-Xaa-Arg-Trp-Gly) where Xaa is b or D-Phe (B6di et aL, 
r I 

1991). The cyclic disulfide Ac-[Cys4, Cys 10] a-MSH-NH2 and cyclic lactam Ac-
I I 

[Nle4, Asp5, DPhe7, Lys 10] a-MSH(4-10)-NH2 analogues were shown to be 

superpotent, prolonged acting analogues whereas the other analogues 

generally were less potent than the native hormone (see Table 2.1 for biological 

activities of selected examples). 

From these studies, we decided to further constrain a-MSH 

analogues by incorporating a second sidechain-to-sidechain covalent cycle, 

Figure 1.2. Upon examination of the biological properties reported above, the 
~ 

strategy was based upon the superpotent monocyclic analogues Ac-[Cys4, 
I I I 

DPhe7, Cys10] a-MSH(4-10)-NH2 and Ac-[Nle4, Yaa5, DPhe7, Lys10] a-

MSH(4-1 O)-NH2 where Yaa is either Asp or Glu. The chimeric hybrids that were 

designed and synthesized for this study all contained Cys at the four position, 

Glu or Asp acid at the five position, D-Phe at the seven position, and Cys and 

Lys at the ten and eleven positions respectively. One exception to the latter is 

analogue VII with Lys and Cys at the ten and eleven positions, respectively. 
I I 

Based on Ac-[Cys4, Cys 10] a-MSH analogues, the second sidechain constraint 

was proposed both on the basis of molecular modeling studies which 

suggested the close special proximity of the sidechain functionalities Glu5 and 

Lys 11 (Nikiforovich et aL, 1984) and on the relatively high potency of 

analogues with the lactam bridge between Asp5 and Lys 11 (Nikiforovich et aL, 

1992). Although this bicyclization approach apparently has not been widely 

practiced with peptide hormones, it has been successful in converting a weak 

oxytocin agonist into a potent antagonist (Hill et aI., 1990) and a potent 

31 



Table 2.1. Relative potencies of previously reported monocyclic and linear a-MSH analogues. 

Relative Bioloaical Potencies 
Frog Frog Lizard Lizard 

Peptide Structure potency EC~ (nM) potency EC2QlnMl 

a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 1.0(-)a 0.10 1.0(-) 1.0 

I I 
2.Sb(-) AC-Cys-Glu-His-.QPhe-Arg-Trp-Cys-Lys-NH2 0.04 3.0(-) 0.3 

I I 
Ac-Nle-Asp-His-.QPhe-Arg-Trp-Lys-NH2 0.8C(+) 0.12 10-90.0(+) 0.01 

I I 
1.0d(NO) AC-Nle-Asp-His-.QPhe-Arg-Trp-Aib-Lys-NH2 0.10 NO NO 

I I 
AC-Nle-.QOm-His-.QPhe-Glu-Trp-Gly-Lys-NH2 O.OOl e(-) 1,000 Inactive* 

cyclo(Gly-His-1lPhe-Arg-Trp-Gly) 1,2oof(NO) NO NO 

Ac-His-Phe-Arg-Trp-NH2 O.ooOooSg(-) 30,000 O.oo14h(-) lS,ooo 

Ac-His-.QPhe-Arg-Trp-NH2 O.OOl i(-) lS0 0.1 (-) 10 

AC-1lPhe-Arg-Trp-NH2 O.OOOOl i(+) 10,000 0.001(+) 1,000 

Ac-His-.QPhe-Arg-NH2 Inactive* Inactive* 

alndicates whether the peptide is prolonged (+) or not prolonged (-) acting. Literature references from: b(Cody et al.,198S) 

C(AI-Obeidi et aI., 1989) d(Nikiforovich et aI., 1992) e(Sugg et aI., 1988) f(B6di et aI., 1991) 9(Hruby et aI., 1987) h(Castrucci et aI., 1989) 

and i(Sawyer et aI., 1993) *Showed no skin darkening at the concentrations examined (10-12 to 10-S M). NO, not determined. 

U) 
I\) 



somatostatin agonist to one with a long duration of action (Nutt et aL, 1980; 

Veber et aL, 1981). The overall aim of this study was to further limit the number 

of available backbone conformations centered around the IImessagell 

sequence, His-DPhe-Arg-Trp, in order to identify the biologically relevant 

backbone conformations of a-MSH analogues. Such conformational 

information may also provide insight into the design of melanotropin 

peptidomimetics and non-peptide derivatives (Sawyer, in press). Both N- and 

C-terminal amino acids were added to the central common region of 4 to 11 

residues, so as to more closely resemble the parent hormone, a-MSH, and to 

examine the effect on biological potency that these residues have. 

Several models have been proposed for the bioactive conformations of 

a-MSH, but these generally have been limited to the backbone cp.'II torsion 

angles (Nikiforovich et aL, 1984; AI-Obeidi et aL, 1989b; Haskell-Luevano et aL, 

1995). The sidechain topography also is important in identifying bioactive 

conformations, and a preferred topology for receptor recognition. Rotation about 

the ca-cB torsion angle, X1, of a sidechain group is an important 

conformational parameter. Incorporation of a methyl group at either the pro-R or 

pro-S position of the B carbon of aromatic amino acid residues should decrease 

the freedom of rotation about this angle and limit the available topographies to 

either a gauche -, trans, or gauche + conformation (Figure 2.1), depending on 

stereochemical considerations. This particular topographical constraint, in 

addition to other more global constraints, such as sidechain-to-sidechain 

cyclization, can be used to probe the molecular recognition processes for 

preferential ligand binding. This stereochemical approach for conformational 

and topographical studies has been successfully utilized for somatostatin 
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Figure 2.1 Sidechain rotomer populations of p-MeTrp amino acids. 
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(Huang et aL, 1992), enkephalin (Hruby et aL, 1991; Toth et aL, 1992), and on 

other opioid (Mosberg et aL, 1994; Qian et aL, 1994) peptides. 

Experimental Methods In the Synthesis of Melanotropin Analogues 

Amide Bond Formation. 

The formation of peptide bonds for these studies utilized the 

carbodiimide method (Sheehan and Hess, 1955; Rich and Singh, 1979) using 

diisopropylcarbodiimide (DIC) and hydroxybenzotriazole (HOBt) or 

benzotriazolyl-1-oxy( dimethylamino )-phosphonium hexafluorophosphate (BOP) 

(Castro et aL, 1975) as coupling reagents. The carbodiimide method (Khorna, 

1953) was first introduced to peptide synthesis using dicyclohexylcarbodiimide 

(DCC) which forms peptide bonds upon dehydration with the by-product N,N'

dicyclohexylurea (DCU) being formed. The carbodiimide reacts with the 

carboxyl group of an NCX-protected amino acid, to form a highly activated 

acylating intermediate (Le. O-acylisourea) which again reacts with the carboxyl 

group of another NCX-protected amino acid to form a symmetrical anhydride. The 

anhydride undergoes aminolysis and the peptide bond is formed. This method 

has been widely accepted for peptide synthesis due to its simplicity, speed, and 

compatibility with various solvents. However, many undesired side reactions 

accompany this coupling method such as racemization, partial dehydration of 

certain amino acid sidechains, and undesired side products that make final 

workups difficult. To overcome these disadvantages, catalysts and racemization 

suppressing agents such as 1-hydroxybenzotriazole (HOBt) or N

hydroxysuccinimide (HOSu) are added during the coupling stage to suppress 
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undesired side reactions and product formation (Sheehan and Hess, 1955). 

Figure 2.2 depicts the formation of the peptide bonds prepared in this study 

using the carbodiimide method, described above, using DIC and HOBt as 

coupling reagents. The carbodiimide, DIC, was employed instead of DCC 

because the side product N,N'-diisopropyl-urea has been found to be more 

soluble than DCU under the synthetic conditions used (Bodanszky, 1988). For 

unusual amino acids and formation of the lactam cycle while the peptide 

remained on the resin (Hruby et aL, 1989), benzotriazolyl-1-

oxy(dimethylamino)-phosphonium hexafluorophosphate (BOP) (Castro et aL, 

1975), in the presence of diisopropylethylamine (OlEA) were used as coupling 

reagents (Felix et aL, 1988). Under these conditions, a decreased amino acid 

excess was required for 99% coupling completion and difficult couplings were 

completed at an increased rate as compared to DlC/HOBt methods. 

Protecting Groups in Peptide Synthesis (Orthogonal Protection) 

Table 2.2 lists the protecting groups used to protect various chemical 

functionalities used in this work. The stability and cleavage conditions are listed 

to demonstrate the versatility and use for orthogonal peptide chemistry. Figure 

2.3 illustrates this orthogonal protection strategy showing the functional 

protecting groups which are temporarily protected and those which are 

permanently protected during the entire synthesis. This versatile protection 

strategy allows for amide bond formation between the amino sidechain group of 

Lys and the carboxyl sidechain group of Asp or Glu, to form a lactam cycle, 

while remaining attached to the solid support. 

36 



Figure 2.2. Symmetrical anhydride method of amide bond formation using DIC 

and HOSt. 
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Table 2.2. Functional group protection of amino acid residue used in this work, 
their chemical stability, and usual conditions of removal. 

Functional Group Protecting Group 

1. a-Amino tert-Butoxycarbonyl (Boc) 
stable: H2/Pd, Na/NH3 
cleaved: TFA, Hel 

2. E-Amino (Lys) a2,4-Dichlorobenzyloxycarbonyl 
(2,4-CI2-Z) 

stable: TFA 
cleaved: HF 

Reference 

(Merrifield, 1964) 
(Voelter, 1980) 

(Erickson, 1973) 

bFluorenyloxymethylcarbonyl (Albericio et aI., 1990) 
(Fmoc) 

stable: TFA, HF 
cleaved: Piperidine, TBAF 

3. y-Carboxyl (Glu) aBenzyl (OBzl) 
~-Carboxyl (Asp) stable: TFA 

cleaved: HF 

(Barany, 1979 
(Tam, 1987) 

bFluorenylmethyl ester (Fmo) (Albericio et aI., 1990) 
stable: TFA, HF (AI-Obeidi et aI., 1990) 
cleaved: Piperidine, TBAF 

4. g-Guanido (Arg) 4-Toluenesulfonyl (Tos) (Stewart et aI., 1972) 
stable: HBr-TFA, TFA (Barany, 1979) 
cleaved: HF (Bodanszky, 1984) 

5. ~-Hydroxyl (Ser) Benzyl (O-Bzl) 
stable: TFA, base 
cleaved: HF 

(Tam, 1987) 

(Yajima et aI., 1988) 
(Kiso et aI., 1989) 
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Table 2.2-continued 

Functional Group Protecting Group Reference 

6. Phenolic Hydroxyl 2,6-Dichlorobenzyl (2,4-CI2-Bzl) (Erickson, 1973) 
(Tam, 1987) 

(Yajima et aL, 1988) 
(Kiso et aL, 1989) 

(Tyr) stable: TFA 
cleaved: HF 

7. ~-Imidazole (His) 4-Toluenesulfonyl (Tos) (Stewart et aL, 1972) 

8. ~-Indole (Trp) 

stable: TFA (Barany, 1979) 
cleaved: HF, AC20-pyridine, (Bodanszky, 1984) 

HOBt (Tam, 1987) 

Benzyloxymethyl (Born) (Brown et aL, 1982) 
(Tam, 1987) 

(Kiso et aL, 1989) 
stable: TFA 
cleaved: HF 

Formyl (CHO) 
stable: 
cleaved: 

(Bodanszky, 1984) 
TFA, HF (Tam, 1987) 
TFMSA, Piperidine (Yajima, 1988) 

Mesitylenesulfonyl (Mts or MeS) (Fuji et aL, 1984) 
stable: TFA, (Haskell-Luevano, 1995) 

1 N NaOH, Hydrazinolysis, 
4 N Hcl-dioxane, 25 % HBr-AcOH 

cleaved: TFMSAlTFA, MSAlTFA, HF 

9. ~-Sulfhydryl (Cys) 4-Methylbenzyl (S-pMB) (Erickson, 1973) 
(Barany, 1979) 

(Tam, 1987) 
stable: TFA 
cleaved: HF, TI(Tfa)3 

aprotecting group using standard NCl_Boc synthetic strategy. 

bProtecting group using orthogonal NCl_Boc and sidechain Fmoc protecting 
group strategy. 
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Figure 2.3. A two-dimensional example of orthogonal protection scheme used 

in solid-phase peptide synthesis. The NCx-amino protection is provided by a Boc 

group, which is removed during peptide elongation by 50% TFA, the Nin_CHO 

and NE-Fmoc temporary sidechain protecting groups are cleaved using 20% 

piperidine. The Nim-Bom sidechain protecting group and the pMBHA linkage 

are cleaved simultaneously under HF conditions, resulting in the free peptide. 

20% piperidine 

/ 

\
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~ OF ~ ff ~ ~H ,,-__ PM.J! ...... H_A_-..., 

~~N \~ 9H2 
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Peptide Assembly. 

Solid-phase synthesis of the peptides designed in this study were 

initiated on a cross-linked polystyrene resin containing a 4-

methylbenzhydrylamine (pMBHA) linker, or handle (Gaehde and Matsueda, 

1981; Matsueda and Stewart, 1988). Cleavage of this polymeric support by 

liquid HF procedures, yields C-terminally amidated peptides. All of the peptides 

synthesized in this study are amidated on the C-terminus since the native 

hormone, Il-MSH is C-terminally amidated (De Wied and Jolles, 1982), and all 

the peptides designed and synthesized in this study are derivatives of Il-MSH. 

A general coupling scheme for solid-phase peptide. synthesis is presented in 

Figure 2.4. Detection of free amino groups was monitored by the ninhydrin 

method (Kaiser et aI., 1970) for primary amines, and by chloranil (Christensen, 

1979) for secondary amines such as proline, ~-methyltryptophan, and TCA 

amino acids. The classical ninhydrin detection method is based on oxidative 

deamidation of free amino groups with the basic chemistry shown in Figure 2.5 

Experimental Section 

General methods and materials 

All the peptides designed in this study were prepared by solid-phase 

techniques using Vega (Tucson, AZ) Models 250 and 1000 semi-automated 

synthesizers, or manually (Stewart and Young, 1984). The pMBHA resin was 

purchased from Bachem (Torrance, CA) and from Peptides International Inc., 

(Louisville, KY 40224). NIl-Boc-protected amino acids and amino acid 

derivatives were purchased from Bachem (Torrance, CA) or were prepared by 

literature methods (Stewart and Young, 1984; Boteju et aI., 1992; Boteju et aI., 
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Figure 2.4. Coupling scheme used for stepwise peptide elongation. 

Description Solvent / Reagent Repetition Time (min) 

1. Swell the pMBHA NMP 1 120 
resin 

2. Neutralize 10% DIEA in DCM 2 2 

3. Wash DCM 4 1 

4. Monitor free amino Ninhydrin test 
group 

5. Coupling DIC / HOBt in DCM 1 120 
or 

BOP / DIEA in NMP 

6. Monitor complete ninhydrin or 
coupling chloranil test 

7. Wash DCM 3 1 

8. Wash DCM 4 1 

9. Deprotection 50% TFA, 2% anisole 1 2 

in DCM 1 20 

10. Wash DCM 3 1 

11. Neutralize 10% DIEA in DCM 2 2 

12. Wash DCM 4 1 

13. Go to step 3 and cycle 



Figure 2.5. Chemical scheme for ninhydrin based detection of free amino 

groups. 
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1994). All amino acids were of the.b configuration unless otherwise stated. The 

reactive sidechains of the amino acids were protected as shown in Table 2.2. 

All reagents and solvents were ACS grade or better and were used without 

further purification. The purity of the finished peptides were checked by TLC in 

three solvents and analytical RP-HPLC at 280 and 220 nm. In all cases they 

were greater than 95% pure as determined by these methods. The structures of 

the pure peptides were confirmed by fast atom bombardment (FAB) mass 

spectrometry and by amino acid analysis (not corrected for amino acid 

destruction) . 

TLC was done using Merck silica gel 60 F254 plates and the following 

solvent systems: (A) 1-butanol / acetic acid / pyridine / water (5:5:1 :4); (B) 

ammonium hydroxide / water / 2-propanol (1:1 :3:); (C) upper phase of 1-butanol 

/ acetic acid / water (4:1 :5). The peptides were detected on the TLC plates using 

iodine vapor. Final peptide purification was achieved by a semi-preparative RP

HPLC C18 bonded silica column (Vydac 218TP1010, 1.0 x 25 cm). The 

peptides were eluted with a linear acetonitrile gradient (10-50%) over 40 min at 

a flow rate of 5.0 mL / min, with a constant concentration of TFA (0.1 % v/v). The 

linear gradient was generated with a Perkin-Elmer 410 LC Bio pump system. 

The separations were monitored at 280 nm and integrated with a Perkin-Elmer 

LC-235 diode array detector. Amino acid analyses were performed at the 

University of Arizona Biotechnology Core Facility. The system used was an 

Applied Biosystems Model 420A Amino Acid Analyzer with automatic hydrolysis 

(Vapor Phase at 160°C for 1 hr 40 min using 6N HCI) and pre-column 
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phenylthiocabamyl-amino acid (PTC-AA) analysis. No corrections were made 

for amino acid decomposition. Optical rotation values were measured on a 

Fisher Autopolill at 589 nm in 10% acetic acid. 

Synthesis of Bicyclic Melanotropin Peptides 

The synthesis of these peptides is outlined in Figure 2.6, using 

analogue VI as an example. Orthogonal protection strategies were used to 

allow for the formation of the lactam cycle on the resin (AI-Obeidi et aI., 1989a). 

The disulfide bridge was formed in solution after cleavage of the permanent 

protecting groups and separation of the peptide from the solid support. 

I I 
Ac-Ser-Tyr-Ser-Cys-Glu-His-OPhe-Arg-Trp-Cys-Lys-Pro-Val-NH2 (I) 

I I 

A 4.4 g sample of pMBHA resin (0.37 mmole NH2/ g of resin) was neutralized 

with 10% OlEA in OCM (2 x 50 mL), followed by a OCM wash (4 x 50 mL). The 

amino acid N<X-Boc-Val was coupled to the resin in OCM using OIC (6.5 mmole) 

and HOBt (6.5 mmole) as coupling reagents for 2 hr. The N<X-Boc protecting 

group was removed by washing the resin for 2 min in 50% TFA, 2% anisole in 

OCM (1 x 50 mL) followed by a 20 min 50% TFA, 2% anisole in OCM wash (1 x 

50 mL). The resin was then washed. with OCM (3 x 50 mL), neutralized with 

10% OlEA in OCM (2 x 50 mL), and washed with OCM (4 x 50 mL). The 

sequential addition of the amino acids, N<X-Boc-Pro, N<X-Boc-Lys (NE-Fmoc), 

N<X-Boc-Cys (S-pMB), N<X-Boc-Trp (Nin-For), N<X-Boc-Arg (N9-Tos), N<X-Boc-
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Figure 2.6. Synthetic scheme for the synthesis of bicyclic melanotropins. 

Synthesis of AC-C~S-A~P-His-QPhe-Arg-Trp-CY~-LYF-NH2 

Boc-Lys(NE-Fmoc)-pMBHA-resin 

1. Boc-Cys(pMB) 

2. Boc-Trp(For) 

3. Boc-Arg(Tos) 

4. Boc-DPhe 

5. Boc-His(Bom) 

6. Boc-Asp(B-Fmo) 

Boc-Asp(B-Fmo)-H is(Bom)-DPhe-Arg(Tos)-Trp(For)
Cys(pMB)-Lys(NE-Fmoc)-pMBHA-resin 

7. * (20%) plperdlne I DMF 

Boc-Asp(OH)-His(Bom)-D Phe-Arg(Tos)-Trp
Cys(pMB)-Lys(NH2)-pMBHA-resin 

8. * BOP + DIEA in NMP (cyciization) 

I I 
Boc-Asp-His(Bom)-DPhe-Arg(Tos)-Trp-Cys(pMB)-Lys-pMBHA 

9. Boc-Cys(pMB) 

10. AC20 / pyridine 

11. HF cleavage 

12. Disulfide cyclization in solution 

13. Purification 

I I 
AC-CYS-AjP-His-QPhe-Arg-Trp-CYS-LyrNH 2 
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OPhe, Na_Boc-His (N1t-Tos) utilizing a 4-fold excess (6.5 mmole), and utilizing 

the same coupling and Na-Boc removal conditions described above. At this 

stage, the Na-Boc group on His was left in place, the resin was washed with 

OCM (6 x 50 mL), and dried in vacuo to yield 6.74 g of Boc-His(N1t-Tos)-OPhe

Arg(N9-Tos)-Trp(Nin-For)-Cys(S-pMB)-Lys(NE-Fmoc)-Pro-Val-resin. From this 

precursor, 3.3 g (approximately 0.8 mmole) was taken, and a 1.5-fold excess 

(1.2 mmole) of the amino acid Na_Boc-Glu (y-OFm) was coupled in NMP to the 

growing peptide chain using BOP (1.4-fold excess) and OlEA (1.6-fold excess) 

as coupling reagents. The Fmoc and OFm protecting groups were removed by 

treatment with 20% piperidine in OMF (1 x 50 mL) for 20 min. The free acid 

sidechain was coupled to the free amine sidechain by the addition of BOP (5-

fold excess) and OlEA (6-fold excess) in NMP for 2 hr. This process was 

repeated three times until the ninhydrin tests were negative. The amino acid 

Na_Boc-Cys (S-pMB) was then coupled in OCM using the previously described 

OIC and HOBt conditions. The resin was dried in vacuo to yield 3.0 g of Na_Boc-
I . 

Cys(S-pMB)-Glu-His(N1t-Tos)-O Phe-Arg(N9-Tos)-Trp(Nln-For)-Cys(S-pMB)-

4s-Pro-Val-resin. To 1.5 g of this precursor, 1.6 mmole of the amino acids Na

Boc-Ser (O-Bzl), Na-Boc-Tyr (2,4-CI2-Bzl), and Na_Boc-Ser (O-Bzl) were 

coupled in OCM and the Na-Boc protecting groups removed. The N-terminal 

acetylation was carried out by the addition of 2 mL of acetic anhydride and 1 mL 

pyridine, for 20 min. The resin was washed with OCM (6 x 50 mL) and dried in 

vacuo to yield 1.8 g. The dry resin was divided equally into two HF reaction 

vessels and 0.5 g p-thiocresol, 0.5 g p-cresol, and 10 mL anhydrous HF were 

added to each vessel. The mixture was stirred at O°C for 50 min. To remove the 

scavengers, anhydrous ethyl ether (5 x 30 mL) was added to each vessel and 
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the contents filtered using a coarse glass frit. The crude peptide was dissolved 

in glacial acetic acid (4 x 50 mL) and lyophilized to give 225 mg of crude 

peptide. The peptide was then dissolved in 20 mL of water and 3 mL of 

methanol. An oxidizing solution consisting of 200 mL 0.01 M potassium 

ferricyanide, 10 mL saturated ammonium acetate, 20 mL acetonitrile, 10 mL 

water, was adjusted to pH 8.5 with a few drops of concentrated ammonium 

hydroxide. The peptide solution was taken up in a 50 mL syringe and 

transferred to the oxidizing solution via a syringe pump at a rate of 1.5 mU hr. 

When the transfer was complete, the pH was adjusted to 4.5 with glacial acetic 

acid. Amberlite resin (IRA-68 HCI form) was added to the mixture and left to mix 

for 45 min. The Amberlite resin was filtered off, with the solution containing the 

peptide concentrated and lyophilized to give 7.6 g of salt and peptide. Then 2.6 

g of the salVpeptide mixture was purified by preparative RP-HPLC to yield 22 

mg of pure peptide. Amino acid analysis of I was as follows: Ser (1.79); Tyr 

(1.05); Glu (1.05); His (0.97); Phe (1.00); Arg (0.99); Cys (1.89 ); Lys (0.94); Pro 

(1.10); Val (1.05). The other analytical properties of the peptide are given in 

Table 2.3. 

I I 
Ac-Cys-Glu-His-OPhe-Arg-Trp-Cys-Lys-Pro-Val-NH2 (II) 

I I 

, 
A 1.5g of sample N<X-Boc-Cys(S-pMB)-Glu-His(N7t-Tos)-OPhe-Arg(N9-Tos)-

. I 
Trp(Nln-For)-Cys(S-pMB)-Lys-Pro-Val-resin was N<X deprotected and N-

terminal acetylated in OCM using 2 mL acetic anhydride and 1 mL pyridine for 

21 min. After drying in vacuo, 1.30 g resin, 0.7 g p-cresol, 0.7 g p-thiocresol and 
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Table 2.3. Physiochemical properties of the a-melanotropln analogues synthesized In these studies. 

Peptide Optical rotation R" TLC solventsa k' b FAB-MS 

[als9s24= A 6 C HPLC obs (calc) 

(in 10% aq. HOAc) M+1 M+1 

-53.75 (c=0.80) 0.74 0.69 0.08 4.2 1663 (1663) 

II -84.00 (e=0.67) 0.74 0.70 0.08 4.2 1326 (1326) 

III -40.59 (e=1.13) 0.75 0.75 0.08 3.6 1130 (1130) 

IV -52.50 (e=O.27) 0.75 0.70 0.06 4.7 1649 (1649) 

V -48.00 (c=0.33) o.n 0.81 0.06 4.3 1312 (1312) 

VI -42.86 (c=0.47) 0.78 0.68 0.10 4.0 1116 (1116) 

VII -86.25 (e=0.53) 0.75 0.67 0.06 3.5 1116 (1116) 

VIII -37.50 (c=0.37) 0.63 0.70 0.042 5.3 1039 (1039) 

IX +1.83 (c=0.55) 0.66 0.69 0.054 4.4 1039 (1039) 

X -57.69 (e=0.35) 0.64 0.68 0.027 5.3 1039 (1039) 

XI -7.26 (e=0.41) 0.66 0.75 0.042 4.9 1039 (1039) 

XII 3.75 (e=0.80) 0.81 0.73 0.260 2.6 1025 (1025) 

XIII -52.00 (e=0.50) 0.65 0.66 0.027 5.2 1025 (1025) 

XIV -2.14 (e=0.47) 0.78 0.75 0.230 3.1 1036 (1036) 

XV -24.64 (c=0.93) 0.81 0.78 0.370 3.2 1036 (1036) 

a Rf values on thin-layer chromatograms of silica gel were observed In the following solvent systems: (A) 1-

butanol I acetic acid I pyridine I water (5:5:1 :4); (6) ammonium hydroxide I water 12-propanol (1:1 :3:); (C) 

upper phase of 1-butanol! acetic acid I water (4:1 :5). bHPLC k' = [(pfllptide retention time - solvent 

retention time) I solvent retention time I In a solvent system of 10% acetonitrile In 0.1% trlfluoroacetic acid 

and a gradient to 50% acetonitrile over 40 min. The percent purity Is > 91% at 220 or 280 nm. An analytical 

Vydac C18 column was used with a flow rate of 1.5 mUmln. 

49 



13 mL anhydrous HF were mixed at O°C for 50 min. The workup was the same 

as for compound I and a yield of 100 mg crude product resulted. Then disulfide 

cyclization on a 50 mg was performed as described for compound I to yield 1 .32 

g of peptide-salt. From this, 750 mg was purified by RP-HPLC to yield 14 mg of 

pure peptide. Amino acid analysis of II was as follows: Glu (1.10); His 

(1.03); Phe (0.95); Arg (1.04); Cys (1.81); Lys (0.91); Pro (1.08); Val (1.10). The 

other analytical properties of II are given in Table 2.3. 

I I 
Ac-Cys-G lu-His-O Phe-Arg-Trp-Cys-Lys-N H2 (III) 

I I 

A 1.35 g sample of pMBHA resin (0.37 mmole NH2/9 of resin) was treated with 

10% OlEA in OCM (2 x 30 mL) then washed with OCM (4 x 30 mL). N<X-Boc-Lys 

(NE-Fmoc) in 2-fold excess (0.99 mmole) was coupled to the resin in NMP using 

BOP (1.09 mmole) and OlEA (1.19 mmole) as coupling reagents. The N<X-Boc 

protecting group was removed using 50% TFA, 2% anisole in OCM ( 2 min x 30 

mL, 20 min x 30 mL). The resin was washed with OCM (3 x 30 mL), treated with 

10% OlEA in OCM (2 x 30 mL) followed by successive washing with OCM (4 x 

30 mL). The amino acid residues N<X-Boc-Cys (S-pMB), N<X-Boc-Trp (Nin-For), 

N<X-Boc-Arg (N9-Tos), N<X-Boc-DPhe, N<X-Boc-His (N1t-Tos) in four-fold excess 

(1.98 mmole) were coupled sequentially in OCM using OIC (2 mmole) and 

HOBt (2 mmole) as coupling reagents. The N<X-Boc protecting groups were 

removed as described above. N<X-Boc-Glu (y-OFm) was coupled using the 

BOP coupling conditions described above. The Fmoc and OFm sidechain 

50 



protecting groups were removed by treatment with 20% piperidine in OMF for 

20 min. The lactam cyclization was done using BOP (2.48 mmole) and OlEA 

(2.98 mmole) in NMP for 2 hr as coupling conditions. The cyclization was 

complete after three couplings, and tested ninhydrin negative. The coupling of 

N<l-Boc-Cys (S-pMB) using OIC / HOBt coupling conditions was followed by N

terminal acetylation using 2 mL acetic anhydride and 1 mL pyridine in OCM for 

20 min. The resin was dried in vacuo and weighed to give 1.73 g of peptide 

resin which was split into two portions of 0.86 g each. Then 0.4 g p-thiocresol, 

0.4 g p·cresol, and 8 mL anhydrous HF were added to each vessel and mixed 

for 50 min at O°C. The vessels were washed and filtered using anhydrous ethyl 

ether (5 x 30 mL). The peptide was dissolved in glacial acetic acid (4 x 50 mL) 

and lyophilized producing 420 mg of crude product. Then 210 mg was 

cyclized by dissolving it in 10 mL water, 9 mL acetonitrile, and 6 mL methanol. 

This was added via a syringe at a rate of 1.5 mL per hr to an oxidizing solution 

containing 200 mL 0.01 M potassium ferricyanide, 10 mL saturated ammonium 

acetate, 20 mL acetonitrile, 10 mL water, and was adjusted to pH 8.5 with a few 

drops of concentrated ammonium hydroxide. When the transfer was complete, 

the pH was adjusted to 4.5 with glacial acetic acid. Amberlite resin (IRA-68 HCI 

form) was added to the solution which was mixed for 45 min. The Amberlite 

resin was filtered off, the solution containing the peptide was concentrated and 

lyophilized to give 8.3 g of salt and peptide. Then 3.4 g of the salt/peptide 

mixture underwent preparative RP-HPLC to yield 25 mg of pure peptide. Amino 

acid analysis of III was as follows: Glu (1.03); His (1.02); Phe (1.00); Arg (1.02); 

Cys (1.80); Lys (0.90). The other analytical properties for the final product are 

given in Table 2.3. 
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I I 
Ac-Ser-Tyr-Ser-Cys-Asp-His-OPhe-Arg-Trp-Cys-Lys-Pro-Val-NH2 (IV) 

I I 

A 3.3 g sample of N<X.-Boc-His(N1t-Tos)-OPhe-Arg(N9-Tos)-Trp(Nin-For)-Cys(S

pMB)-Lys(NE-Fmoc)-Pro-Val-resin was N<X.-Boc deprotected using 50% TFA, 2% 

anisole in OCM ( 2 min x 30 mL, 20 min x 30 mL). The resin was washed with 

OCM (3 x 30 mL), treated with 10% OlEA in OCM (2 x 30 mL) followed by 

successive washing with OCM (4 x 30 mL). The N<X.-Boc-Asp(~-OFm) was then 

coupled in NMP to the growing peptide chain using BOP (1.12 mmole) and 

OlEA (1.28 mmole) as coupling reagents. N<X.-Boc groups were removed as 

previously described and the Fmoc and OFm sidechain protecting groups were 

removed by treatment with 20% piperidine in OMF for 20 min. The lactam 

bridge cyclization utilized BOP (4.0 mmole) and OlEA (4.8 mmole) in NMP for 2 

hr as coupling conditions. The cyclization was completed after three couplings 

and tested ninhydrin negative. The amino acid N<X.-Boc-Cys(S-pMB) was 

coupled in OCM using the previously described OIC and HOBt conditions. The 

resin was dried in vacuo to yield 3.16 g N<X.-Boc-Cys(S-pMB)-A~p-His(N1t-Tos)-
• 1 

OPhe-Arg(N9-Tos)-Trp(Nln-For)-Cys(S-pMB)-Lys-Pro-Val-resin. To a 1.5 g 

portion of this precursor, 1.6 mmole of the amino acids N<X.-Boc-Ser (O-Bzl), N<X.

Boc-Tyr (2,4-CI2-Bzl), and N<X.-Boc-Ser (O-Bzl) were coupled in OCM and the 

N<X.-Boc protecting groups removed. N-Terminal acetylation was accomplished 

by addition of 2 mL acetic anhydride and 1 mL pyridine which were mixed for 20 

min. Then the resin was washed with OCM (6 x 50 mL) and dried in vacuo to 

yield 1.8 g. The dry resin was divided equally into two HF reaction vessels 

followed by the addition of 0.5 g p-thiocresol, 0.5 g p-cresol, and 10 mL 
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anhydrous HF to each vessel. The mixture was stirred at O°C for 50 min. To 

remove the scavengers, anhydrous ethyl ether (5 x 30 mL) was added to each 

vessel and filtered using a coarse glass frit. The crude peptide was dissolved in 

glacial acetic acid (4 x 50 mL) and lyophilized to give 200 mg of crude peptide. 

A 100 mg portion of peptide was dissolved in 30 mL water and 5 mL 

acetonitrile. An oxidizing solution consisting of 200 mL 0.01 M potassium 

ferricyanide, 10 mL saturated ammonium acetate, 20 mL acetonitrile, 10 mL 

water, was adjusted to pH 8.5 with a few drops of concentrated ammonium 

hydroxide. The peptide solution was taken up in a 50 mL syringe and 

transferred to the oxidizing solution via a syringe pump at a rate of 1.5 mU hr. 

When the transfer was complete, the pH was adjusted to 4.5 with glacial acetic 

acid. Amberlite resin (IRA-68 HCI form) was added to the mixture and left to stir 

for 45 min. The Amberlite resin was filtered off and the solution containing the 

peptide was concentrated to give 6.7 g of salt and peptide. A 1.5 g portion of 

the salt/peptide mixture was purified by RP-HPLC to yield 14 mg of pure 

peptide. Amino acid analysis of IV was as follows: Ser (2.17); Tyr (0.90); Asp 

(0.94); His (0.90); Phe (1.00); Arg (0.95); Cys (1.84); Lys (0.91); Pro (1.12); Val 

(1.01). The other analytical properties of the peptide product are give in Table 

2.3. 

I I 
Ac-Cys-Asp-His-DPhe-Arg-Trp-Cys-Lys-Pro-Val-NH2 (V) 

I I 

A 1.5 g sample of N<X-Boc-Cys(S-pMB)-Akp-His(N1t-Tos)-DPhe-Arg(N9-Tos)

Trp(Nin-For)-Cys(S-pMB)-Lys-Pro-Val-resin was N<X-Boc de protected using 
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50% TFA, 2% anisole in OeM ( 2 min x 30 mL, 20 min x 30 mL). The peptide 

resin was washed with OeM (3 x 30 mL), treated with 10% OlEA in OeM (2 x 30 

mL) followed by successive washing with OeM (4 x 30 mL). The N-terminal 

was acetylated, the resin washed with OeM (6 x 30 mL) and dried in vacuo to 

yield 1.18 g of peptide-resin. This was split into two portions and 0.6 g p

thiocresol, 0.6 g p-cresol, and 12 mL anhydrous HF were added to each vessel. 

The mixture was stirred at O°C for 50 min and the HF removed in high vacuum. 

To remove the. scavengers, anhydrous ethyl ether (5 x 30 mL) was added to 

each vessel and filtered using a coarse glass frit. The crude peptide was 

dissolved in glacial acetic acid (4 x 50 mL) and lyophilized to give 60 mg of 

crude peptide. Then 30 mg was dissolved in 20 mL water, 2 mL methanol and 

2 mL acetonitrile. The peptide solution was taken up in a 50 mL syringe and 

transferred to the oxidizing solution (consisting of 200 mL 0.01 M potassium 

ferricyanide, 10 mL saturated ammonium acetate, 20 mL acetonitrile, and 10 mL 

water, adjusted to pH 8.5 with a few drops of concentrated ammonium 

hydroxide) via a syringe pump at a rate of 1.5 mL per hr. When the transfer was 

complete, the pH was adjusted to 4.5 with glacial acetic acid. Amberlite resin 

(lRA-68 HCI form) was added to the solution and left to mix for 45 min. The 

Amberlite resin was filtered off and the solution containing the peptide was 

concentrated to give 6.8 9 of salt and peptide. A 1.2 g sample of the 

salt/peptide mixture was purified by preparative RP-HPLC to yield 11 mg of pure 

peptide. Amino acid analysis of V was as follows: Asp (0.99); His (1.03); Phe 

(0.97); Arg (1.03); Cys (1.92); Lys (0.87); Pro (1.10); Val (1.07). The other 

analytical properties of the final product are given in Table 2.3. 

54 



I I 
Ac-Cys-Asp-His-OPhe-Arg-Trp-Cys-Lys-NH2 (VI) 

I I 

A 1.68 g sample of pMBHA resin (0.37 mmole NH2 / g of resin) was treated with 

10% OlEA in OCM (2 x 30 mL) and then washed with OCM (4 x 30 mL). Na

Boc-Lys (NE-Fmoc) in 2-fold excess (1.24 mmole) was coupled to the resin in 

NMP using BOP (1.49 mmole) and OlEA (1.63 mmole) as coupling reagents. 

The Na_Boc protecting group was removed using 50% TFA, 2% anisole in OCM 

( 2 min x 30 mL, 20 min x 30 mL). The resin was washed with OCM (3 x 30 mL), 

treated with 10% OlEA in OCM (2 x 30 mL) followed by successive washing with 

OCM (4 x 30 mL). The amino acids Na_Boc-Cys (S-pMB), Na_Boc-Trp (Nin

For), Na_Boc-Arg (N9-Tos), Na_Boc-OPhe, Na-Boc-His (N1t-Tos) in four-fold 

excess (2.48 mmole) were coupled sequentially to the peptide resin in OCM 

using OIC (2.5 mmole) and HOBt (2.5 mmole) as coupling reagents. The Na

Boc protecting groups were removed as described above. The peptide resin 

was washed with OCM (6 x 30 mL) and dried in vacuo. Half was taken, and Na

Boc-Asp (~-OFm) was coupled using the BOP coupling conditions described 

above for I. The Fmoc and OFm sidechain protecting groups were removed by 

treatment with 20% piperidine in OMF for 20 min. The lactam bridge was 

formed using BOP (3.4 mmole) and OlEA (4.1 mmol~) in NMP for 2 hr as 

coupling conditions. The cyclization was complete after two couplings, as 

determined by the ninhydrin test. The Na_Boc-Cys(S-pMB) was coupled to the 

peptide-resin using OIC / HOBt, followed with N-terminal acetylation with 2 mL 

acetic anhydride and 1 mL pyridine in OCM for 20 min. The protected peptide 

resin was dried in vacuo and weighed 1.3 g. A mixture of 1.2 g of resin, 0.6 g 
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p-thiocresol, 0.6 g p-cresol, and 12 mL anhydrous HF was stirred and mixed for 

50 min at O°C. The HF and cresols were removed in vacuo and the resin / 

peptide / by product was washed and filtered using anhydrous ethyl ether (5 x 

30 mL). The peptide was dissolved in glacial acetic acid (4 x 50 mL) and 

lyophilized producing 890 mg of crude peptide. Then 320 mg of the peptide 

was dissolved in methanol and diluted to 1 L with degassed water. The pH 

was adjusted to 10.3 with a few drops of concentrated ammonium hydroxide, 

and 31 mL of freshly prepared 0.01 M potassium ferricyanide was added to the 

solution, and mixed for 30 min. The pH was re-adjusted to 4.5 with glacial 

acetic acid. Amberlite resin (IRA-68 HCI form) was added to the mixture and 

left to mix for 45 min. The Amberlite resin was filtered off, and the solution 

containing the bicyclized peptide was concentrated and lyophilized to give 14.4 

g of salt and peptide. Then 2.98 g of the salt/peptide mixture was purified by 

preparative RP-HPLC to yield 13 mg of pure peptide. Amino acid analysis of V I 

was as follows: Asp (0.99); His (0.98); Phe (1.00); Arg (1.00); Cys (1.82); Lys 

(0.92). The other analytical properties of the peptide are given in Table 2.3. 

I I 
Ac-Cys-Asp-His-D Phe-Arg-Trp-Lys-Cys-N H2 (VII) 

I I 

A 4.58 g sample of pMBHA resin (0.37 mmole NH2/9 of resin) was washed 

with 10% OlEA in OCM (2 x 30 mL) and then with OCM (4 x 30 mL). A four-fold 

excess of N<X-Boc-Cys(S-pMB) was coupled to the resin in OCM using OIC (6.8 

mmole) and HOBt (6.8 mmole) as coupling reagents. The N<X-Boc protecting 

group was removed using 50% TFA, 2% anisole in OCM ( 2 min x 50 mL, 20 

min x 50 mL). The resin was washed with DCM (3 x 50 mL), treated with 10% 
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OlEA in OCM (2 x 50 mL) followed by successive washing with OCM (4 x 50 

mL). Na_Boc-Lys(Nc-Fmoc) in 1.2-fold excess (1.24 mmole) was coupled to the 

resin in NMP using BOP (2.38 mmole) and OlEA (2.7 mmole) as coupling 

reagents and followed by Na-Boc deprotection. The amino acids Na_Boc

Trp(Nin-For), Na_Boc-Arg(N9-Tos), Na-Boc-OPhe, Na_Boc-His(N1t-Tos) in four

fold excess (6.8 mmole) were coupled sequentially in OCM using OIC (6.8 

mmole) and HOBt (6.8 mmole) as coupling reagents. The Na-Boc groups were 

removed as before (except for Na-Boc-His (N1t-Tos)), and the Na-Boc 

protected peptide resin dried in vacuo to give 7.85 g. Then 2.7 g of protected 

peptide resin was Na_Boc deprotected and Na_Boc-Asp(B-OFm) was coupled 

using BOP (1.32 mmole) and OlEA (1.4 mmole) as coupling reagents. The 
.; 

Fmoc and OFm sidechain protecting groups were removed by treatment with 

20% piperidine in OMF for 20 min. The lactam bridge cyclization was 

accomplished using BOP (3.0 mmole) and OlEA (3.6 mmole) in NMP for 2 hr. 

The cyclization was complete after 3 couplings, and tested ninhydrin negative. 

Na_Boc-Cys(S-pMB) was coupled and the N-terminal acetylated using 2 mL 

acetic anhydride, 1 mL pyridine in OCM for 20 min. The resin was washed with 

OCM (6 x 40 mL) and dried in vacuo to yield 2.15 g. The resin was divided in 

two portions and 0.6 g p-thiocresol, 0.6 g p-cresol, and 12 mL anhydrous HF 

were added to each vessel. The mixture was stirred at O°C for 50 min and the 

HF and cresols were removed in vacuo. To remove the scavengers, anhydrous 

ethyl ether (5 x 30 mL) was added to each vessel and filtered using a coarse 

glass frit. The crude peptide was dissolved in glacial acetic acid (4 x 50 mL) 

and lyophilized to give 60 mg of crude peptide. Then 30 mg was dissolved in 

20 mL water, 3 mL methanol and 2 mL acetonitrile. An oxidizing solution 
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consisting of 200 mL 0.01 M potassium ferricyanide, 10 mL saturated 

ammonium acetate, 30 mL water, was adjusted to pH 8.5 with a few drops of 

concentrated ammonium hydroxide, and the peptide solution was taken up in a 

50 mL syringe and transferred to the oxidizing solution via a syringe pump at a 

rate of 1.5 mL per hr. When the transfer was complete, the pH was re-adjusted 

to 4.5 with glacial acetic acid. Amberlite resin (IRA-68 HCI form) was added to 

the mixture and left to mix for 45 min. The Amberlite resin was filtered off, and 

the solution containing the peptide was concentrated resulting in 1.98 g of salt 

and peptide. Then 1.2 g of the salt/peptide mixture was purified to yield 15 mg 

of pure peptide. Amino acid analysis of VII was as follows: Asp (1.02); His 

(1.06); Phe (1.00); Arg (1.12); Lys (0.92); Cys (1.80). The other analytical 

properties of VII are given in Table 2.3. 

General Procedure for the Synthesis of 

I I 
Ac-Nle-Asp-His-OPhe-Arg-Xaa-Lys-NH2 Peptides 

The general synthetic scheme for the synthesis of the ~-Me Trp 

containing peptides is outlined in Figure 2.7. Orthogonal protection strategies 

were used to allow for the formation of the lactam cycle on the resin (AI-Obeidi 

et aI., 1989a). 

Approximately 0.5 mmole of pMBHA resin (0.37 mmole NH2/ g of resin, or 

0.24 mmole NH2/ g of resin) was neutralized with 10% OlEA in OCM (2 x 50 

mL), followed by a OCM wash (4 x 50 mL). The amino acid N<X-Boc-Lys (NE

Fmoc) (1.2 excess) was coupled to the resin for 2 hr in NMP using BOP (Castro 

58 



Figure 2.7. Synthetic scheme for melanotropin peptides modified at position 

nine. 
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et aL, 1975) (1.4-fold excess), and OlEA (1.6-fold excess). The N<X-Boc 

protecting group was removed by washing the resin .2 min in 50% TFA, 2% 

anisole in OeM (1 x 50 mL) followed by a 20 min 50% TFA, 2% anisole in OeM 

wash (1 x 50 mL). The resin was then washed with OeM (3 x 50 mL), 

neutralized with 10% OlEA in OeM (2 x 50 mL), and washed with OeM (4 x 50 

mL). N<X-Boc-Trp (Nin-MeS) was coupled using identical coupling conditions 

as described above. The sequential addition of the amino acids N<X-Boc-Arg 

(N9-Tos), N<X-Boc-OPhe, and N<X-Boc-His (N1t.Bom), using ole (6.5 mmole) and 

HOBt (6.5 mmole) as coupling reagents for 2 hr were coupled to the growing 

peptide chain, with the N<X-Boc removal conditions described above. N<X-Boc

Asp (~-OFm) (1.2 excess) was coupled to the peptide resin for 2 hr in NMP 

using BOP (1.4-fold excess) and OlEA (1.6-fold excess) and N<X deprotected as 

described above. At this stage, the Nc-Fmoc and ~-OFm protecting groups of 

Lys and Asp respectively, were removed by the addition of 20% piperidine / 

OMF (1 x 50 mL) and mixed for 20 min. The resin was washed with OeM (7 x 

50 mL), followed by cyclization of the free acid sidechain of Asp to the free 

amine sidechain of Lys by the addition of BOP (5-fold excess) and OlEA (6-fold 

excess) in NMP for 2 hr (Hruby et aL, 1989). This process was repeated until a 

negative Kaiser test resulted (Kaiser et aL, 1970). Upon complete formation of 

the lactam cycle, N<X-Boc-Nle was coupled to the growing peptide chain using 

ole / HOBt coupling conditions. After removal of the N<X-Boc protecting group, 

N-terminal acetylation was carried out by the addition of 2 mL of acetic 

anhydride and 1 mL pyridine, for 20 min. The resin was washed with OeM (6 x 

50 mL) and dried in vacuo to yield approximately 2 g. Approximately one-half 

of the peptide-resin was added to an equivalent amount of both m-cresol and 
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thioanisole, followed by the addition of approximately 10 mL anhydrous HF. The 

mixture was stirred at O°C for 60 min followed by the removal of the scavengers 

and HF under high vacuum. To insure complete removal the scavengers and 

non-peptide material, anhydrous ethyl ether (5 x 30 mL) was added to each 

vessel and filtered using a coarse glass frit. The crude peptide was dissolved in 

glacial acetic acid (4 x 50 mL) and lyophilized to give 100 to 200 mg of crude 

peptide. A portion of the crude peptide was purified by preparative RP-HPLC 

and yielded 50 to 60 % of pure peptide. The analytical properties for each 

peptide are given in Table 2.3. 

I I 
Ac-Nle-Asp-His-DPhe-Arg-(3S, 2S)~-MeTrp-Lys-NH2 (VIII). 

The title peptide was synthesized using 0.37 mmole NH2 / g of 

pMBHA resin on a 0.54 mmole scale to yield 1.6 g peptide resin. The sample 

was split, and 0.8 g underwent HF cleavage to yield 130 mg of crude peptide. A 

20 mg sample of the crude peptide was purified by preparative RP-HPLC to 

give 9.2 mg white powder of the title peptide. Amino acid analysis of VIII was 

as follows: Nle (1.09); Asp (1.00); His (0.95); Phe (1.00); Arg (1.05); Lys (0.97). 

The other analytical properties of this peptide product are give in Table 2.3. 

Ac-Nle-Asp-His-DPhe-Arg-(3S, 2R)~-MeTrp-Lys-NH2 (IX). 

The title peptide was synthesized using 0.24 mmole NH2 / g of pMBHA resin on 

a 0.50 mmole scale to yield 2.4 g peptide resin. The sample was split, and 1.27 

g underwent HF cleavage to yield 190 mg of crude peptide. A 20 mg sample of 

the crude peptide was purified by preparative RP-HPLC to give 10.3 mg white 
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powder of the title peptide. Amino acid analysis of IX was as follows: Nle 

(1.14); Asp (0.91); His (0.98); Phe (1.00); Arg (0.90); Lys (0.91). The other 

analytical properties of this peptide product are give in Table 2.3. 

I I 
Ac-N le-Asp-His-D Phe-Arg-(3R, 28) ~-Me Trp-Lys-N H2 (X). 

The title peptide was synthesized using 0.24 mmole NH2 / 9 of pMBHA resin on 

a 0.40 mmole scale to yield 1.9 9 peptide resin. The sample was split, and 0.98 

9 underwent HF cleavage to yield 200 mg of crude peptide. A 20 mg sample of 

the crude peptide was purified by preparative RP-HPLC to give 9.3 mg white 

powder of the title peptide. Amino acid analysis of X was as follows: Nle (1.10); 

Asp (0.91); His (0.90); Phe (1.00); Arg (0.94); Lys (0.98). Other analytical 

properties of this peptide product are give in Table 2.3. 

Ac-Nle-Asp-His-DPhe-Arg-(3R, 2R)~-MeTrp-Lys-NH2 (XI). 

The title peptide was synthesized using 0.24 mmole NH2 / 9 of pMBHA resin on 

a 0.51 mmole scale to yield 2.32 9 peptide resin. The sample was split, and 

1 .19 9 underwent HF cleavage to yield 100 mg of crude peptide. A 65 mg 

sample of the crude peptide was purified by preparative RP-HPLC to give 17 

mg white powder of the title peptide. Amino acid analysis of XI was as follows: 

Nle (1.13); Asp (0.97); His (1.04); Phe (1.00); Arg (1.07); Lys (0.91). The other 

analytical properties of this peptide product are give in Table 2.3 
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I I 
Ac-Nle-Asp-His-O Phe-Arg-OTrp-Lys-NH2 (XII). 

Approximately 0.S1 mmole of pMBHA resin (0.40 mmole NH2/ g of 

resin was neutralized with 10% OlEA in OCM (2 x SO mL), followed by a OCM 

wash (4 x SO mL). The amino acid N<X-Boc-Lys (NE-Fmoc) (1.2 excess) was 

coupled to the resin for 2 hr in NMP using BOP (Castro et aL, 1975) (1.4-fold 

excess) and DlEA (1.6-fold excess). The N<X-Boc protecting group was 

removed by washing the resin 2 min in SO% TFA, 2% anisole in OeM (1 x SO 

mL) followed by a 20 min SO% TFA, 2% anisole in OCM wash (1 x SO mL). The 

resin was then washed with OeM (3 x SO mL), neutralized with 10% OlEA in 

OeM (2 x SO mL), and washed with OeM (4 x SO mL). N<X-Boc-OTrp (no 

protecting group) was coupled using identical coupling conditions as described 

above. The sequential addition of the amino acids N<X-Boc-Arg (N9-Tos), N<X

Boc-OPhe, and N<X-Boc-His (N1t-Bom), using ole (6.S mmole) and HOBt (6.S 

mmole) as coupling reagents for 2 hr were coupled to the growing peptide 

chain. N<X-Boc-Asp (p-OFm) (1.2 excess) was coupled to the peptide resin for 2 

hr in NMP using BOP (1.4-fold excess) and OlEA (1.6-fold excess) and N<X 

deprotected as described above. At this stage, the NE-Fmoc and p-OFm 

protecting groups of Lys and Asp respectively, were removed by the addition of 

20% piperidine /OMF (1 x SO mL) and mixed for 20 min. The resin was 

washed with OCM (7 x SO mL), followed by cyclization of the free acid sidechain 

of Asp to the free amine sidechain of Lys by the addition of BOP (S-fold excess) 

and OlEA (6-fold excess) in NMP for 2 hr (Hruby et aL, 1989). This process was 

repeated until a negative Kaiser test resulted (Kaiser et aL, 1970). Upon 

complete formation of the lactam cycle, N<X-Boc-Nle was coupled to the growing 
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peptide chain using OIC / HOBt coupling conditions. After removal of the Na

Boc protecting group, N-terminal acetylation was carried out by the addition of 2 

mL of acetic anhydride and 1 mL pyridine, for 20 min. The resin was washed 

with OCM (6 x 50 mL) and dried in vacuo to yield 1.77 g. A 1.05 g sample of 

the peptide-resin was taken and 1.5 mL anisole was added, followed by the 

addition of approximately 10 mL anhydrous HF. The mixture was stirred at O°C 

for 45 min followed by the removal of the scavengers and HF under high 

vacuum. To insure complete removal the scavengers and non-peptide material, 

anhydrous ethyl ether (5 x 30 mL) was added to each vessel and filtered using 

a coarse glass frit. The crude peptide was dissolved in glacial acetic acid (4 x 

50 mL) and lyophilized to give 50 mg of crude peptide. A 10.6 mg portion of 

the crude peptide was purified by preparative RP-HPLC and yielded 6.0 mg of 

pure peptide. Amino acid analysis of XII was as follows: Nle (1.05); Asp (0.98); 

His (1.02); Phe (1.00); Arg (0.99); Lys (0.91). Other analytical properties of this 

peptide product are give in Table 2.3. 

I I 
Ac-Nle-Asp-His-Phe-Arg-Trp-Lys-NH2 (XIII). 

Approximately 0.51 mmole of pMBHA resin (0.40 mmole NH2/ g of resin 

was neutralized with 10% OlEA in OCM (2 x 50 mL), followed by a OCM wash 

(4 x 50 mL). The amino acid Na_Boc-Lys (NE-Fmoc) (1.2 excess) was coupled 

to the resin for 2 hr in NMP using BOP (Castro et aI., 1975) (1.4-fold excess) 

and OlEA (1.6-fold excess). The Na-Boc protecting group was removed by 

washing the resin 2 min in 50% TFA, 2% anisole in OCM (1 x 50 mL) followed 

by a 20 min 50% TFA, 2% anisole in OCM wash (1 x 50 mL). The resin was 
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then washed with OCM (3 x 50 mL), neutralized with 10% OlEA in OCM (2 x 50 

mL), and washed with OCM (4 x 50 mL). Na_Boc-Trp (Nin_CHO) was coupled 

using identical coupling conditions as described above. The sequential 

addition of the amino acids Na_Boc-Arg (N9-Tos), Na-Boc-OPhe, and Na_Boc

His (N1t.Bom), using OIC (6.5 mmole) and HOBt (6.5 mmole) as coupling 

reagents for 2 hr, and Na_Boc removal conditions described above, were 

coupled to the growing peptide chain. Na_Boc-Asp (p-OFm) (1.2 excess) was 

coupled to the peptide resin for 2 hr in NMP using BOP (1.4-fold excess) and 

OlEA (1.6-fold excess) and Na deprotected as described above. At this stage, 

the NE-Fmoc and p-OFm protecting groups of lysine and aspartic acid 

respectively, were removed by the addition of 20% piperidine /OMF (1 x 50 

mL) and mixed for 20 min. The resin was washed with OCM (7 x 50 mL), 

followed by cyclization of the free acid sidechain of Asp to the free amine 

sidechain of Lys by the addition of BOP (5-fold excess) and OlEA (6-fold 

excess) in NMP for 2 hr (!-Iruby et aI., 1989). This process was repeated until a 

negative Kaiser test resulted (Kaiser et aI., 1970). Upon complete formation of 

the lactam cycle, Na-Boc-Nle was coupled to the growing peptide chain using 

OIC / HOBt coupling conditions. After removal of the Na_Boc protecting group, 

N-terminal acetylation was carried out by the addition of 2 mL of acetic 

anhydride and 1 mL pyridine, for 20 min. The resin was washed with OCM (6 x 

50 mL) and dried in vacuo to yield 1.13, g. A 0.7 g sample of the peptide-resin 

was taken and 1 mL anisole was added, followed by the addition of 

approximately 7 mL anhydrous HF. The mixture was stirred at O°C for 45 min 

followed by the removal of the scavengers and HF under high vacuum. To 

insure complete removal the scavengers and non-peptide material, anhydrous 
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ethyl ether (5 x 30 mL) was added to each vessel and filtered using a coarse 

glass frit. The crude peptide was dissolved in glacial acetic acid (4 x 50 mL) 

and lyophilized to give 60 mg of crude peptide. A 18.8 mg portion of the crude 

peptide was purified by preparative RP-HPLC and yielded 6.0 mg of pure 

peptide. Amino acid analysis of XIII was. as follows: Nle (0.97); Asp (0.98); His 

(0.99); Phe (1.00); Arg (1.03); Lys (0.94). The other analytical properties of this 

peptide product are give in Table 2.3. 

I I 
Ac-Nle-Asp-His-OPhe-Arg-TCA-Lys-NH2 (XIV). 

Approximately 0.5 mmole of pMBHA resin (0.32 mmole NH2/ g of 

resin was neutralized with 10% OlEA in OCM (2 x 50 mL), followed by a OCM 

wash (4 x 50 mL). The amino acid N<X-Boc-Lys (NE-Fmoc) (1.2 excess) was 

coupled to the resin for 2 hr in NMP using BOP (Castro et aI., 1975) (1.4-fold 

excess,) and OlEA (1.6-fold excess). The N<X-Boc protecting group was 

removed by washing the resin 2 min in 50% TFA, 2% anisole in OCM (1 x 50 

mL) followed by a 20 min 50% TFA, 2% anisole in OCM wash (1 x 50 mL). The 

resin was then washed with OCM (3 x 50 mL), neutralized with 10% OlEA in 

OCM (2 x 50 mL), and washed with OCM (4 x 50 mL). N<X-Boc-TCA was 

coupled using identical coupling conditions as described above. The 

sequential addition of the amino acids N<X-Boc-Arg (N9-Tos), N<X-Boc-OPhe, 

and N<X-Boc-His (N1t-Bom), using OIC (6.5 mmole) and HOBt (6.5 mmole) as 

coupling reagents for 2 hr were coupled to the growing peptide chain. N<X-Boc

Asp (~-OFm) (1.2 excess) was coupled to the peptide resin for 2 hr in NMP 

66 



67 

using BOP (1.4-fold excess) and OlEA (1.6-fold excess) and Ncx deprotected as 

described above. At this stage, the NE-Fmoc and ~-OFm protecting groups of 

Lys and Asp respectively, were removed by the addition of 20% piperidine / 

OMF (1 x 50 mL) and mixed for 20 min. The resin was washed with OCM (7 x 

50 mL), followed by cyclization of the free acid sidechain of Asp to the free 

amine sidechain of Lys by the addition of BOP (5-fold excess) and OlEA (6-fold 

excess) in NMP for 2 hr (Hruby et aI., 1989). This process was repeated until a 

negative Kaiser test resulted (Kaiser et aI., 1970). Upon complete formation of 

the lactam cycle, Ncx-Boc-Nle was coupled to the growing peptide chain using 

OIC / HOBt coupling conditions. After removal of the Ncx-Boc protecting group, 

N-terminal acetylation was carried out by the addition of 2 mL of acetic 

anhydride and 1 mL pyridine, for 20 min. The resin was washed with OCM (6 x 

50 mL) and dried in vacuo to yield 1.84 g. A 1.0 g sample of the peptide-resin 

was taken and 1.0 mL anisole was added, followed by the addition of 

approximately 10 mL anhydrous HF. The mixture was stirred at O°C for 60 min 

followed by the removal of the scavengers and HF under high vacuum. To 

insure complete removal the scavengers and non-peptide material, anhydrous 

ethyl ether (5 x 30 mL) was added to each vessel and filtered using a coarse 

glass frit. The crude peptide was dissolved in glacial acetic acid (4 x 50 mL) 

and lyophilized to give 70 mg of crude peptide. A 16.6 mg portion of the crude 

peptide was purified by preparative RP-HPLC and yielded 3.7 mg of pure 

peptide. Amino acid analysis of XIV was as follows: Nle (0.96); Asp (0.92); His· 

(0.90); Phe (1.00); Arg (0.92); Lys (0.91). Other analytical properties of this 

peptide product are give in Table 2.3. 



I I 
Ac-Nle-Asp-His-OPhe-Arg-OTCA-Lys-NH2 (XV). 

Approximately O.S mmole of pMBHA resin (0.32 mmole NH2/ g of 

resin was neutralized with 10% OlEA in OCM (2 x SO mL), followed by a OCM 

wash (4 x SO mL). The amino acid N<X-Boc-Lys (NE-Fmoc) (1.2 excess) was 

coupled to the resin for 2 hr in NMP using BOP (Castro et aI., 1975) (1.4-fold 

excess,) and OlEA (1.6-fold excess). The N<X-Boc protecting group was 

removed by washing the resin 2 min in SO% TFA, 2% anisole in OCM (1 x SO 

mL) followed by a 20 min SO% TFA, 2% anisole in OCM wash (1 x SO mL). The 

resin was then washed with OCM (3 x SO mL), neutralized with 10% OlEA in 

OCM (2 x SO mL), and washed with OCM (4 x SO mL). N<X-Boc-OTCA was 

coupled using identical coupling conditions as described above. The 

sequential addition of the amino acids N<X-Boc-Arg (N9-Tos), N<X-Boc-OPhe, 

and N<X-Boc-His (N1t-Bom), using OIC (6.S mmole) and HOBt (6.S mmole) as 

coupling reagents for 2 hr, and N<X-Boc removal conditions described above, 

were coupled to the growing peptide chain. N<X-Boc-Asp (~-OFm) (1.2 excess) 

was coupled to the peptide resin for 2 hr in NMP using BOP (1.4-fold excess) 

and OlEA (1.6-fold excess) and N<X deprotected as described above. At this 

stage, the NE-Fmoc and ~-OFm protecting groups of Lys and Asp respectively, 

were removed by the addition of 20% piperidine / OMF (1 x SO mL) and mixed 

for 20 min. The resin was washed with OCM (7 x SO mL), followed by 

cyclization of the free acid sidechain of Asp to the free amine sidechain of Lys 

by the addition of BOP (S-fold excess) and OlEA (6-fold excess) in NMP for 2 hr 

(Hruby et aI., 1989). This process was repeated until a negative Kaiser test 
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resulted (Kaiser et aI., 1970). Upon complete formation of the lactam cycle, Ncx

Boc-Nle was coupled to the growing peptide chain using OIC / HOBt coupling 

conditions. After removal of the Ncx-Boc protecting group, N-terminal acetylation 

was carried out by the addition of 2 mL of acetic anhydride and 1 mL pyridine, 

for 20 min. The resin was washed with OCM (6 x 50 mL) and dried in vacuo to 

yield 1.48 g. A 1.05 g sample of the peptide-resin was taken and 1.0 mL 

anisole was added, followed by the addition of approximately 10 mL anhydrous 

HF. The mixture was stirred at O°C for 60 min followed by the removal of the 

scavengers and HF under high vacuum. To insure complete removal the 

scavengers and non-peptide material, anhydrous ethyl ether (5 x 30 mL) was 

added to each vessel and filtered using a coarse glass frit. The crude peptide 

was dissolved in glacial acetic acid (4 x 50 mL) and lyophilized to give 470 mg 

of crude peptide. A 37 mg portion of the crude peptide was purified by 

preparative RP-HPLC and yielded 6.3 mg of pure peptide. Amino acid analysis 

of XV was as follows: Nle (0.98); Asp (0.94); His (0.95); Phe (1.00); Arg (1.09); 

Lys (0.95). Other analytical properties of this peptide product are give in Table 

2.3. 

Experimental Conditions for NMR Experiments 

Each peptide sample (2.3 to 6.2 mg) was prepared by addition of 

approximately 0.5 mL d6-0MSO (100% 0, Aldrich) and sealed. All 10 and 20 

spectra were acquired with a Bruker 400 MHz spectrometer at 310 K, with the 

exception of the 1 0 temperature studies which were collected from 300 to 330 K 

in 5 degree increments to examine the amide proton intra- or intermolecular 
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hydrogen bonding properties with peptide or solvent, respectively. The proton 

chemical shifts were referenced to the 1 H-DMSO solvent signal (2.60 ppm). 

Proton resonance assignments were obtained using 20 COSY (Nagayama et 

aL, 1980), NOESY (Bodenhausen et aL, 1984), and TOCSY (Bax and Davis, 

1985) experiments. 

The phase sensitive TOCSY spectra were recorded using a repetition 

delay of 2 s between the subsequent transients, and the isotropic mixing 

periods (MLEV-17) (Bax and Davis, 1985) were set to 25, 50, or 75 ms. A total 

of 512 or 1024 experiments of 128 scans were collected; 2K data points were 

recorded in the acquisition dimension (F2) and the .spectra width was 6500 Hz. 

The spectra were recorded in the phase-sensitive mode using the TPPI method 

(Marion and Wuthrich, 1983). Zero-filling in both F1 and F2 multiplication with a 

sine function was performed prior to 20 Fourier transformation. Decoupler 

power was attenuated to give a 90° pulse of 80 fls. The duration of the 1 H 90° 

pulse was 9 Ils. For evaluation of coupling constants, a final digital resolution 

(1 D) of 0.36 Hz/point was obtained. 

NOESY (Bodenhausen et aL, 1984) experiments were carried out in 

reverse configuration using the decoupler for 1 H pulsing. A total of 512 or 

1024 experiments and 64 or 128 transients were carried out. A relaxation delay 

of 2 s was allowed between the subsequent transients; 2 K data points were 

recorded in F2. Zero-filling in both F1 and F2 multiplication with a sine function 

was performed prior to 20 Fourier transformation. The duration of the 1 H 90° 

pulse was 9 Ils. The NOE cross-peaks were classified according to their 

intensities as strong (s), medium (m), and weak (w) correlations corresponding 

to 1.8-2.5, 1.8-3.5, and 1,8-4.5 A distance constraints (Qian et aL, 1994). 
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Resolution-enhanced 1 D traces of TOCSY spectra were used to measure the 

conformationally important homonuclear vicinal coupling constants. In the 

cases of signal overlap, homonuclear decoupling of various nuclei were 

performed. 
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Chapter 3 

IN VITRO BIOLOGICAL PROPERTIES OF THE SYNTHETIC MELANOTROPIN 

PEPTIDE ANALOGUES. 

Bicyclic Melanotropins 

Several sidechain-to-sidechain bicyclic peptide analogues of a

melanotropin have been designed to limit the number of available backbone 

conformations and to try and identify bioactive conformations of a-MSH 

derivatives. These studies were based upon the creation of hybrids between 

two highly potent monocyclic compounds, Ac-[C~s4, DPhe7, C~s 10] a-MSH(4-

11)-NH2 (Sawyer et aL, 1982; Cody et aL, 1985) and Ac-[Nle4, AJp5, DPhe7, 

Xaa10, L~S11] a-MSH(4-11)-NH2 (Nikiforovich et aL, 1992) or Ac-[Nle4, Akp5, 
I 

DPhe7, Lys 10] a-MSH(4-10)-NH2 (AI-Obeidi et aL, 1989a; AI-Obeidi et aL, 

1989b). Molecular modeling studies of various peptide lengths of Ac-[C~s4, --, 
Cys 10] a-MSH analogues suggested that one of the possible bioactive 

conformational clusters brings the Glu5 and Lys 11 sidechain moieties within the 

correct special proximity to allow the formation of a salt bridge, and the 

possibility of creating a covalent bond between the two, and predicting the 

design of bicyclic analogues possessing superpotent biological activities 

(Nikiforovich et aL, 1984). Several factors were taken into consideration for the 

design of the peptide analogues presented in this study. The 23-membered 

ring, in addition to the D-Phe7 replacement, are important for biological 

potency,' and by creating a second sidechain-to-sidechain cycle, perhaps the 
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"ideal" biological conformation needed for molecular recognition of the receptor 

could be trapped and a superagonist, with multiple topographical constraints 

and a limited number of available conformations, would result. Alternatively, 

bicyclization could ''trap" the analogues in biological conformations which are 

not well recognized by the receptor. To try and maximize our chances for 
I I 

success, we choose the more flexible [Cys4, Cys 10] disulfide bridge to 

represent the 23-membered ring and used the Glu5 and Lys 11 to form the more 

rigid second bridge by lactam cyclization (27-membered ring). The second 

bridge also was decreased to a 26-membered ring with the replacement of 

Glu5 by Asp5. This modification was based upon the previous observations of 

a-MSH(4-11) analogues containing a lactam bridge between Asp5 and Lys 11, 

which were shown to possess high potency in the frog skin bioassay 

(Nikiforovich et aI., 1992). The 1-13 analogues, 4-13 analogues and 4-11 

analogues were synthesized to identify which of these three sequence chain 

lengths is the minimum one needed while retaining the desired biological 

properties that can be used in structural modifications, and to re-explore the role 

of the amino acid residues, 1-3, 12 and 13, on biological potencies. Having 

determined the minimum amino acid sequence in the lizard skin assay needed 

for analogues containing Asp5 as the 4-11 sequence, we decided to see what 
I I 

biological effect would result upon changing the more flexible [Cys4, Cys 10] 
I \ 

disulfide (23-membered ring) to an even more flexible [Cys4, Cys 11] (26-

membered ring) containing analogue and having the more rigid [Akp5, Lys 10] 

lactam bridge becoming the predominant 23-membered ring. This alteration 

(VII) led to a 5.5-fold decreased potency in the frog skin assay, as compared to 

analogue VI (Table 3.1). However, the relative potency in the lizard assay was 
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Table 3.1. Comparative biological activities of bicyclic a-melanotropin peptides.a 

ErQg~jgn Lil:ard~kin 
Peptide Structure EC50Reiative EC50 Relative 

Yalue (nM) Potell!<ll ~1!Je(nMl Poteocll 

a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.10 1.00(_)b 1.00 1.00(-) 

I I 
Ac-Ser-Tyr-Ser-Cys-Glu-His-.!2Phe-Arg-Trp-Cys-Lys-Pro-Val-NH2 12.5 O.OOB(+) 33.0 0.03(±) 

I I 
II Ac-Cys-Glu-His-.QPhe-Arg-Trp-Cys-Lys-Pro-Val-NH2 3.00 0.035(+) 33.0 0.03(+) 

I I 
III Ac-Cys-Glu-His-.!2Phe-Arg-Trp-Cys-Lys-NH2 2B.0 0.0035(-) 400 0.0025(±) 

I I 
IV Ac-Ser-Tyr-Ser-Cys-Asp-His-.QPhe-Arg-Trp-Cys-Lys-Pro-Val-NH2 14.0 0.007(+) 33.0 0.03(±) 

1 I 
V Ac-Cys-Asp-His-.QPhe-Arg-Trp-Cys-Lys-Pro-Val-NH2 2.50 0.04(+) 33.0 0.03(±) 

I I 
VI Ac-Cys-Asp-His-QPhe-Arg-Trp-Cys-Lys-NH2 6.00 O.OlB(±) 33.0 0.03(±) 

1 I 
VII Ac-Cys-Asp-His-.QPhe-Arg-Trp-Lys-Cys-NH2 33.0 0.003(+) 33.0 0.03(±) 

I __ I 

a All peptide activities were tested at a range of concentrations (10-6 M -10-12 M) and compared to the half-maximal effective dose 

of a-MSH in the frog (10-10 M) and lizard skin (10-9 M) bioassays. b Indicates that the response is superprolonged (+). prolonged (±). 

or not prolonged (-). 

...... 
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not effected by this modification. The surprising finding of almost identical 

biological potencies in the lizard skin bioassay demonstrates that whatever 

conformational differences exist between the various chain lengths (Asp5 or 

Glu5 residues), or changes in the flexibility of the 23-membered ring, are not 

important in this assay system. The frog skin bioassay, however, can detect 

these small conformation distinctions as demonstrated by the 5.5-fold range of 

relative potencies between the analogues, Figure 3.1. Completion of synthesis 

and biological evaluations of analogues I through VII, (Table 3.1), 

demonstrates that while maintaining full agonist and high affinity (nanomolar) 

biological potencies, these compounds are not equipotent or superpotent 

compared to the parent hormone a-MSH. 

Several interesting results have been revealed by this study. The first 

intriguing observation was that in analogues I and IV, which contain the 1-13 

sequence, addition of the first three N-terminal residues, Ser-Tyr-Ser, led to a 

decrease in potency in the frog bioassay as compared to their 4-13 

counterparts, analogues II and V, respectively. Previous studies examining the 

minimal a-MSH sequence required for biological activity in both the frog and 

lizard skin bioassays determined that the first three N-terminal residues 

contribute minimally or not at all to biological potency (Hruby et aL, 1987; 

Castrucci et aL, 1989; Sawyer et aL, 1990). In all previous studies involving 

these assays, it has never been found that by the addition of these residues a 

loss in potency occurs. With these compounds, however, the dual 

conformational constraints introduced by the formation of the two sidechain-to

sidechain cycles can effect the sidechain topology (chi space) in addition to the 

backbone <p, \jI space. Such steric effects may modify the topographical 
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Figure 3.1. Dose-response plots of selected bicyclic analogues in the frog skin 

bioassay. 
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presentation of these residues in a manner that is energetically unfavorable for 

maximum interaction with the receptor. Residues Pro 12 and Val13 appear to 

maintain the potentiating effect previously observed in the frog skin bioassay 

(Cody et aI., 1984; Hruby et aI., 1987). 

Surprisingly, the presence of the Ser-Tyr-Ser N-terminal residues and 

the C-terminal residues Pro and Val had no affinity-enhancing effects on the 

biological activities of these bicyclic compounds in the lizard bioassay. These 

residues have been previously identified as affinity-enhancing residues for 

linear melanotropins in the lizard skin bioassay with Pro 12 playing a particularly 
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important role in increasing ligand potency (Castrucci et aI., 1989). These 

observations would suggest that the ligand-receptor interaction is occurring with 

the central common sequence His-DPhe-Arg-Trp, with the sidechain bicyclics 

orienting these key residues in a similar topographical presentation to the 

receptor for all the bicyclic analogues presented here. When examining the 

lizard skin activities, there was no change in biological potency relative to a-

MSH and each other, except for analogue III which exhibited a 12-fold 

decrease in potency relative to the other bicyclic peptides. This unexpected 

finding may suggest that the Pro 12 and Val13 amino acid residues maintain the 

affinity-enhancing effects as consistent with previous studies on linear 

melanotropins (Castrucci et aI., 1989). It is interesting, however, that this affinity

enhancing effect of the Pro 12 and Val13 residues, is not seen in the other 4-11 

analogues (VI and VII) which maintain equipotency with the 1-13 and 4-13 

analogues. These particular residues are located outside the cyclic constraints 

and the proposed message sequence, His-DPhe-Arg-Trp, which presumably 

maintains the same topographical presentation to the receptor for all the 

analogues possessing equipotent biological activity. We can speculate that for 

analogue III, the sidechains of Pro 12 and/or Val13 may interact sterically with 

one, or both, sidechain cycles in a manner that changes the sidechain 

orientation, and/or the backbone conformations of the central 6-9 residues 

producing a less favorable ligand-receptor interaction accounting for the 

decrease in potency. Analogue III differs from the other two 4-11 compounds 

by having a Glu in position 5 instead of Asp. This modification causes the 

lactam cycle to consist of a slightly more flexible 27-membered ring instead of 

the 26-membered ring present in analogues VI and VII. This subtle difference 
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may support the speculation that the sidechain cycles effect available backbone 

conformations and, possibly, sidechain topology. 

The biological activities of the bicyclic analogues presented in Table 

3.1 and Figures 3.1 and 3.2, show different biological profiles for the frog and 

lizard skin bioassays. The frog skin assay demonstrates a range in potencies, 

while in the lizard skin assay, all analogues are nearly equipotent, with the 

exception of analogue III. This observation between bioassay systems is not 

unique to the compounds examined in the study. Generally, our laboratories 

have observed that the lizard skin bioassay has yielded results with more tightly 

grouped dose-response curves, whereas the frog bioassay system produces 

relative potencies that cover a wider range of ligand dose-response 

concentrations (Hruby et aL, 1984). This phenomena can be attributed to 

different melanotropin receptor subtypes, with the frog bioassay system 

apparently being more sensitive to subtle conformational and structural 

differences. The biological results shown in Table 3.1 and Figure 3.1, provides 

a good example demonstrating a range of potencies in the frog skin bioassay 

while the same analogues possess approximately the same biological 

potencies in the lizard skin bioassay (with the exception of compound III) , 

Figure 3.2. The lizard assay system however, has been observed to exhibit 

similar structure-activity relationships as m~mmalian melanoma data, and 

hence, has been considered to more closely resemble the mammalian system 

(Hruby et aL, 1984; Haskell-Luevano et aL, 1994; Sahm et aL, 1994). 

Previous studies have identified the central residues His6-Phe7-Arg8-

Trp9 as being the minimal active a-MSH sequence eliciting a full biological 
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Figure 3.2. Dose-response plots of selected bicyclic analogues in the lizard 

skin bioassay. 
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response in both the frog and lizard skin bioassays (Hruby et aL, 1987; 

Castrucci et aL, 1989). In the frog bioassay, this core sequence was reported to 

have a relative potency of 0.000005 compared to a-MSH, which correspond to 

an EC50 value of approximately 30 IlM (Hruby et aL, 1987). In the lizard 

bioassay system, the same peptides had a relative potency of 0.001, compared 

to a-MSH, and corresponds to an approximate EC50 value of 15 IlM (Table 2.1) 

(Castrucci et aL, 1989). Further studies replacing the naturally occurring .b.-
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Phe7 by D-Phe7 in the tetrapeptide, Ac-His-DPhe-Arg-Trp-NH2, lead to relative 

potencies and EC50 values of 0.001 and 150 nM in the frog assay system, and 

0.1 and 10 nM in the lizard skin assay system (Table 2.1) (Sawyer et aI., 1993). 

This latter sequence His6-DPhe7-Arg8-Trp9, is the same as the central 

sequence of all of the bicyclic analogues prepared in this study. Comparison of 

this tetrapeptide in the frog skin assay with the bicyclic analogues shows the 

bicyclic analogues to possess considerably greater potency, between 3- and 

40-fold, than the tetrapeptide (compare Tables 2.1 and 3.1). Examination and 

comparison of this same tetrapeptide with the bicyclic analogues in the lizard 

skin bioassay, however, shows the tetrapeptide possesses a 3-fold greater 

potency than most of the bicyclic analogues, except for III which is 40 times less 

potent. This comparison suggests that the flexible linear tetrapeptide can 

assume a conformation that is quite compatible with the requirement for the 

receptor in the lizard skin system, compared to the bicyclic analogues, whereas 

of all the possible conformations available to the linear peptide, none is more 

compatible with the requirements for the receptor in the frog skin assay system 

than that available to the bicyclic analogues. These comparisons pose an 

interesting problem in the design and evaluation of a-MSH analogues for 

further structure-function studies. As discussed previously, the differences in 

the two bioassay systems are prominent here. The observation that the 

tetrapeptide Ac-His-DPhe-Arg-Trp-NH2 is less potent than the bicyclic 

analogues in the frog skin assay system, but more potent in the lizard skin 

assay, poses an intriguing problem. The question becomes which assay 

system do we base further conformational structure-biological activity studies 

on? Our solution to this observation, in terms of trying to identify the bioactive 
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conformations of melanotropins in the mammalian system, is to suggest that the 

biological potencies in the lizard assay are more relevant than those of the frog 

assay system as previously discussed (vide supra) (Hruby et aL, 1984). Binding 

and cAMP studies performed on human melanocyte peripheral melanocortin 

receptors also suggest that the lizard skin bioassay results may more closely 

resemble the mammalian system than does the frog skin bioassay results 

(Chhajlani and Wikberg, 1992; Haskell-Luevano et aL, 1994). 

Comparison of the bicyclic analogues with the original monocyclic 

analogues in both bioassays shows that the bicyclic compounds are less potent 

than the monocyclic parents, Table 2.1. Thus, the constrained conformations of 

the bicyclic analogues used here are unable to obtain the superagonist 

conformations available to the more flexible linear monocyclics, or that 

predicted from previous modeling studies (Nikiforovich et aL, 1984). 

Nonetheless they still share all the necessary stereostructural and dynamic 

properties necessary for receptor recognition and signal transduction. 

, H· 0 L' Ac-Nle-Asp- Is-_Phe-Arg-Xaa- ys-NH2 Peptides 

The above studies of melanotropin derivatives indicate that the 

tryptophan indole sidechain may be an important pharmacophore for a-MSH 

related peptides. This hypothesis also is supported by studies of tri- and tetra 

peptides (manuscript in preparation) and fragment studies of [Nle4, DPhe 7] a

MSH (Sawyer et aL, 1993). Substitutions at the Trp9 position of a-MSH 

analogues have not been extensively examined. A brief discussion of 

structure-function studies relating to substitutions at the Trp9 position have been 
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reported (Medzih radszky, 1982), with the substitutions of 

pentamethylphenylalanine (Pmp), Phe, Trp(NPS), and Leu all possessing 

decreased potencies compared to a-MSH in the bioassays examined (Van 

Nispen et aL, 1977; Eberle et aL, 1978). Inversion of chirality of .6.-Trp9 to D

Trp9, however, either maintained potency or enhanced it, depending on the 

bioassay examined (Sugg et aL, 1988). The importance of the indole ring at the 

nine position appears, from these limited studies, to be functionally and 

biologically important. This is exemplified by the Pmp9 substitution, which was 

made on the basis of maintaining similar steric and lipophlicity properties to the 

native Trp residue, but possessed a 50% decrease in potency (Van Nispen et 

aL, 1977). This emphasized that, perhaps, the chemical properties of the indole 

ring are crucial for a-MSH ligands to possess the necessary stereochemical 

characteristics for biological function. 

To further probe the three-dimensional topographical presentation of 

the indole ring to the receptor, we limited X1 side-chain rotation by introducing a 

methyl group on the ~-carbon of the tryptophan residue (Boteju et aL, 1992; 

Boteju et aL, 1994), and by using the amino acid 1 ,2,3,4-tetrahydro-~-carboline 

(TCA, Figure 3.3). We chose the semi-rigid, superpotent, monocyclic peptide, 

Ac-Nle-Akp-His-DPhe-Arg-Trp-L~s-NH2 (AI-Obeidi et aL, 1989a), as 

our template to examine the biological effects of introducing X1 restricted 

rotomer populations of the indole ring (Figure 2.1). 
'I --------------~I 

The peptide analogues, Ac-Nle-Asp-His-DPhe-Arg-Xaa-Lys-NH2, each 

contained one of the four possible isomers of ~-MeTrp, .6.- or D-TCA, .6.- or D-Trp 

at position nine were biologically evaluated in the frog (Shizume et aL, 1954) 

and lizard (Goldman and Hadley, 1970; Vesely and Hadley, 1976) skin 
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Figure 3.3. Stereochemistry of the ~-MeTrp and TeA isomers. 
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bioassays. Peptide analogues XII and XIII were used to examine the 

stereochemical effects of the a-carbon at position nine on biological activity, as 

well as serve as controls for the topographically-restricted analogues. 

Examination of Table 3.2 and Figure 3.4 (frog skin bioassay) showed that 

analogues IX and XII, which contains the (2R,3S) ~-MeTrp9, and OTrp9 

residues respectively, were equivalent in potency to a-MSH and MTII, within 

experimental error. Analogues VIII [(2S,3S) ~-MeTrp9], XI [(2R,3R) ~-MeTrp9] 

and XII (OTCA9) were approximately 3- to 10-fold less potent than a-MSH and 

MTII. Analogues XII (OTrp9) and XIV (TCA9) possess approximately 

equivalent potencies and were 33- to 100-fold less active than a-MSH and MTII. 

Interestingly, analogue X, which contains the (2S,3R) ~-MeTrp9 residue 

effected a 285-fold decrease in potency compared to a-MSH and MTII which 

both lack the methyl group at the ~-carbon in Trp9. From this data, there 

appears to be three groups of topographical families which can be summarized 

as follows: 1) analogues IX [(2R,3S) ~-MeTrp9], XII OTrp9, a-MSH, and MTII; 2) 

analogues VIII [(2S,3S) ~-MeTrp9], XI [(2R,3R) ~-MeTrp9], and XII (OTCA9); 

and 3) analogues XII (OTrp9), XIV (TCA9), and X [(2S,3R) ~-MeTrp9]. 

The lizard skin bioassay results (Table 3.2) show different trends in 

relative potencies. This is not an uncommon observation, and has been 

discussed previously (Hruby et aI., 1984). The lead analogue, MTII, is 5-fold 

more potent than any other compounds examined here. It is noteworthy to point 

out that this compound was not run in conjunction with the analogues prepared 

in this study, but is an average value obtained in this assay (personal 

communication, Mac E. Hadley) and, therefore, is only indirectly comparable 

with the analogues listed in Table 3.2. Analogues VIII [(2S,3S) ~-MeTrp9], IX 
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Table 3.2. Comparative biological activities of modified monocyclic a-melanotropin peptides in the frog and lizard skin assays.a 

U~~u:d Sisio E[QgSlsio 
Structure ECSO Relative ECSO Relative 

Value (OM) Potency Value (OM) poteOCY 

a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-GIY-Lys-Pro-Val-NH2 1.00 1.00 0.10 1.00 

I I 
MTII Ac-Nle-Asp-His-.QPhe-Arg-Trp-Lys-NH2 0.20 5.00 0.10 1.00 

I I 
VIII Ac-Nle-Asp-His-QPhe-Arg-f!-MeTrp-Lys-NH2 1.00 1.00 0.44 0.23 

(2S,3S) 

I I 
IX Ac-Nle-Asp-His-.QPhe-Arg-f!-MeTrp-Lys-NH2 1.43 0.70 0.06 1.60 

(2R,3S) 

I I 
X Ac-Nle-Asp-His-QPhe-Arg-f!-MeTrp-Lys-NH2 6.67 0.15 28.6 0.0035 

(2S,3R) 

I I 
XI Ac-Nle-Asp-His-QPhe-Arg-f!-MeTrp-Lys-NH2 1.00 1.00 0.33 0.30 

(2R,3R) 

I I 
XII Ac-Nle-Asp-His-.QPhe-Arg-.QTrp-Lys-NH2 NO 0.10 1.00 

I I 
XIII Ac-Nle-Asp-His-Phe-Arg-Trp-Lys-NH2 NO 10.0 0.010 

XIV I I 
Ac-Nle-Asp-His-.QPhe-Arg-TCA-Lys-NH2 20.0 0.05 3.33 0.030 

XV 
I I 

Ac-Nle-Asp-His-QPhe-Arg-QTCA-Lys-NH2 11.1 0.09 1.00 0.10 

a All peptide activities were tested at a range of concentrations (10-6 M _10-12 M) and compared to the half-maximal effective dose 

of a-MSH in the frog (10-10 M) and lizard skin (10-9 M) bioassays. 

(Xl 
01 



Figure 3.4 Dose-response plots of the peptides containing B-MeTrp in the 

template Ac-Nle-.A!sp-His-DPhe-Arg-B-MeTrp-L~s-NH2. 
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[(2R,3S) B-MeTrp9], and XI [(2R,3R) B-MeTrp9] are approximately equipotent to 

a-MSH, where as analogues X [(2S,3R) B-MeTrp9], XIV (DTCA9), and X V 

(TCA9) are 7- to 20-fold less potent than a-MSH. Analogues XII and XIII were 

not evaluated in this assay system. This data reflects two groups of 

topographical families, excluding MTII and analogues XII and XIII, and is 

summarized as follows: 1) analogues VIII [(2S,3S) B-MeTrp9], IX [(2R,3S) B

MeTrp9], XI [(2R,3R) B-MeTrp9], and a-MSH and 2) analogues X [(2S,3R) B

MeTrp9], XIV (DTCA9), and XV (TCA9). 
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In addition to the above physiological bioassays, evaluation of these 

compounds were performed utilizing the cloned human peripheral melanocortin 

receptor, hMC1 R, (Chhajlani and Wikberg, 1992; Mountjoy et aI., 1992) 

(transfected into L-cells, a mouse fibroblast-like cell line) (Haskell-Luevano et 

aI., 1994) which is believed to be involved in skin pigmentation. Binding and 

intracellular cAMP accumulation were examined (ICSO and cAMP ECSO values, 

respectively) and the relative potencies are reported in Table 3.3 and Figures 

3.S and 3.6. This table identifies MTII as possessing the relative potency of 1.0 

in both assays. MTII was selected over a-M8H to represent the 1.0 value since 

this was the lead compound of these studies and was the control used while 

performing these bioassays, whereas the in physiological assays, a-M8H was 

the control. In addition, MTII was reported to possesses 10-fold greater potency 

than a-M8H in these assays (Haskell-Luevano et aI., 1994), so this designation 

was chosen to maintain direct comparative values with the lead peptide. 

Examination of Table 3.3 shows the relative potencies for the peptides are 

consistent for the binding and cAMP assays, as expected, with the exception of 

analogue VIII [(28,38) ~-MeTrp9], which, interestingly, shows a 2-fold 

decrease in intracellular cAMP accumulation potency versus binding potencies, 

but is approximately equipotent with MTII. Analogues XI [(2R,3R) ~-MeTrp9] 

and XII (DTrp9) are approximately 3-fold less potent than MTII, while analogues 

IX [(2R,38) ~-MeTrp9], X [(28,3R) ~-MeTrp9], and XIII (Trp9) are 7- to 2S-fold 

less potent than MTII. Unfortunately, the analogues containing b.-or D-TCA 

were not evaluated in this system, and therefore cannot be conformational 

compared in this system. The two topographical families evident from these 

studies are summarized as: 1) analogues VIII [(28,38) ~-MeTrp9], XI [(2R,3R) 
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Table 3.3. Comparative biological activities of modified monocyclic a-melanotropin peptides on the hMCl R receptor. 

EliOQiOg !<AMe 
Structure IC50a Relative EC50b Relative 

Value (nM> eotency Valye (oM) eoteocy 

a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 6.50 0.07 2.00 0.08 

J J 
MTII Ac-Nle-Asp-His-~Phe-Arg-Trp-Lys-NH2 0.50 1.00 0.15 1.00 

I I 
VIII Ac-Nle-Asp-His-~Phe-Arg-J3-MeTrp-Lys-NH2 0.50 1.00 0.30 0.50 

(2S,3S) 

I I 
IX Ac-Nle-Asp-His-QPhe-Arg-J3-MeTrp-Lys-NH2 3.00 0.17 1.00 0.15 

(2R,3S) 

I I 
X Ac-Nle-Asp-His-Q,Phe-Arg-J3-MeTrp-Lys-NH2 15.0 0.03 3.00 0.05 

(2S,3R) 

I I 
XI Ac-Nle-Asp-His-~Phe-Arg-J3-MeTrp-Lys-NH2 2.00 0.25 0.40 0.38 

(2R,3R) 

I I 
XII Ac-Nle-Asp-His-~Phe-Arg-~Trp-Lys-NH2 NO 0.50 0.30 

I I 
XIII Ac-Nle-Asp-His-Phe-Arg-Trp-Lys-NH2 9.00 0.06 4.00 0.04 

XIV 
I I 

Ac-NIe-Asp-His-QPhe-Arg-TCA-Lys-NH2 NO NO 

XV 
I I 

Ac-Nle-Asp-His-~Phe-Arg-~TCA-Lys-NH2 NO NO 

alC50 = concentration of peptide at 50% specific binding. bEC50 = concentration of peptide at 50% maximal cAMP generation. The 

peptides were tested at a range of concentrations (10-11 to 10-6 M). Relative potencies were calculated based on the EC50 values 

relative to a-MSH. 

Q) 
Q) 



Figure 3.5. Binding dose-response curves of the ~-MeTrp containing peptides, 

based on the template Ac-Nle-A'sp-His-DPhe-Arg-~-MeTrp-L~s-NH2 

on the hMC1 melanocortin receptor. 
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Figure 3.6. Intracellular cAMP accumulation dose-response curves of the ~

MeTrp containing peptides, based on the template Ac-Nle-Asb-His-DPhe-Arg-~
MeTrp-L~s-NH2 from the hMC1 melanocortin receptor. 
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B-MeTrp9], XII (DTrp9), and MTII; and 2) analogues IX [(2R,38) B-MeTrp9], X 

[(28,3R) B-MeTrp9], XIII (Trp9), and a-M8H. 

In addition to effecting biological potencies, alteration of the residues in 

position nine has lead to a phenomenal finding regarding the biological activity 

of prolongation, or residual activity. This biological phenomena has been 

observed in our laboratories, and those of others, for over two decades. 

Although extensive structure-function studies of a-M8H have been undertaken 

a rational approach to the design of this biological property has not been 

identified since residual activity could not be consistently correlated with either 

primary sequence or biological potencies. Thus, the successful design of 

analogues maintaining this prolonged activity could not be achieved. Figure 

3.7 illustrates the dramatic effect that B-MeTrp9 containing peptides exhibit on 

this biological activity with both the chirality of the a-carbon and at the B-carbon 

sites playing a substantial role. By stereochemically inverting the .1:-Trp to the 

D-Trp amino acid, a change in residual activity is observed, with the D-Trp 

containing analogue possessing a decreased prolonged activity (Figure 3.8 ) 

as compared with MTII which maintains residual activity. Incorporation of the B

Me group into the Trp residue (either .I: or D isomer) shows a consistent trend, 

with the 3R chirality at the B-carbon maintaining this prolonged effect more 

effectively than the 38 isomer. It is important to emphasize the fact that chirality 

at the a-carbon can effect this biological event, the systematic decrease in 

prolonged activity when going from the 3R to 38 chirality at the Trp B-carbon 

also plays a crucial role affecting this event. To further study the effect of 

topographical restriction of the tryptophan residue, .1:- and D-TeA were 

examined for their residual activity (Figure 3.9). Analogue XIV (TCA9) appears 
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Figure 3.7. Prolonged biological activity of the peptides containing the ~-MeTrp 

amino acids and based on the template peptide AC-Nle-Asb-His-DPhe-Arg-~
I 

MeTrp-Lys-NH2. 

.-

80 

70 

m ~60 
§ en 
Co ~ 50 en._ 

£~40 
~~30 eO) 

___ -----111--1-----11 (2R,3R) 

...dr-obooOf-=~t----4~~ MTII 

(2R,38) 

~ ~ 20 Ringer (28,3R) 
-10 Rinse 

(28,38) 
0~---~---~------~---~---~~--a~8H 

o 30 60 90 120 150 180 
Time (Minutes) 

92 



Figure 3.8. Prolonged biological of the peptides containing either L- or D-Trp in 
I I 

the peptide template Ac-Nle-Asp-His-DPhe-Arg-Xaa-Lys-NH2. 
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to maintain the topographical features that maintain prolonged biological 

activity in this bioassay, whereas analogue XV (DTCA9) demonstrates residual 

activity identical with analogue IX [(2R,3S) ~-MeTrp9]. 

In a separate physiological assay system (lizard), analogues VIII, IX, XI, 

XIV, and XV all demonstrated that they possess prolonged activity. The only 

peptide tested that did not possess residual activity was analogue X [(2S,3R) ~

MeTrp9] (Figure 3.10). Of particular interest is that in this assay system, the 

residual effect is concentration dependent in that by changing the molar 
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Figure 3.9. Prolonged biological activities of peptides containing either .1:- or 0-
I I 

TCA in the peptide template AC-Nle-Asp-His-OPhe-Arg-Xaa-Lys-NH2. 
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concentrations, residual activity can be decreased (analogue VIII) or increased 

(analogue X) (Figures 3.11 and 3.12). The importance of this observation will 

be discussed later. 

To try and further examine the prolongation phenomena, dissociation 

binding experiments were designed to see if ligand non-reversible binding 

could explain the residual activity observed. Figure 3.13 demonstrates the 

percent of B-MeTrp9 ligand bound at a) one hour and b} four hours incubation 

times of [1251][Tyr2, Nle4, OPhe7] a-MSH after the removal of ligand from the 

assay medium. At the one hour incubation period, all the peptides remain 

between 75 and 95 percent bound to the cells. Interestingly, at the four hour 
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Figure 3.10. Prolonged biological activities of the peptides containing ~-MeTrp 
I I 

in the peptide template Ac-Nle-Asp-His-DPhe-Arg-Xaa-Lys-NH2 on the lizard 

skin bioassay. 
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Figure 3.11. Concentration dependence of prolonged activity of the (2S,3R) p

MeTrp peptide in the lizard skin bioassay. 
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Figure 3.12. Concentration dependence of prolonged activity of the (28,38) ~

MeTrp peptide in the lizard skin bioassay. 
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incubation period, analogue VIII (28,38 ~-MeTrp9) remain approximately 70 % 

bound to the cells, and MTII also is significantly bound to the cells. Analogues 

XI (27 %), IX (16 %), and X (12 %) posses residual binding below 30 %. 

Interestingly, this trend correlates well with the cloned receptor binding and 

cAMP accumulation trends (Table 3.3). 

The observed dissociation rates for analogues VIII - XIII on the hMC1 R 

were determined according to the first-order equation (Fields et aI., 1978) 

In [LR] I [LR]e = -k-1 t (1 ) 

where [LR] is the concentration of the ligand-receptor complex at time t, and 

[LR]e is the concentration found at the 4 hour time point. A linear plot of the 

peptide bound (percent of specific binding) versus time is obtained and the 
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Figure 3.13. ~-MeTrp containing peptides that remain bound to the hMC 1 

melanocortin receptor A) 1 hr and 8) 4 hrs after the ligand has been removed 

from the assay medium. 
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apparent dissociation rate, k-1 was determined from the t1/2 value, using 

equation 2. 

k-1 = (In 1/2) / t1/2 (2) 

Observed values obtained from this study (Figure 3.14) are summarized in 

Table 3.4. Because of very slow dissociation rates in some cases, the t1/2 

value was determined by extrapolation using the slopes determined from Figure 

3.14. All the peptides examined had observed dissociation rates approximately 

2 times faster than MTII, with the exception of analogue VIII (which dissociated 

about 1.5 times slower than MTII). Unsurprisingly, the human receptor, hMC1 R, 

prefers the topology of analogue VIII in regards .to conformational properties 

and residual activity, whereas the frog receptor preters the topographical 

presentation of analogue XI for residual activity. 

Discussion 

Prolongation effects of melanotropins were first identified from heat-alkali 

treatment of native a-MSH on amphibian melanophores (Smith and Graeser, 

1924; Langrebe et aL, 1943; Langrebe and Mitchell, 1954; Lee and Buettner

Janusch, 1963; Lerner and McGuire, 1964; Lande and Lerner, 1971; Engel et 

aL, 1981). These studies led to the synthesis and characterization of [Nle4, 

DPhe7] a-MSH (NDP-MSH) possessing superpotent and prolonged biological 

activities and greatly increased stability to enzymatic degradation (Sawyer et 

aL, 1980). Further studies identified a dependence on calcium for reversible 

modulation of this prolongation effect (Hadley et aL, 1981 a; Sawyer et aL, 

1988). NDP-MSH also was found to stimulate prolonged activity of tyrosinase, 

the rate-limiting enzyme in melanin biosynthesis, in Cloudman S91 murine 
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Figure 3.14. Dissociation rates of the ~-MeTrp containing peptides from the 

hMC1 melanocortin receptor. 
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Table 3.4. Observed dissociation characteristics of melanotropin 

peptides binding to hMC1 receptor over a time period of 4 hours. 

Extrapolateda Apparentb Relativec 

Peptide t1/2 value k-1 (hr1) Dissociation 
(hr) Rate 

MTII 5.80 .12 1.00 

VIII (28,38) 7.85 .09 0.75 

IX (2R,38) 2.25 .31 2.58 

X (28,3R) 2.30 .30 2.50 

XI (2R,3R) 2.50 .28 2.33 

XII DTrp9 2.10 .33 2.75 

XIII Phe7, Trp9 2.20 .32 2.67 

aDetermined by extrapolation of the slope until 50% of the 

peptide was bound relative to the specific binding, Figure 3.14. 

bDissociation rate calculated from the first-order equation (In 
1/2) 1 t1/2 = k-1, using the t1/2 value listed. cThe relative rates 

were determined by setting MTII equal to one, and dividing the 
apparent k-1 by the MTII value. 
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melanoma cells (Abdel-Malek et aL, 1985), and maintained prolonged activity 

at vertebrate chromatophores (Hadley et aL, 1985). These and further studies 

suggested that this prolongation effect was sustained by the stereochemical 

inversion of b.-Phe to D-Phe at position seven (Wilkes et aL, 1983; Hruby et aL, 

1984; Hruby et aL, 1993), but not all analogues containing D-Phe7 had 

prolonged activity (Cody et aI., 1985). 

The importance of the chirality and aromatic sidechain functionality of 

Phe at position seven, initiated a study of X1 sidechain conformational 

constraints. These replacements include b.- or D-phenylglycine (Pgl), b.- or 0-

1 ,2,3,4-tetrahydrosioquinoline carboxylic acid (Tic) (Hruby et aL, 1988b), and ~

MePhe (Hruby et aL, 1993). Interestingly, the D-Pgl substitution reproduced the 

prolonged activity of the lead compound, but in only one bioassay system 

examined. NMR studies of these derivatives implied that ring stacking 

interactions between the Phe and Trp sidechains may be possibly relevant to 

the prolongation phenomena (Hruby et aI., 1988b). Ranking the four ~-MeTrp9 

isomers for relative potency in the frog skin bioassay we found (Table 3.2), 

(2R,38) > (28,38) = (2R,3R) »(28,3R), lizard skin bioassay (Table 3.2), 

(2R,38) = (28,38) = (2R,3R) » (28,3R), and in hMC1 R binding and cAMP 

(Table 3.3) bioassays, (28,38) > (2R,3R) > (2R,38) »(28,3R). The frog and 

lizard skin bioassays appear to prefer the sidechain orientations found in 

analogue IX, and greatly dislikes the orientations found in analogue X. The 

human peripheral melanocortin receptor appears to prefer the sidechain 

orientations found in analogue VIII, and greatly disfavors the conformations in 

analogue X. 
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The analogues containing ~-MeTrp9 isomers, however, demonstrate a 

remarkable systematic alteration in the prolongation effect (Figure 3.7). All of 

these analogues maintain the same elemental composition, primary sequence, 

and the same secondary structure. The only notable difference between these 

analogues is the orientation of the sidechains in topographical space, and the 

sidechain rotomer populations (Figures 1.1 and 2.1). Analogue XI possesses 

superprolonged biological activity, whereas analogue VIII possesses no 

residual biological activity whatsoever, with analogues IX and X demonstrating 

intermediate residual activity. These astonishing findings show that compounds 

which are structurally similar may be used as tools to identify the biological 

mechanism(s) responsible for the prolongation biological activity. Furthermore, 

analogues XIV and XV (containing b- or 0-TCA9) were synthesized and 

evaluated for their residual activity (Figure 3.9). Both peptides maintained 

prolonged activity in one assay system (lizard). Analogue XIV (TCA9), 

possessed residual activity similar to analogue IX [(2R,3S) ~-MeTrp9] in the 

other physiological assay (frog), and analogue XV (DTCA9) possessed 

residual activity intermediate between analogues IX and XIV being more 

prolonged acting, and analogue X being less prolonged acting. The results 

observed for these compounds support the hypothesis that the topographical 

orientation of the indole ring is important for analogues possessing residual 

biological activity. 

Non-peptide compounds also have been reported to cause this 

prolongation effect. These include the calcium ionophore, A23187 (Novales, 

1977), and the catecholamine isoproterenol (Hadley et aI., 1981 b). These non

peptidic molecules that also effect the prolongation phenomena, may involve 
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the melanocortin receptor, but more likely initiate residual melanin dispersion 

via a separate mechanism. An example of this is the addition of 31,5'-cAMP to 

the assay medium causing skin darkening (Bitensky and Burstein, 1965; 

Novales and Davis, 1967). Since cAMP has been identified as a primary 

second messenger involved in this signal transduction cascade, it is postulated 

that the resultant darkening of the skin proceeds via a mechanism that by

passes the receptor mediated event of signal transduction. 

One of the obvious explanations in accounting for this prolonged effect is 

the enzymatic stability of the peptide to proteases. This may be a possibility for 

other prolonged peptides, such as [Nle4, DPhe7] a-MSH (Sawyer et aL, 1980; 

Castrucci et aL, 1984; Castrucci et aL, 1985), but for the analogues presented in 

this study, this can be dismissed as the central hypothesis. These compounds 

contain a monocyclic lactam bridge between two sidechains, a Nle at position 

four, a D-Phe at position seven, and a B-MeTrp at position nine, all of which are 

modifications which do not naturally occur in eukaryotic systems, hence leading 

to stability due to the lack of protease molecular recognition. The lead 

compound, MTII, was found to be resistant to inactivation by the proteolytic 

enzymes a-chymotrypsin, trypsin, and pepsin (Hadley et aL, 1989). In addition, 

in vivo human studies of the lead compound, Ac-Nle-AJp-His-DPhe-Arg-Trp-, 
Lys-NH2, have demonstrated that this compound is secreted in the urine, intact, 

as monitored by RP-HPLC (M.E. Hadley, unpublished results). 

Another possible explanation for the prolongation effect is that the 

peptide interacts to a greater extent with the lipid environment. This hypothesis 

is premised on the membrane lipid - peptide interactions discussed by Sargent 

and Schwyzer (Sargent and Schwyzer, 1986). A study incorporating different 
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fatty acid conjugates onto the template FA-[A~p5, DPhe7, Lys 10] a-MSH(5-10)

NH2 (FA= Hxl, Dcl, Mrl, and Pmb) demonstrated a "creeping" potency increase 

over time and possessed prolonged activity, whereas the unconjugated peptide 

was devoid of prolonged activity (Hadley et aL, 1991; AI-Obeidi et aL, 1992). 

Modification of the lead peptide, Ac-Nle-A~p-His-DPhe-Arg-Trp-Ly's-NH2, by 

incorporation of amino acid residues possessing a positive charge into the 

lactam sidechain cycle, were reported to increase compartmentalization of 

these derivatives into the membrane phase, but nonetheless lacked prolonged 

activity in one bioassay system (Sharma et aL, 1994). This later result is 

unexpected due to the membrane compartmentalization, and because 

previous studies of a separate series of melanotropin derivatives possessing 

the same dibasic modifications in the lactam sidechain monocycle 

demonstrated prolonged activity (Sharma et aL, 1993). The former studies were 

based on the theory of increasing the peptide interactions with the lipid bilayer 

by increasing the ligands positive charge to interact favorably with the bilayer's 

negatively charge head groups. A separate study of the interaction of the 

melanotropin peptides, a-MSH, [Nle4, .QPhe7] a-MSH, and the lead peptide for 

this study, Ac-Nle-A~p-His-DPhe-Arg-Trp-Lys-NH2 (MTII) with model lipids 

suggested that MTII interacted differently with the lipid environment than the 

other melanotropins examined (Ito et aL, 1993). Peptide-lipid interactions, as 

shown in these studies, can account for prolonged activity, In our study 

however, the peptides consist of a template differing only in the topographical 

presentation of the sidechains. These peptides demonstrate an incredible 

difference in their prolonged activity (Figure 3.7), suggesting that peptide-lipid 

interactions are not the only biomolecular interactions accounting for the 



106 

prolongation phenomena. Theoretically, the peptides in this study all should 

be able to interact with the same lipid environment to the same extent and for 

the same duration of time. 

Due to the nature of the classical peripheral pigmentation bioassays 

used to monitor the potency of a-MSH analogues, which measured only the 

endpoint of melanosome aggregation, only speculation as to the possible 

mechanism has been available previously. Presently, however, with the 

advances in molecular cell biology techniques, the peripheral melanocortin 

receptor, designated MC1 R, has been cloned from both the mouse and human 

and has been successfully transfected into stable cell lines (Chhajlani and 

Wikberg, 1992; Mountjoy et aI., 1992; Cone et aI., 1993; Haskell-Luevano et aI., 

1994). The relative potencies of both binding and cAMP generation in the 

cloned receptor system offer no clear explanation for this residual activity, other 

than the unfavorable topography of the (2S,3R) ~-methyltryptophan sidechain. 

The experiments examining the percentage of ligand that remain bound to the 

cell, in addition to ligand dissociation rates (Table 3.4) from the hMC1 receptor, 

support the hypothesis that residual biological activity of these peptides may 

involve a mechanism that is receptor mediated. However, at this point in time, 

post-receptor events, such as second messenger generation, activation of 

transcription factors, etc. cannot be dismissed as contributing factors to the 

phenomena of prolonged activity. 

By using the topographical constraints of the ~-methyl substituted amino 

acid ~-MeTrp, we have restricted the topology of the sidechain that is being 

presented to the receptor. Although rotation about the X1 and X2 torsion angles 

is affected and introduces a higher energy barrier rotation about X1 than the 
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unmethylated pro R or S hydrogens on the B-carbon, all rotamer populations 

are accessible within the energy given by kT. We are suggesting that by 

restricting the indole ring presentation to the receptor, one of the rotamer 

populations is specifically favored by the receptor and hence has different 

binding affinities and residual biological activities. The other rotamer 

populations will require increased energy to orient the sidechain with the 

desired topology and hence may demonstrate different ligand kinetic rates of 

binding. Once binding has occurred and, if other topographical requirements 

necessary for signal transduction to occur, the rotamer populations may need to 

be furthered modified in accordance to the receptor requirements. 

The information provided here should be valuable for the identification of 

the superprolonged bioactive conformation(s) of a-MSH analogues. We have 

not only limited <p, 'II space by the use of a monocyclic template, but we also 

have restricted X space of the Trp sidechain. This study demonstrates how 

conformational and topographical constraints not only can be used to probe 

receptor-peptide recognition features, but also as tools to define and study 

biological mechanisms associated with peptide hormone G-protein coupled 

receptors. 

Experimental-Biological Assays 

Frog and Lizard Skin Assays 

The frog (Rana pipiens) (Shizume et aI., 1954) and lizard (Anolis carolinensis ) 

(Goldman and Hadley, 1970; Vesely and Hadley, 1976) skin bioassays were 

utilized to determine the relative potencies of the synthetic melanotropins 

(Wright and Lerner, 1960). The assays measure the amount of light reflected 
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from the surface of the skins in vitro. In response to melanotropic peptides, 

melanosomes within integumental melanocytes migrate from a perinuclear 

position into the dendritic processes of the pigment cells. This centrifugal 

organellar dispersion results in a change in color (darkening) of the skins which 

is measured by a Photovolt reflectometer and is expressed as the percent 

response compared to the initial (time zero) reflectance value. Subsequent 

removal of a melanotropin such as a-MSH usually results in a rapid perinuclear 

(centripetal) reaggregation of melanosomes within melanocytes leading to a 

lightening of the skin back to their original (base) value. 

Binding and Dissociation Assays 

The coding region of hMC1 R, cloned from a human genomic EMBl3 phage 

library (Clontech, Palo Alto, CA) was placed into the eukaryotic expression 

vector, CMVneo, and stably transfected into l-cells (Haskell-luevano et aI., 

1994). Transfected cells were grown to confluence in 12-well (2.4 x 1.7 cm) 

tissue culture plates. The cells were maintained in Dulbecco's modified Eagle's 

medium (DMEM, GIBCO) containing 4.5 g/100 ml glucose, 10% fetal calf 

serum, 100 units/ml penicillin and streptomycin, 1 mM sodium pyruvate, and 1 

mg/ml Geneticin. For the assays, this medium was removed and cells were 

washed twice with a freshly prepared binding buffer consisting of 97% minimum 

essential medium with Earle's salt (MEM, GIBCO), 25 mM HEPES (pH 7.4), 

0.2% bovine serum albumin, 1 mM 1,1 O-phenanthrolone, 0.5 mg/l leupeptin 

and 200 mg/l bacitracin. A 400 III dilution of the peptide being tested was 

added to the well, with the concentrations ranging between 10-11 and 10-6 M. 

Next, 100 III solution of [1251-Tyr2, Nle4, DPhe7] a-MSH, (100,000 cpm / well) 
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was added to each well and the cells were incubated at 37°C for 40 min. 

Dissociation studies used a ligand concentration of 10-6 M to ensure complete 

saturation of the receptor binding sites. The ligand remained the assay medium 

until removal of [1251-Tyr2, Nle4, OPhe7] a-MSH for the designated incubation 

time (minimum time of 60 min and maximum time of 3 hr and 45 min). The 

medium was subsequently removed and each well was washed twice with 

binding buffer. The cells were lysed by the addition of 0.5 mL 0.1 . M NaOH and 

0.5 mL 1% Triton X-100. The mixture was left to react for 5 min, and the 

contents of each well transferred to labeled 16 x 150-mm glass tubes and 

quantified in a 'Y-counter. [1251-Tyr2, Nle4, OPhe7] a-MSH was prepared and 

purified by methods described previously (Tatro and Reichlin, 1987). 

cAMP Accumulation Assays 

A commercially available cAMP assay kit (TRK 432, Amersham Corp.) was 

employed. L-cells transfected with the human MC1 receptors were grown to 

confluence in 12-well (2.4 x 1.7 cm) tissue culture plates. The cells were 

maintained in Oulbecco's modified Eagle's medium (OM EM, GIBCO) containing 

4.5 g/100 mL glucose, 10% fetal calf serum, 100 units/mL penicillin and 

streptomycin, 1 mM sodium pyruvate, and 1 mg/mL Geneticin. For the assays, 

the medium was removed and cells were washed twice with Earle's balanced 

salt solution containing 10 mM HEPES (pH 7.4), 1 mM glutamine, 26.5 mM 

sodium bicarbonate, and 100 mg/mL bovine serum albumin. An aliquot (0.5 

mL) of Earle's balanced salt solution (EBSS, GIBCO) was placed into each well 

along with 5 J.lL of 2 x 10-2 M isobutylmethylxanthine. Varying concentrations of 

melanotropins were added, and the cells incubated for 30 min at 37°C. Ice-
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cold 100% ethanol (1.0 mL / well) was added to stop the reaction. The 

incubation medium and scraped cells were transferred to 16 x 150-mm glass 

tubes, then placed on ice for 30 min. The precipitate was then centrifuged for 

10 min at 1,900 x g, the supernatant was dried under a nitrogen stream and 

resuspended in 50 mM Tris, 2 mM EDTA (pH 7.5). The cAMP content was 

measured by competitive binding assay using the assay protocol detailed in the 

Amersham TRK 432 cAMP kit. 
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Chapter 4 

CONFORMATIONAL STUDIES OF BICYCLIC AND ~-METHYL TRYPTOPHAN 

CONTAINING MELANOTROPIN PEPTIDES BY NMR. 

Introduction 

Peptide hormones have been identified to act as neuromodulators 

and intra- and extra-cellular messengers. Most peptide hormones are linear, 

highly flexible molecules which can possess a plethora of conformations in 

solution. These solution conformations are dependent on a variety of factors 

which contribute solely or, in combination, and include, (but are not limited to) 

hydrophobic or hydrophilic environments, local pH, intra- and inter-molecular 

hydrogen bonding, interaction with other molecules and proteins, entropic and 

enthalpic effects. A variety of biophysical techniques are available for 

determining conformational and topographical features of molecules. These 

include, (but are not limited to) X-ray crystallography, NMR, circular dichroism, 

Raman spectroscopy, and theoretical methods such as molecular modeling and 

dynamics simulations. The ideal technique for determining molecular structure 

is X-ray crystallography, but due to the inherent difficulty in obtaining 

satisfactory crystals of peptides suitable for these techniques, only a limited 

number of crystallographic structures of peptides have been reported. NMR 

spectroscopy, however, provides a very powerful tool for determining solution 

conformations of peptides in a variety of different environments, depending on 
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the solvents used. This technique is limited to producing the following 

parameters: a) chemical environments of nuclei (chemical shifts); b) geometric 

relationships between nuclei (scalar (through-bond) and dipolar (through

space) coupling); c) the orientation of the amide linkages and intra- or 

intermolGcular hydrogen bonding; and d) dynamics of nuclei (intensities and 

exchange broadening). For this technique to be used effectively, sample 

homogeneity must be achieved to determine an average solution conformation. 

The indicators of conformational homogeneity (Bundi and WUthrich, 1979; 

Jardetzky, 1980; Kessler, 1982) include: a) strong differentiation of temperature 

gradients for the amide NH protons; b) strong differentiation between chemical 

shifts of like amino acids within the peptide; c) large chemical shift differences 

between geminal diastereotopic glycine protons; d) strong differentiation 

between vicinal coupling constants of diastereotopic protons (CaH to both 

diastereotopic ~-protons) and e) differences between NH-CaH coupling 

constants. The conformational information provided by this technique is 

powerful, but is limited in the interpretation to produce a solution conformation, 

which mayor may not be biologically relevant. The general hypothesis about 

peptide solution conformations obtained by NMR is that there is a correlation 

between the most stable solution conformations and those at the receptor site, 

which appears to justify the study of interesting peptides in solution. It also is 

assumed that at least some of the systems studied will behave according to the 

above hypothesis, in that lithe conformational change upon complexation wi II 

not be unduly excessive" (Kessler, 1982), thus justifying the validity of extensive 

peptide studies using NMR techniques. 
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Most NMR studies of peptides identify possible secondary structures, 

which are distinguished from tertiary structures by defining a local folding 

domain, versus a global folding of the entire peptide or protein. Several well 

known secondary structures exist, such as a-helices, B-sheets, and reverse 

turns. The a-helical and B-sheet secondary structures are generally found in 

large proteins and are only identified in peptides by the <p and 'l'torsion angles 

between a small number of residues (generally 1-3), and are not prominent 

secondary structures. Reverse turns, on the other hand, are commonly found in· 

peptides (Smith and Pease, 1980; Rose et aI., 1985; Grant, 1992). Several 

common reverse turns exist, such as type I, I', II, II', III, III' B-turns and y- and 

inverse y-turns (Figure 4.1). Table 4.1 lists the prominent torsion angles 

(defined in Figure 4.2) used to help identify these turns. The B-turns are often 

stabilized by the presence of a hydrogen bond between the amide NH of the i+3 

residue to the carbonyl of the residue in the i position. The type I and II turns 

possess an amide bond between the i+ 1 and i+2 residues which is 

perpendicular to the plane of the turn. The type I' and II' turns are generally 

distinguished by the sidechain of residue i+2 being oriented in a pseudo-axial 

orientation. For this reason, substitution of a D amino acid in the i+ 1 position 

has been found to stabilize this interaction. In addition, since the sidechain and 

amide NH of the residue in the i+2 position of a type II' turn are on the same 

side. insertion of a proline residue also stabilizes the presence of this type of 

turn. The type I' turn however, maintains the sidechain and amide NH of the i+2 

residue on opposite sides of the ring. and hence a proline would not be 

accommodated well by this type of reverse turn. The type III turns resemble the 

type I turns with the exception of not being able to form a hydrogen bond 
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between the i and i+3 residues. This is primarily due to the torsion angles found 

in these turns, which have been found to be equivalent to a 310 helix. y-turns 

are stabilized by the presence of a hydrogen bond between the carbonyl of the i 

residue and the amide NH of the i+2 residue. The primary difference between 

the y and inverse y-turns are that the sidechain of the i+ 1 residue adopts a 

pseudo-axial orientation in a y-turn and a pseudo-equatorial orientation in the 

inverse y-turn (Grant, 1992). It is also recognized that these types of reverse 

turns, ~- and y-turns, can be adopted by peptides in which the characterized 

hydrogen bond is not present. These are referred to as "open" turns and are 

valid secondary structures based on the backbone torsion angles (Rose et aL, 

1985). 

Surprisingly, not many NMR studies of melanotropins have been 

reported. One such study was p~rformed on linear a-MSH analogues based on 

the sequence Ac-[Nle4, Xaa7]-a-MSH(4-11 )-NH2 where Xaa is 1,.- or D-Phe, Pgl 

(phenylglycine), or Tic (1 ,2,3,4-tetrahydroisoquinoline carboxylic acid) (Hruby et 
I 

aL, 1988a). Another study examined the monocyclic peptide AC-[Nle4, DOrn5, 

Yaa7, clIU8]-a-MSH(4-11 )-NH2 (Yaa is either 1,.- or D-Phe) (Sugg et aL, 1988) 

to test the hypothesis of stabilizing reverse turn conformation proposed from 

previous NMR studies on Ac-[Nle4]-a-MSH(4-11 )-NH2 derivatives (Sugg et aL, 

1986). The main limitations of these studies were using linear peptides, or 

cyclic peptides with poor biological potencies. The inherent flexibility of linear 

peptides allows a significant number of conformational possibilities, as 

previously· discussed, thus interpretation of the conformational families 

available from these studies is a tremendous task. By incorporating 
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Figure 4.1. Illustration of the different types of reverse turns commonly found in 

peptides. 

o 

Type I ~-turn Type II ~-turn 

Type II ~-turn Type III ~-turn 

'V-turn Inverse 'V-turn 
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Table 4.1 Torsional angles for reverse turns and ~ structures;a 

i + 1 
<p 'II 

Typel~ -60° -30° -90° 0° 

Type I'~ 60° 30° 90° 0° 

Type ,,~ -60° 120° 80° 0° 

Type ".~ 60° -120° -80° 0° 

Type III~ -60° -30° -60° -30° 

Type I"'~ 60° 30° 60° 30° 

yturnb 70 to 85° -60 to -70° 

inverse y turnb -70 to -85° 60 to 70° 

aOriginaily defined by Venkatachal?lm (Venkatachalam. 1968), except as noted. 

This table was taken from Rose et al. (Rose et al., 1985). bOriginaily defined by 

Nemethy and Printz (Nemethy and Printz, 1972). 



Figure 4.2. Definition of peptide torsion angles <p, 'V, X1, and X2. 
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conformational constraints, such as cyclization, the number of conformationally 

available structures is theoretically decreased. In the studies presented here, 

incorporation of bicyclization and X1 angle constraints in a monocy.clic template, 

provides a decrease in flexibility in the regions being explored and decreases 

the conformational possibilities compared with the previously reported studies. 

The bicyclic peptides Ac-CYs4_A~p5_His6-.QPhe 7 -Arg8-Trp9_CYs 10_ 

~s 11_NH2 and Ac-CYs4_A~p5_His6-.QPhe7 -Arg8-Trp9_Lxs 1 O·Cys 11_NH2 
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were selected based on their approximately equal nanomoler potencies (Table 

3.1), yet have differing cyclizations, (Le. a Cys4, Cys 10 / Asp5, Lys 11 versus 

Cys4,Cys 11 / Asp5, Lys 10 disulfide and lactam bridges, respectively). These 

differences in positioning suggest different structural features yet maintain 

similar orientations of the message residues, His-QPhe-Arg-Trp. Unfortunately 
\ -, 

the bicyclic peptide, Ac-Cys4_Asp5_His6-DPhe 7 -Arg8-Trp9_Lys 1 O-Cys 11_N H2, 
I I 

sample did not obtain homogeneity (described above), in particular, 

broadening of the NH region was observed, multiple CaH protons were 

observed (at least three times greater than expected), and distinction between 

the diastereotopic ~-protons was not possible. This indicates conformational 

interconversions of the backbone (time scale of seconds) versus the 

conformational changes not involving the backbone (time scale of milliseconds 

or faster) (Jackman and Sternhell, 1969). For the first bicyclic peptide, however, 

sample homogeneity was apparent even though at least 3 possible 

conformations (Figure 4.3) were observed (determined by the number of 

observed Ca protons) a major conformation was present, and was selected for 

further studies. The four ~-MeTrp isomers in the peptide template Ac-Nle4-
I I 

Asp5_His6_DPhe7-Arg8_~-MeTrp9_Lys 1 0-NH2 each obtained sample 

homogeneity and were each examined in detail. In addition mutations of the 

nine position of the above template were also examined and include hand 0 

Trp9. 

NMR of a Bicyclic Melanotropin Peptide 

I 
__ -'1 The bicyclic melanotropin peptide, Ac-Cys4_AfP5_His6_QPhe 7 -Arg8-

Trp9_Cys 1 O-Lys 11.NH2 (4.5 mg in 0.5 mL d6-DMSO) was studied" using an 
I 
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Figure 4.3. CaH spectral region of a TOCSY experiment illustrating multiple 

observed a-carbon protons of the bicyclic peptide 
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AMX 400 MHz BRUKER spectrometer. Assignment of all 1 H chemical shifts 

(Table 4.2) of the observed major conformation was accomplished by use of 2D 

TOCSY (Bax and Davis, 1985) and NOESY (Bodenhausen et aL, 1984) 

experiments. Homonuclear decoupling combined with the use of difference 

spectroscopy was used to obtain vicinal 3JCaH-C~H coupling constants and 

confirm sequencing assignments in crowded spectral regions (Table 4.3). 

Temperature studies (300 to 330 K) were performed to determine the 

temperature coefficients for the amide protons listed in Table 4.3. The 

homonuclear coupling constants 3JNH-CHa were used to calculate the <p 

angles (Bystrov, 1976) using the Karplus equation 3JNH-CHa = A cos2 e + B 

cos e + C with the values of the (A, B, C) coefficients (8.6, 1.0, 0.4) reported by 

Bystrov et al. (Bystrov et aL, 1973) for achiral residues and (8.6, 2.9., 0.0) 

values reported by Cung et aL (Cung and Marraud, 1982). The psi torsional 

angles, <p, are related to e according to IUPAC-IUB recommendations (1970) 

where e = 1 <p - 60°1 for b amino acids and e = 1 <p + 60°1 for D amino acids. The 

sidechain rotamer populations were determined using the JCHa-CH~ coupling 

constants and the equations: f1(g-) = (JCHa-CH~l - JG)/(Jr -JG); f1(t) = ( JCHa

CH~2 - JG)/(Jr-JG); and f1 (g+) = 1 - [f1 (g+) + f1 (t) where f1 (g-, t, or g+) are the 

fractions of individual conformers, JG and Jr are the gauche and trans 

couplings, respectively (Feeney, 1976; De Leeuw and Altona, 1982). The JG 

and Jr values for non aromatic amino acids used were suggested by Pachler 

(Pachler, 1964) as JG=2.60 and Jr=13.56 Hz. For the aromatic amino acids 

JG=3.55 and Jr=13.85 Hz values were used (Cung and Marraud, 1982). 

Information regarding the peptide backbone conformation can be 

obtained from NOESY experiments. These experiments provide information on 



Table 4.2. Proton chemical shifts observed in DMSO at 310 K for 

Amino 
Acid 
Residue 

Cys 

Asp 

His 

DPhe 

Arg 

Trp 

Cys 

Lys 

I I 
Ac-Cys-Asp-His-D Phe-Arg-Trp-Cys-Lys-N H2 

I I 

Nucleus (ppm) 

NH Ca.H C~H CyH CoH CEH Other 

8.46 5.25 3.22 
2.95 

8.65 4.35 3.00 
2.60 

8.88 4.15 3.45 
3.25 

7.92 4.55 3.35 
2.91 

7.80 4.35 1.78 1.41 3.12 oNH 
1.60 

9.10 4.88 3.15 
2.92 

7.55 4.88 3.22 

8.08 4.20 1.82 1.42 1.28 3.30 ENH 
1.68 

121 

7.55 

7.65 
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Table 4.3. Conformational properties determined by proton NMR for 
I I 

Ac-Cys-Asp-His-OPhe-Arg-Trp-Cys-Lys-NH2 

Amino 3JNH-CaH 

Acid (Hz) 

Residue aTemperature 

Cys4 

Asp 

His 

OPhe 

Arg 

Trp 

Cys10 

Lys 

Coefficients 

(-ppb/K) 

8.40 
[2.9] 

5.20 
[5.1] 

6.80 
[5.4] 

8.00 
[1.1 ] 

8.80 
[0.4] 

8.00 
[6.3] 

7.20 
[1.6] 

8.00 
[4.5] 

bCalculated Torsion 

Angles cp 

(Oeg) 
cp 1 cp2 cp3 cp4 

-95 -144 60 
(-87) (-153) (60) 

-74 -166 24 96 
(-69) (-171) (44) (75) 

-84 -156 37 83 
(-77) (-162) (60) 

147 92 -60 
(155) (84) (-60) 11.06 

-99 -141 60 
(-89) (-151) (60) 

-92 -148 60 
(-84) (-156) (60) 

-86 -154 42 78 
(-79) (-160) (60) 

-92 -148 60 
(-84) (-156) (-60)9.62 

c3JCHa-CH~1 
3JCHa-CH~2 

(Hz) 

2.67 
12.21 

3.43 
11.44 

3.43 
11.21 

4.58 

4.81 
9.62 

3.20 
5.72 

2.25 
12.97 

5.60 

dCalculated 

X1 angles 

f(g-) f(t) f(g+) 

o .88 .12 

.07 .81 .12 

o .74 .26 

.10 .73 .17 

.20 .64 .16 

o .21 .82 

o .94 .06 

.27 .64 .09 

aTemperature coefficients are listed in brackets. bValues were calculated using JNH-Ha=A cos2 

19±601-B cos 19±601+C where + is for a D-configuration and - is for an L-configuration. 
(A,B,C)=(8.6,1.0,0.4) proposed by Bystrov (Bystrov et aL, 1973). Values calculated using 
(A,B,C)=(8.6,2.9,O.0) proposed by Chung (Chung et aL, 1974) were also included in 
parentheses. cln cases where severe overlap of beta protons occurred, homonuclear nuclear 
decoupling was employed to obtain these values. Digital resolution is 0.39 Hz per point. df(g+), 
f(t), f(g-) represents the fraction of X1 population in the gauche +, trans, and gauche- rotamers, 
respectively. 
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small (2.0 to 4.5 A) proton-proton distances (Braun et aL, 1981; Kumar et aL, 

1981; Braun et aL, 1983). Quantitative estimations of NOE effects enables the 

hypothesis of a 3D peptide model described by <p, \fI, and X angles of amino acid 

residues. Information obtained from observed NOEs can be used to identify 

secondary structures such as a-helices, "{- and ~-turns, ~-sheets 

(Shenderovich et aL, 1984; WUthrich et aL, 1984). Distinction between various 

~-turns can be characterized by NOEs observed signals between, NHi+1 / 

NHi+2, and NHi+2 / NHi+3 for type I ~-turns (WUthrich et aL, 1984), CaHi+1 / 

NHi+2, and NHi+2 / NHi+3 for type II ~-turns (Rao et aL, 1983), and CaHi+1 / 

CaHi+2 for "{-turns (Grathwohl et aL, 1975). Analysis of the 20 NOE spectrum 

(Table 4.4) of the bicyclic melanotropin identifies interactions between His and 

DPhe NH protons, Arg and Trp NH protons, Cys4 and Asp CaH and NH 

protons, His and DPhe CaH and NH protons, DPhe and Arg CaH and N H 

protons, Asp and His CaH and CaH protons, and DPhe and Arg CaH and CaH 

protons. The interpretation of these NOEs suggest the presence of type II ~

turn and a "{-turn. The type II ~-turn would be centered around DPhe in the i 

position and Arg in the i+ 1 positions. The "{-turn could be centered around Asp 

in the i+1 and His in the i+2 positions or DPhe in the i+1 and Arg in the i+2 

positions. In addition, the presence of weak NOEs observed between the CaH 

of Asp and His, and DPhe and Arg suggest the possibility of cis amide bond 

between these residues (WUthrich et aL, 1984). Thus a "{-turn may not be 

present, but instead, a is amide bond. Interestingly, a cis amide bond was 

found in bicyclic oxytocin peptides (personal communication from our 

laboratory) supporting the possibility of its presence here. Either way, no clear 

secondary structure is obvious from inspection of NOEs for this peptide. 
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Table 4.4. Structural NOEs observed between NH and CaH protons for the 

bicyclic melanotropin. 

I I 
Ac-Cys-Asp-His-DPhe-Arg-Trp-Cys-Lys-NH2 

Residue 

Cyst Asp m 

Asp / His w 

His / DPhe m w 

DPhe/ Arg w w 

Arg/Trp w 

Trp/ Cys 

Cys / Lys 

The relative NOE intensities are (w) weak, (m) medium, and (s) strong. A dash signifies 

no observed NOE. 
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Examination of the calculated <p angles (Table 4.3) suggest the possibility of an 

inverse "{-turn with Asp in the i+ 1 and His in the i+2 positions, a type 111' p-turn 

with Arg in the i+ 1 and Trp in the i+2 positions, and a type II' p-turn with Trp in 

the i+ 1 and Cys 10 in the i+2 positions, respectively. Based on the calculated <p 

torsion angles, a "{-turn with DPhe in the i+1 and Arg in the i+2 positions can be 

eliminated from possible secondary structures in this region, leaving the 

possibility of a "{-turn or a type 111' p-turn occurring in the message region of His

DPhe-Arg-Trp. Thus, we can conclude, based on this structural information, that 

p- and "{-turns are favored conformations of this bicyclic melanotropin, with the 

inverse "{-turn comprising of the Cys4- Asp-His sequence and the p-turn (types 

111' and/or II') comprising the sequence DPhe-Arg-Trp-Cys 10 or Arg-Trp-Cys 10_ 

Lys, respectively. Interestingly, a cyclic pentapeptide cyclo(Gly-Pro-Gly-DAla

Pro) was reported to have fused p- and "{-turns as determined by X-ray 

crystallography (Karle, 1978). 

Direct information regarding the torsion angle 'I' cannot be obtained 

from 1 H NMR coupling constant experiments. WUthrich et al. studied the 

relationship of 'I' angles versus distance for cis and trans isomers of the 

dipeptide Pro-Pro (WUthrich et aI., 1984). This study revealed that the distance 

between CaHi and NHi+ 1 protons, in the cis peptide bond, fell within a distance 

greater than 4.2 A were NOEs can be observed. In naturally occurring linear 

and large cyclic peptides, with the exception of N-substituted amino acids, a cis 

peptide bond is rarely found. However, as mentioned previously, in the bicyclic 

oxytocin peptide, a cis amide bond was observed by conformational NMR 

studies. From this information, the previously suggested cis amide bond 

between DPhe and Arg (based on the observed NOE between CaHi and 
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CaH i+ 1) is actually a trans peptide bond as confirmed by the presence of the 

CaHi and NHi+ 1 NOE (Table 4.4). In addition, an interresidual NOE for Cys4 

CaH and Cys 10 CaH was identified, supporting the presence of a reverse 

turn(s) occurring in the region Asp-His-DPhe-Arg-Trp. 

Important information regarding the peptide backbone amide bond 

orientation is related by intra- or intermolecular hydrogen bonding. 

Intermolecular hydrogen bonding between the peptide and solvent are readily 

disrupted with increasing temperature. Temperature coefficients in excess of 4 

x 103 -ppm/K are evidence of external NH orientation, whereas values under 2 

x 103 -ppm/K suggest solvent shielding (Sara et aL, 1978; Kessler, 1982). 

Examination of the temperature coefficients for the amide protons (Table 4.3) 

clearly suggest for DPhe and Arg that solvent shielding is occurring for the N H 

protons, suggesting intramolecular hydrogen bonding. The NH protons for 

Cys 10 have a temperature coefficient of 1.6 -ppb/K, which also indicates solvent 

shielding. Interesting, Cys4 with a temperature coefficient of 2.9 -ppb/K falls 

within a gray area between definitions and indicates the possibility of some 

conformations maintaining the presence of intramolecular hydrogen bonding, 

while others (perhaps the interconversion of the backbone) can hydrogen bond 

externally with the solvent. Suggested hydrogen bonding partners include: 

Cys4 NH with His carbonyl, which is found in y-turns, adding validity to its 

presence; and Arg NH with Lys carbonyl, also supporting the presence of a p

turn occurring in this region. A type 1111 turn differs primarily from a type I turn by 

its inability to form a hydrogen bond between residue i and i+3 (Shenderovich 

et aL, 1984; Rose et aL, 1985). Therefore, the DPhe residue, i position of a type 

III' turn, geometrically is unable to form a hydrogen bond with the carbonyl of 
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Cys10. If this is true, then hydrogen bonding partners for DPhe and Cys10 are 

not implied by secondary structure characteristics. 

The complexity of this NMR data interpretation may also be indicative 

that the major conformation chosen for analysis may be undergoing backbone 

conformational transitional changes from one minor conformational family to 

another. Possibly, the predominant conformation(s) observed may be actually 

intermediates for a conformation containing one of the reverse turns as a 

primary secondary structure. This hypothesis is supported by the temperature 

coefficients for Cys4 (2.9 -ppb/K) and the multiple conformations observed in 

the TOCSY experiment. It also is well documented that a 0 residue stabilizes 

reverse turns, generally present in the i+ 1 position (Venkatachalam, 1968; 

Wilmot and Thornton, 1988), and we did not observe any possibilities of DPhe 

occurring in the i+ 1 position of any reverse turn suggested by the NMR data. 

Additional support includes the inability to obtain a major conformation of the 

other bicyclic analogue that was selected for NMR studies, with the speculation 

of sample heterogeneity. 

A Newman projection of the central His-DPhe-Arg-Trp message 

region residues illustrates the major sidechain X1 populations (Table 4.3) 

observed by these NMR studies (Figure 4.4). Interestingly, the Trp9 rotomer 

indicates g(+) as the major population state. This orientation is generally 

unfavorable since this conformation possesses unfavorable steric interactions 

with the peptide backbone. However, since dual cyclization may be very 

restricted, this conformation may be "forced" upon the indole ring. This 

observation may explain the decreased potency observed for these bicyclic 

compounds. Molecular modeling studies of selected bicyclic analogues 
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Figure 4.4. Newman projection of the rotomer populations for the His-DPhe

Arg-Trp residues of 

H 

trans 

I I 
Ac-Cys-Asp-His-D Phe-Arg-Trp-Cys-Lys-N H2 

H 
,..........N 

C 
II 
o 

H 

trans 

H 

g(+) 

(Haskell-Luevano et aL, 1995), including analogue VI, hypothesized 

"incomplete" binding of the message sequence, and in particular either the Trp 

or His residues. Figures 4.5 and 4.6 illustrate this hypothesis of incomplete 

binding by comparison with previously modeled proposed bioactive 

conformations of a-melanotropins (Haskell-Luevano et aL, 1995). The NMR 

results observed, especially the "{-turn followed by a reverse turn, and the 

unusual sidechain rotomer population of the Trp residue, support the 

conclusions drawn from the molecular modeling and dynamic studies (Haskell

Luevano et aL, 1995). 

Interestingly, these sidechain topographical features also are 

important for residual biological activity, as described below and in Chapter 3. 

This bicyclic peptide was found to possess similar prolongation profile as 
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Figure 4.5. Superimposed stereoviews of the His-Q.Phe-Arg-Trp message 

residues of the bicyclic analogue (bold lines) Ac-cYs4_Ar;p5_His6-Q.Phe 7 -Arg8-

Trp9_Cys10-Ly,s1LNH2, (semibold lines) Ac-[Nle4, AspS, DPhe f , Lys10] 0.-

MSH(4-10) and (shadow lines) [DPhe7] o.-MSH. 
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Figure 4.6. Superimposed stereoviews of the His-DPhe-Arg-Trp message 

residues of (bold lines) Ac-[Nle4, A~p5, QPhe7, Lys10] a-MSH(4-10), (semibold 

lines) Ac-cys4_A~p5_His6_DPhe 7 -Arg8-Trp9_CYs 1 O-Ly~ 11_NH2, and (shadow 

lines) AC-CYS4_A~p5_His6-QPhe 7 -Arg8-Trp9-Ly,s 1 O-Cy~ 11_NH2. 
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analogue XII, Ac-Nle-A~p-His-DPhe-Arg-DTrp-Lys-NH2 (Figure 4.7). A 

Newman projection of the sidechain major rotomer populations of His-DPhe

Arg-DTrp is illustrated in Figure 4.4. The relationship between topography of 

the sidechains and prolonged biological activity will be discussed in the 

following section. 

I 
Figure 4.7. Prolonged biological activities of the bicyclic analogue Ac-Cys4-

~sp5-His6-.QPhe7-Arg8_Trp9-C~s 1 O-Lys 11_NH2 and AC-Nle-Asp-His-DPhe-

Arg-DTrp-Lys-N H2. 
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I I 
NMR of Ac-Nle-Asp-His-DPhe-Arg-Xaa-Lys-NH2 Peptides 

The melanotropin peptides modified in the nine position, (2.3 to 

4.5 mg in 0.5 mL d6-DMSO) were studied using an AMX 400 MHz BRUKER 

spectrometer. Information on conformational preferences of the ~-MeTrp9 and 

b or DTrp9 containing peptides can be obtained from NMR data, which includes 

NOEs, JNH-C~H and JCaH-C~H vicinal coupling constants, amide proton 

temperature coefficients, and changes in chemical shifts. Due to the intrinsic 

. molecular weights of these peptides and the related anisotropic tumbling rates, 

NOEs were difficult to observe. With this in mind, Table 4.5 shows backbone 

interresidue NOEs observed for the diastereomeric peptides containing ~-

MeTrp in position 9. This information can aid in determining the secondary 

structure(s) of the peptide backbone. Additional information regarding 

backbone conformations was derived from the JNH-CaH vicinal coupling 

constants from which the <p torsion angle(s) can be calculated using a Karplus

type equation (Bystrov et aI., 1973). Temperature coefficients also provides 

information on amide protons chemical environment, in particular solvent 

shielding or hydrogen bonding. Vicinal coupling constants, JCaH-C~H, provide 

information on the sidechain torsion angle, X1 (Figure 4.2). When using a 

three-state model, the energy minima associated with X1 are g(-), trans, and 

g(+) (Figure 1.1, p. 25). The relative populations in each state was calculated 

using Pachler's equations (Pachler, 1964) for nonaromatic residues and 

Cung's equations (Cung and Marraud, 1982) for aromatic residues. 
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Table 4.5. Structural NOEs observed between NH and CaH protons for 

Ac-Nle-Asp-His-DPhe-Arg-~-MeTrp-Lys-NH2 

Residue (2R,3R) (2R,3S) (2S,3S) (2S,3R) 

NHi I NHi+l 

Asp IHis m w 

His I DPhe w m w 

DPhel Arg m m 

~-MeTrp I Lys s w 

CaHi I NHi+l 

Nlel Asp m m m m 

Asp IHis s m m 

His I DPhe NA m 

DPhel Arg s w 

Arg I ~-MeTrp NA s s w 

~-MeTrp I Lys m m 

The relative NOE intensities are (w) weak, (m) medium, and (s) strong. A dash signifies 

no observed NOE. NA signifies that determination (presence or absence) of these NOEs 

was not possible due to crowding of the spectral region. 
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Ac-Nle-Asp-His-DPhe-Arg-(2S,3S)~-MeTrp-Lys-NH2 (VIII) 

The proton chemical shifts identified for each amino acid residue of the 

title peptide are listed in Table 4.6. Table 4.7 summarizes conformational and 

topographical information determined which includes, 3JNH-CaH coupling 

constants, calculated possible backbone <p torsion angles, 3JCaH-C~H 

coupling constants, amide temperature coefficient, and calculated sidechain X 1 

rotomer populations .. Unfortunately, the rotomer populations for the X1 torsion 

angles of Arg and Lys could not be determined since the respective 3JCaH-

C~H coupling constants were not differentiated substantially. Homonuclear 

decoupling experiments were not applicable to this peptide since both the CaH 

and C~H protons possessed nearly identical chemical shifts (Table 4.6 and 

Figure 4.8). A Newman projection of the message region, His-DPhe-Arg-~

MeTrp, is illustrated in Figure 4.9. The Arg residue is assumed to possess a 

trans rotomer population as that was the topography observed for all the 

melanotropins where the Arg rotomer population was determined by coupling 

constant values. To summarize the results, the His and DPhe residues 

preferentially adopt the trans rotomer population, and ~-MeTrp preferentially 

adopts the g(-) rotomer population. One caveat to the identification rotomer 

populations is that due to the equations utilized, neither the g(-) or trans values 

can be differentiated. Thus, either population may be predominant without 

being able to differentiate exactly which one is preferred from proton NMR 



Table 4.6. Proton chemical shifts observed in DM80 at 310 K for 

Amino 
Acid 
Residue 

Nle 

Asp 

His 

DPhe 

Arg 

~-MeTrp 
(28,38) 

Lys 

Ac-N le-Asp-H is-D Phe-Arg-~-Me Trp-Lys-N H2 
(28,38) 

Nucleus (ppm) 

NH CaH C~H CyH C8H CeH Other 

8.15 4.22 1.60 1.40 1.30 0.92 

8.55 4.55 3.08 
2.52 

8.42 4.18 3.26 
3.02 

8.30 4.40 3.15 
2.88 

8.25 4.38 1.75 1.40 3.05 8NH 7.90 
1.68 

8.02 4.68 3.50 C~CH3 1.38 

7.45 4.40 1.69 1.42 1.55 3.12 eNH 7.42 
1.65 
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Table 4.7. Conformational properties determined by proton NMR for 

Amino 

Acid 

Ac-Nle-Asp-His-OPhe-Arg-~-MeTrp-Lys-NH2 

(28,38) 

3JNH-CaH bCalculated Torsion c3JCHa-CH~1 
(Hz) Angles cp 3JCHa-CH~2 

Residue aTemperature (Oeg) (Hz) 

Nle 

Asp 

His 

OPhe 

Arg 

~-MeTrp 
(28,38) 

Lys 

Coefficients 

(-ggb/K) 

6.44 
[7.9] 

7.20 
[11.8] 

7.24 
[6.8] 

8.16 
[3.9] 

5.28 
[9.1] 

6.96 
[10.6] 

8.00 
[0.3] 

cp1 cp2 cp3 cp4 

-82 -158 34 86 7.63 
(-76) (-164) (60) 8.01 

-86 -154 42 78 4.96 
(-80) (-160) (60) 7.63 

-87 -153 42 78 4.58 
(-80) (-160) (60) 9.92 

147 93 -60 3.82 
(155) (85) (-60) 11.06 

-74 -166 24 96 NA 
(-70) (-171) (46) (74) 

-85 -155 34 81 9.92 
(-78) (-161) (60) 

-92 -148 60 NA 
(-84) (-156) (60) 

dCalculated 

X1 angles 

f(g-) f(t) f(g+) 

.46 .49 .05 

.22 .46 .32 

.10 .62 .28 

.02 .73 .25 

.67 

aTemperature coefficients are listed in brackets. bValues were calculated using JNH-H(X=A cos2 

le±601-B cos 19±601+C where + is for a D-configuration and - is for an L-configuration. 
(A,B,C)=(8.6,1.0,0.4) proposed by Bystrov (Bystrov et aI., 1973). Values calculated using 
(A,B,C)=(8.6,2.9,0.0) proposed by Chung (Chung et aI., 1974) were also included in 
parentheses. cln cases where severe overlap of beta protons occurred, homonuclear nuclear 
decoupling was employed to obtain these values. Digital resolution is 0.36 Hz per point. df(g+), 
f(t) , f(g-) represents the fraction of X1 population in the gauche +, trans, and gauche- rotamers, 
respectively. 



Figure 4.8. CaH and C~H spectral region of a TOCSY experiment illustrating 

similar vicinities of the a-protons and ~-protons of the amino acid residues Arg 

and Lys from the peptide Ac-Nle-AJp-His-DPhe-Arg-(2S,3S)-~-MeTrp-LYs

NH2. 
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Figure 4.9. Newman projections of the rotomer populations for the message 

region, His-DPhe-Arg-B-MeTrp for the template Ac-Nle-AJp-His-DPhe-Arg-1-B
I 

MeTrp-Lys-NH2. 
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experiments. To try and "standardize" these empirical interpretations, the 

smaller 3JCaH-CBH coupling constant was chosen to calculate the f(g-) 

rotomer, with the larger constant used to calculate the f(t) rotomer. Therefore, 

the calculations were performed consistently, and the differences in preferred 

rotomer populations identified were consistent throughout these studies. Since 

B-MeTrp possess only one 3JCaH-CBH coupling constant, the sidechain X1 

preferred rotomer population for this particular residue was determined by 

examining which conformer had the CaH and CBH protons in a trans position, 

see Figure 4.10. To confirm this, NOE data for the B-MeTrp residues were 

examined (Table 4.8). 

Ac-Nle-Asp-His-DPhe-Arg-(2S,3R)B-MeTrp-Lys-NH2 (X) 

The proton chemical shifts identified for each amino acid residue of the 

title peptide are listed in Table 4.9. Table 4.10 summarizes conformational and 

topographical information determined which includes, 3JNH-CaH coupling 

constants, calculated possible backbone <p torsion angles, 3JCaH-CBH 

coupling constants, amide temperature coefficient, and calculated sidechain X 1 

rotomer populations. The preferred X1 rotomer population for this peptide are 

summarized in Figure 4.9, with all the message residues adopting the trans 

conformers. 



Figure 4.10. Sidechain rotomer for the four isomers of ~-MeTrp amino acids. 
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Table 4.8. Intra- or interresidue structural NOEs observed for the melanotropin analogues 

Ac-Nle-Asp-H is-D Phe-Arg-~-Me Trp-Lys-N H2 

~-MeTrp 
Residue (2R,3R) (2R,3S) (2S,3S) (2S,3R) 
Interactions 

NH to 
CaH m m m m 

C~H m w m 

C~CH3 w m m 

CaH to 
NH m w w w 

C~H s m m m 

C~CH3 s m m 
indole 2/4 H m w 

C~CH3 to 

CaH s w m m 

C~H s s s s 
NH w m m 
indole 2H m w m 
LysNH m m 
ArgNH m 

C~H to 

CaH m m m m 
NH m w m 

C~CH3 s m s m 
indole 2H w 
LysNH m 
ArgNH w 

The relative NOE intensities are (w) weak, (m) medium, and (s) strong. A dash signifies 

no observed NOE. 
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Table 4.9. Proton chemical shifts observed in DMSO at 310 K for 

Amino 
Acid 
Residue 

Nle 

Asp 

His 

DPhe 

Arg 

~-MeTrp 
(2S,3R) 

Lys 

Ac-Nle-Asp-His-DPhe-Arg-~-MeTrp-Lys-NH2 

(2S,3R) 

Nucleus (ppm) 

NH CaH C~H OyH CBH CEH Other 

8.20 4.25 1.90 1.58 1.35 0.95 
1.70 

8.65 4.55 3.15 
2.48 

8.55 4.15 3.30 
3.10 

8.25 4.50 3.28 
2.95 

7.98 4.15 1.75 1.35 3.05 BNH 7.82 
1.68 

8.45 4.69 3.66 C~CH3 1.45 

7.60 4.60 1.85 1.55 1.65 3.20 ENH 7.50 
1.72 



143 

Table 4.10. Conformational properties determined by proton NMR for 

Ac-Nle-Asp-His-OPhe-Arg-~-MeTrp-Lys-NH2 

(2S,3R) 

Amino 3JNH-CaH bCalculated Torsion c3JCHa-CH~1 dCalculated 

Acid (Hz) Angles <p 3JCHa-CH~2 X1 angles 

Residue aTemperature (Oeg) (Hz) 
Coefficients <p1 <p2 <p3 <p4 f(g-) f(t) f(g+) 

(-ppb/K) 

Nle 6.40 -81 -159 34 86 6.10 .32 .56 .12 
[7.7] (-75) (-165) (60) 8.77 

Asp 6.48 -82 -158 34 86 4.96 .22 .49 .29 
[11.6] (-76) (-164) (60) 8.01 

His 7.04 -85 -155 40 80 5.34 .17 .62 .31 
[6.8] (-79) (-161) (60) 9.92 

OPhe 8.04 148 92 -60 3.43 0 .69 .31 
[1.8] (155) (84) (-60)10.68 

Arg 8.32 -95 -145 60 4.42 .17 .56 .27 
[8.7] (-86) (-154) (60) 8.80 

~-MeTrp 7.56 -89 -151 47 73 7.63 .46 
(2S,3R) [11.0] (-82) (-158) (60) 

Lys 7.84 -91 -149 52 68 6.87 .39 .49 .12 
[0.4] (-83) (-157) (60) 8.01 

aTemperature coefficients are listed in brackets. bValues were calculated using JNH-Ha.=A cos2 

1e±601-B cos 1e±601+C where + is for a D-configuration and - is for an L-configuration. 
(A,B,C)=(8.6,1.0,0.4) proposed by Bystrov (Bystrov et al., 1973). Values calculated using 
(A,B,C)=(8.6,2.9,0.0) proposed by Chung (Chung et aI., 1974) were also included in 
parentheses. cln cases where severe overlap of beta protons occurred, homonuclear nuclear 
decoupling was employed to obtain these values. Digital resolution is 0.39 Hz per point. df(g+), 
f(t) , f(g-) represents the fraction of X1 population in the gauche +, trans, and gauche- rotamers, 
respectively. 
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Ac-Nle-Asp-His-DPhe-Arg-(2R,3S)~-MeTrp-Lys-NH2 (IX) 

The proton chemical shifts identified for each amino acid residue of the 

title peptide are listed in Table 4.11. Table 4.12 summarizes conformational 

and topographical information determined which includes, 3JNH-CaH coupling 

constants, calculated possible backbone <p torsion angles, 3JCaH-C~H 

coupling constants, amide temperature coefficient, and calculated sidechain X 1 

rotomer populations. The preferred X1 rotomer population for this peptide are 

summarized in Figure 4.11. Interestingly, the X1 rotomer population reported in 

Table 4.12 for ~-MeTrp indicates that the trans conformer population is only 6%. 

Evaluation of the intra-residue NOEs indicate that g(+) is the major population, 

which is depicted in Figure 4.11. 

Ac-Nle-Asp-His-DPhe-Arg-(2R,3R)~-MeTrp-Lys-NH2 (XI) 

The proton chemical shifts identified for each amino acid residue of the 

title peptide are listed in Table 4.13. Table 4.14 summarizes conformational 

and topographical information determined which includes, 3JNH-CaH coupling 

constants, calculated possible backbone <p torsion angles, 3JCaH-C~H 

coupling constants, amide temperature coefficient, and calculated sidechain X 1 

rotomer populations. The preferred X1 rotomer population for this peptide are 

summarized in Figure 4.11. For this peptide, the ~-MeTrp possesses the 0 (2R) 

configuration at the alpha carbon and the preferred X1 rotomer population is 



Table 4.11 . Proton chemical shifts observed in DMSO at 310 K for 

Amino 
Acid 
Residue 

Nle 

Asp 

His 

DPhe 

Arg 

~-MeTrp 
(2R,3S) 

Lys 

Ac-N le-Asp-H is-D Phe-Arg-~-Me Trp-Lys-N H2 
(2R,3S) 

Nucleus (ppm) 

NH CaH C~H CyH CBH CeH Other 

8.05 4.25 1.65 1.35 1.25 0.95 
1.50 

7.75 4.40 3.20 
2.58 

8.40 4.15 3.26 
3.02 

8.69 4.65 3.28 
2.95 

7.78 4.50 1.55 1.30 3.05 BNH 7.45 
1.45 

8.30 4.60 3.90 C~CH3 1.45 

7.25 4.39 1.79 1.25 1.35 3.45 eNH 8.10 
1.60 
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Table 4.12. Conformational properties determined by proton NMR for 

Ac-Nle-Asp-His-OPhe-Arg-B-MeTrp-Lys-NH2 
(2R,3S) 

Amino 3JNH-CaH bCalculated Torsion C3JCHa-CHB1 dCalculated 

Acid (Hz) Angles cp 3JCHa-CHB2 X1 angles 

Residue aTemperature (Oeg) (Hz) 
Coefficients cp1 cp2 cp3 cp4 f(g-) f(t) f(g+) 

(-ppb/K) 

Nle 7.52 -89 -121 46 74 5.34 .25 .25 .50 
[4.4] (-81) (-159) (60) 5.34 

Asp 8.04 -92 -148 60 6.87 .39 .46 .15 
[6.3] (-84) (-156) (60) 7.62 

His 6.36 -81 -159 33 87 5.72 .21 .47 .32 
[3.7] (-75) (-165) (60) 8.39 

OPhe 8.76 142 98 -60 3.43 0 .20 .80 
[5.0] (151) (89) (-60) 5.72 

Arg 5.96 -78 -162 30 90 6.86 .39 .42 .19 
[8.5] (-73) (-167) (60) 7.25 

B-MeTrp 8.72 142 98 -60 4.19 .06 
(2R,3S) [4.9] (151) (89) (-60) 

Lys 8.20 -94 -146 60 3.43 .08 .11 .81 
[1.4] (-85) (-155) (60) 3.81 

aTemperature coefficients are listed in brackets. bValues were calculated using JNH-Hcx=A cos2 

10±601-B cos 1e±601+C where + is for a D-configuration and - is for an L-configuration. 
(A,B,C}=(8.6,1.0,0.4) proposed by Bystrov (Bystrov et a!., 1973). Values calculated using 
(A,B,C}=(8.6,2.9,O.0) proposed by Chung (Chung et al., .. j974) were also included in 
parentheses. cln cases where severe overlap of beta protons occurred, homonuclear nuclear 
decoupling was employed to obtain these values. Digital resolution is 0.36 Hz per point. df(g+}, 
f(t} , f(g-} represents the fraction of X1 population in the gauche +, trans, and gauche- rotamers, 
respectively. 
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Figure 4.11. Newman projections of the rotomer populations for the message 
I 

region, His-DPhe-Arg-~-MeTrp for the template Ac-Nle-Asp-His-DPhe-Arg-D-~-
I . 

MeTrp-Lys-NH2. 
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g(+) for this residue. In addition, the DPhe residue is observed to also prefer the 

g(+) conformer, with His and Arg adopting the trans conformer. In amino acid 

residues adopting the 1.. configuration at the alpha carbon, the g(+) conformer is 

sterically unfavorable, however in 0 amino acids, this conformer is preferred 

over the g(-) conformer for the same reasons. Interestingly, the His residue was 

found to populate the sterically unfavorable g(+) X1 rotomer population. This 

was reconfirmed by an independent re-examination of the 3JCaH-C~H 

coupling constants listed in Table 4.8. The significance of this observation will 

be discussed in the following section. 

I I 
Ac-Nle-Asp-His-DPhe-Arg-DTrp-Lys-NH2 (XII) 

The proton chemical shifts identified for each amino acid residue of the 

title peptide are listed in Table 4.15. Table 4.16 summarizes conformational 

and topographical information determined which includes, 3JNH-CaH coupling 

constants, calculated possible backbone <p torsion angles, 3JCaH-C~H 

coupling constants, amide temperature coefficient, and calculated sidechain X 1 

rotomer populations. The preferred X1 rotomer population for this peptide are 

summarized in Figure 4.12. Unfortunately, the preferred X1 rotomer population 

of Nle and Arg could not be determined (as in peptide VIII) because the 

homonuclear decoupling experiments were not applicable to this peptides 

since both the CaH and C~H protons possessed nearly identical chemical 

shifts. The Arg was assumed to adopt the trans conformer, as discussed 

previously, with the His and DPhe residues also adopting the trans conformer. 



Table 4.13. Proton chemical shifts observed in DMSO at 310 K for 

Amino 
Acid 
Residue 

Nle 

Asp 

His 

DPhe 

Arg 

~-MeTrp 
(2R,3R) 

Lys 

Ac-N le-Asp-H is-D Phe-Arg-~-Me Tfp-Lys-N H2 
(2R,3R) 

Nucleus (ppm) 

NH CaH C~H CyH CBH CEH Other 

8.08 4.24 1.65 1.40 1.25 0.98 
1.52 

8.60 4.68 3.18 
2.88 

7.85 4.31 3.08 
2.62 

8.40 4.30 3.25 
2.98 

7.85 4.49 1.45 1.10 2.98 BNH 7.83 
1.40 

8.01 4.52 3.60 C~CH3 1.41 

7.30 4.29 1.78 1.29 1.55 3.45 ENH 8.12 
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Table 4.14. Conformational properties determined by proton NMR for 

Ac-Nle-Asp-His-O Phe-Arg-~-Me Trp-Lys-N H2 
(2R,3R) 

Amino 3JNH-CaH bCalculated Torsion c3JCHa-CH~1 dCalculated 

Acid (Hz) Angles <p 3JCHa-CH~2 X1 angles 

Residue aTemperature (Oeg) (Hz) 
Coefficients <p1 <p2 <p3 <p4 f(g-) f(t) f(g+) 

(-ppb/K) 

Nle 7.68 -90 -150 49 71 4.29 .15 .50 .34 
[4.6] (-82) (-151) (60) 8.11 

Asp 8.76 -98 -141 60 4.10 .14 .77 .09 
[5.2] (-76) (-164) (60) 11.06 

His 8.36 -95 -145 60 3.50 .40 o .60 
[6.2] (-79) (-161) (60) 7.62 

OPhe 7.76 150 90 -70 -50 3.62 0 .66 .34 
[4.2] (157) (83) (-60)10.31 

Arg 7.52 -89 -151 46 74 3.91 .12 .57 .31 
[8.6] (-81) (-159) (60) 8.87 

~-MeTrp 8.52 144 96 -60 7.25 .36 
(2R,3R) [6.1] (153) (87) (-60) 

Lys 8.08 -93 -147 60 5.30 .25 .61 .14 
[2.1] (-85) (-155) (60) 9.34 

aTemperature coefficients are listed in brackets. bValues were calculated using JNH-Ha.=A cos2 

1e±601-B cos 1e±601+C where + is for a D-configuration and - is for an L-configuration. 
(A,B,C)=(8.6,1.0,0.4) proposed by Bystrov (Bystrov et aI., 1973). Values calculated using 
(A,B,C)=(8.6,2.9,O.0) proposed by Chung (Chung et aI., 1974) were also included in 
parentheses. cln cases where severe overlap of beta protons occurred, homonuclear nuclear 
decoupling was employed to obtain these values. Digital resolution is 0.39 Hz per point. df(g+), 
f(t), f(g-) represents the fraction of X1 population in the gauche +, trans, and gauche- rotamers, 
respectively. 



Table 4.15. Proton chemical shifts observed in DMSO at 310 K for 

Amino 
Acid 
Residue 

Nle 

Asp 

His 

DPhe 

Arg 

DTrp 

Lys 

I I 
Ac-Nle-Asp-His-DPhe-Arg-DTrp-Lys-NH2 

Nucleus (ppm) 

NH CaH CyH CBH CeH Other 

8.05 4.21 1.68 1.42 1.22 0.95 
1.54 1.33 

8.61 4.48 3.42 
3.02 

8.44 4.14 3.29 
2.90 

8.68 4.65 3.29 
2.85 

7.85 4.28 1.58 1.29 3.05 BNH 
1.50 1.13 

7.80 4.45 3.25 
2.58 

7.35 4.36 1.89 1.62 1.26 2.99 eNH 

151 

7.48 

8.15 
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Table 4.16. Conformational properties determined by proton NMR for 

I I 
Ac-Nle-Asp-His-DPhe-Arg-DTrp-Lys-NH2 

Amino 3JNH-CaH 

Acid (Hz) 

Residue aTemperature 

Nle 

Asp 

His 

OPhe 

Arg 

OTrp 

Lys 

Coefficients 

(-ppb/K) 

7.44 
[3.9] 

7.60 
[7.4] 

7.04 
[4.2] 

8.44 
[5.1] . 

6.96 
[4.2] 

7.52 
[6.7] 

6.48 
[0.1] 

bCalculated Torsion 

Angles <p 

(Oeg) 
<p 1 <p2 <p3 <p4 

-88 -152 45 75 
(-81) (-159) (60) 

-89 -151 47 73 
(-82) (-158) (60) 

-85 -155 40 80 
(-79) (-161) (60) 

144 96 -60 
(153) (87) (-60) 11.06 

-85 -155 39 81 
(-78) (-162) (60) 

151 87 -74 -46 
(-159) (81) (-60)6.87 

-82 -158 34 86 
(-76) (-164) (60) 

c3JCHa-CH~1 dCalculated 

3JCHa-CH~2 X1 angles 

(Hz) 

NO 

3.05 
11.06 

3.82 
10.30 

3.43 

NO 

5.34 

3.43 
8.77 

f(g-) f(t) f(g+) 

.04 .77 .19 

.02 .66 .32 

o .47 .53 

.17 .32 .50 

.07 .56 .36 

aTemperature coefficients are listed in brackets. bValues were calculated using JNH-Hcx=A cos2 

1e±601-B cos 1e±601+C where + is for a D-configuration and - is for an L-configuration. 
(A,B,C)=(8.6,1.0,0.4) proposed by Bystrov (Bystrov et aI., 1973). Values calculated using 
(A,B,C)=(8.6,2.9,0.0) proposed by Chung (Chung et aI., 1974) were also included in 
parentheses. cln cases where severe overlap of beta protons occurred, homonuclear nuclear 
decoupling was employed to obtain these values. Digital resolution is 0.39 Hz per point. df(g+), 
f(t) , f(g-) represents the fraction of X1 population in the gauche +, trans, and gauche- rotamers, 
respectively. 
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Figure 4.12. Newman projection of the rotomer populations for the message 

region His-QPhe-Arg-L- or Q-Trp residues in the template Ac-Nle-A~p-His
I 

DPhe-Arg-Xaa-Lys-NH2. 
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I I 
Ac-Nle-Asp-His-DPhe-Arg-Trp-Lys-N H2 (MTII) 

This peptide is the parent compound from which these studies are 

based upon, and needed to be included in this conformational study as a 

control for the chirality of the tryptophan residue. The studies from which the 

following data was obtained were done in collaboration with Dr. Fahad AI

Obiedi. Only the conformationally relevant data is included for comparison and 

needed for the conformational and topographical discussion that follows. Table 

4.17 summarizes relevant conformational and topographical information 

determined which includes, 3JNH-CaH coupling constants, calculated possible 

backbone <p torsion angles, 3JCaH-CBH coupling constants, and calculated 

sidechain X1 rotomer populations. The preferred X1 rotomer population for this 

peptide are summarized in Figure 4.12. 

Discussion 

The conformational and topographical properties of these analogues 

were investigated to identify the crucial structural information that may be 

responsible for the peptide analogues possessing varying degrees of 

prolonged biological activity. The initial assumption, before these NMR studies 

were performed, was that the only differences between these peptides was the 

different topology of the tryptophan residues, and in particular the peptides 

containing the different isomers of B-MeTrp. Results of the NMR analysis 

indicate similar backbone conformations are present for these analogues, but 
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Table 4.17. Conformational properties determined by proton NMR for 

Amino 

Acid 

Residue 

Nle 

Asp 

His 

OPhe 

Arg 

Trp 

Lys 

I I 
AC-Nle-Asp-His-O Phe-Arg-Trp-Lys-NH2 

3JNH-CaH 

(Hz) 

6.60 

7.12 

6.87 

8.16 

8.64 

6.49 
(-76) 

7.92 

aCalculated Torsion 

Angles <p 

(Oeg) 
<p1 <p2 <p3 <p4 

-82 -157 35 85 
(-76) (-164) (60) 

-85 -154 41 79 
(-79) (-161) (60) 

-84 -156 38 82 
(-78) (-162) (60) 

147 93 -60 
(155) (85) (-60) 

-97 -143 60 
(-88) (-152) (60) 

-81 -158 34 86 
(-164) (60) 

-92 -148 54 66 
(-84) (-156) (60) 

b3JCHa-CH~1 
3JCHa-CH~2 

(Hz) 

3.82 
9.54 

5.34 
11.06 

3.81 
8.39 

4.96 
9.66 

cCalculated 

X1 angles 

f(g-) f(t) f(g+) 

.03 .58 .39 

.18 .73 .09 

.11 .53 .36 

.14 .59 .27 

aValues were calculated using JNH-Ha.=A cos2 1e±601-B cos 1e±601+C where + is for a D
configuration and - is for an L-configuration. (A,B,C)=(8.6,1.0,O.4) proposed by Bystrov (Bystrov 
et aI., 1973). Values calculated using (A,B,C)=(8.6,2.9,O.O) proposed by Chung (Chung et al., 
1974) were also included in parentheses. bin cases where severe overlap of beta protons 
occurred, homonuclear nuclear decoupling was employed to obtain these values. Digital 
resolution is 0.39 Hz per point. Cf(g+), f(t), f(g-) represents the fraction of X1 population in the 
gauche +, trans, and gauche- rotamers, respectively. 
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that in addition to the topology of the ~-MeTrp residue, the other message 

residues His-DPhe-Arg-Xaa, may also playa role. Prolongation, or residual 

activity, for the bioassay is defined as a) not prolonged if the assay skin 

darkening is less than 50% of the maximal response 60 min. after the 

melanotropin has been removed from the incubation medium, or b) prolonged if 

the assay skin darkening remains greater than 50% of the maximal response 60 

min. after the melanotropin has been removed from the incubation medium, or 

c) superprolonged if the assay skin darkening remains greater than 90% of the 

maximal response for longer than 60 min. after the melanotropin has been 

removed from the incubation medium, Figure 4.13. 

Figure 4.13. Illustration of representative prolongation curves that define the 

terms superprolonged, prolonged, and not prolonged. 
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Analysis of the NMR data, suggests a open (lacking a hydrogen bond 

between i and i+3 residues) type III ~-turn occurring around DPhe-Arg in all the 

analogues containing a ~-MeTrp at position nine. This secondary structure is 

based primarily on the <ptorsion angles observed in Tables 4.7.4.10,4.12,4.14, 

4.16, 4.17. Although conclusive backbone interresidue NOEs were not 

observed supporting this, which can be explained by the size and tumbling 

rates of the peptides in the range where little to no NOEs are observed, as 

previously discussed. The lack of hydrogen bonding evidence suggests that it 

is an open turn, as defined by Rose et al. (Rose et aI., 1985). Interestingly, 

peptides containing the D isomer of the ~-MeTrp may possess a type III' ~-turn 

centered around Arg-~-MeTrp. This is confirmed by interresidue NOEs 

observed for Arg CaH to ~-MeTrp NH, and ~-MeTrp NH to Lys NH (Table 4.8). 

In this case, the Lys NH could form a hydrogen bond with the carbonyl of DPhe, 

and stabilizing this type of turn. The b isomer of ~-MeTrp containing analogues 

also possess the possibility of a type III' ~-turn centered around Arg-~-MeTrp, 

but are lacking any observed ~-MeTrp NH to Lys NH NOEs. In either case, a 

reverse turn is occurring in these analogues, and all the peptides apparently 

possess equal ability to obtain either a type II' or type III' reverse turn. 

Therefore, the backbone conformations of these analogues are shown to be 

structurally similar. 

Of particular importance in these modified melanotropin analogues 

appears to be the preferred X1 sidechain conformers of the ~-MeTrp residues. 

Since the backbone conformations are within the same conformational family, it 

is compelling to consider this particular topographical orientation, and related 

receptor interaction to be attributed to the exceptional prolongation properties of 
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these peptides (see Figures 3.7-3.9). Due to the methylation of the ~-carbon of 

the ~-MeTrp residues, only one JCaH-C~H coupling constant is observed. This 

value is then used to calculate the population of either the g(-), trans, or g(+) for 

the X1 torsion angle, as described previously. Table 4.8 lists the intra- and 

interresidue NOEs observed for the ~-MeTrp residues. From the NOE 

information, the (2R,3R) X1 preference is the g(+) rotamer, the (2R,38) 

preference is also g(+), the (28,38) preference is g(-), and unfortunately, the 

(28,3R) preference can not be differentiated based on the NOEs. The rotomer 

populations, based on the JCaH-C~H coupling constants suggest the (2R,3R) 

population as 36% for g(+), 6% trans for the (2R,38) conformer, 67% trans for 

the (28,38) conformer, and 46% trans for the (28,3R) conformer. There is no 

conflicting data between the (28,38), (2R,3R) and (2R,38) conformers 

regarding preferred rotomer population. Unfortunately, the (28,3R) conformer is 

not differentiated by NOE data, and Table 4.10, implies that trans is the 

preferred rotomer population. 8ince the other vicinal coupling data and NOE 

data are in agreement, it can be implied that the trans rotomer population is the 

preferred orientation of the (28,3R) conformer. 

Examination of the sidechain rotomer populations of the other residues 

in the analogues, especially the message region, His-DPhe-Arg-Xaa, becomes 

of critical importance to determine the topographical features that may be 

re~'ponsible for the respective peptide possessing superprolonged, prolonged, 

or no prolonged biological activity. Figures 4.9 and 4.11 illustrates a Newman 

projection of the message domain sidechain topology. The (2R,3R) ~-MeTrp 

peptide was found to possess superprolonged biological activity with the 

(28,38) isomeric peptide possessing no prolonged activity, and the other 
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isomers being intermediate (Figure 3.7). Analysis of inverting the chirality of the 

a-carbon of Trp demonstrated a change in prolonged biological activity, with the 

b chirality possessing superprolonged residual activity, and the D-isomer 

possessing prolonged activity (Figure 3.8). This demonstrates that the chirality 

of t.he Trp effects prolonged biological activity. Examination of the Newman 

structures for these two analogues (Figure 4.12) shows the His, D Phe, and Arg 

residues all preferring the trans rotomer population while the b Trp possesses 

the trans conformer and DTrp prefers the g(+) conformer. This information 

supports the initial hypothesis that only the topography of the Trp sidechain 

regulates prolonged biological activity. However, inspection of Figure 4.12 

shows that the D-~-MeTrp residues both adopt the g(+) conformer, but possess 

different degrees of prolonged biological activity (Figure 3.7). This information 

causes the modification of the original hypothesis to include the other message 

residues, His, DPhe, and Arg. Interestingly, the Arg residue maintains the 

favorable trans rotomer throughout all these analogues. (It is assumed for the 

peptides containing the (28,38) isomer and DTrp residue, that Arg is also trans, 

although this information could not be obtained directly from JCaH-C~H 

coupling constants, since these constants were not obtainable from the 

crowded spectral region.) Examination of the DPhe rotomer population for 

analogues VIII - XIII show trans as being favored, with the exception of 

analogue IX (2R,38) which prefers the g(+) rotomer. Comparison of the two D

~-MeTrp containing peptides (Figure 4.11) shows differences in the His and 

DPhe rotomer populations which is speculated upon as the reason for their 

different residual activities (Figure 3.7). Examination of the b-~-MeTrp peptides 

(Figures 3.7 and 4.9) demonstrate identical trans rotomer populations for His, 
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DPhe and Arg residues, while the ~-MeTrp residues adopt different 

topographical preferences, accounting for their differences in prolonged activity. 

Examination of MTII and analogue X (2S,3R) show both compounds to possess 

all trans rotomer populations (Figures 4.9 and 4.12), but different prolongation 

profiles (Figure 3.7). One probable explanation for this observation is that since 

MTII does not contain a methyl substituent of the ~-carbon of Trp, the X1 torsion 

angle is conformationally less restricted and can adopt the other rotomer 

populations with less energy. Since it is dogma that multiple peptide 

conformations, and topographical orientations, are needed to transduce a 

signal, perhaps this added conformational flexibility found in MTII allows the 

indole ring to adopt a topographical orientation with the receptor which allows 

for the greater prolonged activity observed. 

Interestingly, the bicyclic analogue VI and the template peptide 

containing DTrp9 (analogue XII) both possesses similar prolongation profiles 

(Figure 4.7). Inspection of their Newman projections (Figures 4.4 and 4.12) 

shows that the His, DPhe, and Arg residues all prefer the trans rotomer 

population, and the Trp residues both prefer the g(+) population. The difference 

between these two peptides however, is the .b and 0 Trp isomers, respectively. 

These results support the modified hypothesis that the His, DPhe, and Arg 

residues are important for peptides processing biological activity, but are not the 

only factors. The importance of the Trp topology is demonstrated in the (2S,3S) 

and (2S,3R) peptide isomers. 

In theory, from these structural studies, the design of prolonged acting 

peptides should be possible. The topographical implications suggest that 

peptides possessing a g(+) conformer in either the His or DPhe position, Arg 
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maintaining a trans conformer, a DTrp possessing the g(+) rotomer or a b. Trp 

residue possessing the trans rotomer appear to correlate with prolonged 

biological activity in the frog skin bioassay. In this same bioassay, peptides 

possessing trans rotomers for His, DPhe, and Arg in combination with a g(-) 

tryptophan rotomer appear to correlate to non-prolonged biological activity. 
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Chapter 5 

HOMOLOGY MOLECULAR MODELING OF THE MELANOCORTIN RECEPTOR 

(hMC1 R) AND LIGAND DOCKING 

Introduction 

The receptors associated with most peptide hormones possess seven 

membrane spanning a-helical regions and are coupled to G-proteins which 

generate second messengers. These receptors are the fundamental proteins 

which transfer information from the extracellular medium, via a ligand, to the 

intracellular medium to generate a physiological response. These proteins are 

referred to as G-protein coupled receptors (GPCRs) based on their tertiary 

structure and communicative function. Structural and three-dimensional 

molecular models of GPCR types and subtypes may provide valuable tools in 

determining the molecular recognition processes of ligand-receptor interactions 

as well as aid in the design of receptor type- and subtype-selective ligands 

(agonists and antagonists). Computer-assisted molecular modeling of GPCRs 

has become a recent method to gain this insight into the molecular recognition 

process. Due to the high molecular weights and biological environment of 

these GPCRs, NMR conformational studies are quite difficult and these proteins 

are extremely resistant to crystallization and, therefore, unavailable for 

examination by X-ray diffraction techniques. Although both of these excellent 

biophysical techniques are improving and work is in progress to overcome the 
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limitations associated with large complex macromolecules, currently the 

shortcomings of these techniques are limited in gaining a molecular perspective 

of GPCRs. Another approach available is computer-assisted molecular 

modeling (CAMM) which may be incorporated with known biological 

information such as receptor structure-function studies, site-directed 

mutagenesis and receptor chimera studies, and ligand structure-function 

studies. Utilizing all of the information to develop a computer-generated model 

of receptor-ligand molecular recognition provides a valuable tool for designing 

receptor selective agonists and antagonists. This approach is based on a 

template provided by the high-resolution electron cryo-microscopic structure for 

bacteriorhodopsin (Henderson et aL, 1990). Presently, this is the only high 

resolution molecular model available of a seven-membrane spanning receptor. 

The validity and evaluation of using bacteriorhodopsin as an initial foundation 

on which GPCRs are modeled has been examined in detail (Hibert et aL, 1991; 

Pardo et aL, 1992; Poyner and Hanley, 1992; Hoflack et aL, 1994). The main 

conclusions drawn from these extensive studies are that the reported 

bacteriorhodopsin structure is a good qualitative template to initiate GPCR 

modeling, but extensive revisions and biological information in model 

development are necessary. The model must be challenged using previously 

identified ligand structure-function data, receptor site-directed mutagenesis and 

chimera studies, and ultimately, the development of ligands based on the model 

generated. This approach has been successfully reported for the five cationic 

neurotransmitter GPCR receptors serotonergic 5-HT2, dopaminergic 02, 

muscarinic m2, adrenergic CX2 and B2 (Dixon et aL, 1988; Trumpp-Kallrneyer et 
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aI., 1992; Hutchins, 1994; Teeter et aI., 1994) angiotensin II AT1 subtype 

(Underwood et aI., 1994), and the bradykinin 82 receptor (Kyle et aI., 1994). 

Multiple receptor conformations and structures are highly probable 

and can be different for receptor recognition, binding, and signal transduction, 

Figure 5.1. Current dogma suggests that the receptor must change 

conformation to initiate the G-protein coupling and subsequent exchange of the 

guanine nucleotide GTP for GOP. In addition, a high probability exists that a 

variety of intermediate receptor conformational states exist in converting from 

one IImajorll conformation, outlined above, to another. The model we are 

presenting in this report is only a model of the possible ligand-receptor 

interactions that can cause the receptor to change structurally and/or 

conformationally to initiate signal transduction, it is not related to either initial 

ligand recognition, which may occur primarily with interactions with the 

extracellular portions of the receptor, or the interactions of the ligand-receptor 

once signal transduction has been initiated, although theoretically, the latter 

event may be related to this model. 

Model Development 

G-Protein Coupled Receptors (GPCRs) have become a primary target 

of molecular biologists in deciphering the binding pockets and important amino 

acid residues necessary for ligand-receptor interactions and signal 

transduction. With advances in molecular biology techniques, cloning of these 

receptors has made the primary sequence available of hundreds of different 

GPCRs, including a multitude of receptor types and subtypes which were 
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previously not detectable by pharmacological techniques. Isolation and 

characterization of the peripheral melanocortin receptor from human 

melanocytes (ChhajJani and Wikberg, 1992; Mountjoy et aL, 1992) allowed the 

development of a three-dimensional molecular model of this melanocortin 

receptor which implicates ligand-receptor interactions that may occur during 

binding of a-melanocyte stimulating hormone (a-melanotropin, a-MSH) 

derivatives. 

Molecular models of the GPCRs ligand binding pockets and proposed 

receptor interactions responsible for ligand contacts are aiding in the 

understanding of both agonist and antagonist ligand interactions with the 

receptor. The most extensive studies involving biochemistry and molecular 

biological approaches so far have been concentrated on rhodopsin, and the 

cholinergic receptor systems, for reviews see (Applebury and Hargrave, 1986; 

Q'Dowd et aL, 1989; Strader et aL, 1989; Venter et aL, 1989) and (Hulme et aL, 

1990). Helical wheel models of the putative ligand binding site have provided a 

method to try and identify crucial ligand-receptor interactions. This technique 

has the limitation of only being two-dimensional and not providing the modeler 

with a perception for depth through the helical region and possible Jig and

receptor interactions that may occur 15 A into the transmembrane region, but 

nonetheless, has provided valuable models for the adrenergic receptors 

(Strader et aI., 1989), muscarinic receptors (Hulme et aL, 1990), and other 

GPCRs (Donnelly et aI., 1989). From these studies, it has been predicted that 

the receptor predominately has hydrophobic residues on one portion of the 

binding pocket and hydrophilic on the other side. Our proposed binding site for 

the hMC1 R is consistent with these findings. 
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Three-dimensional model development was achieved utilizing the 

molecular modeling package SYBYL (v6.0) and a Silicon Graphics workstation. 

The preliminary receptor model and all subsequent refinements thereof were 

optimized in SYBYL using the included molecular mechanics Kollman all atoms 

force field parameter set (Weiner and Kollman, 1986). As a first step in the 

construction of the hMC1 R model, the primary sequence of the predicted a

helical membrane spanning regions (Kyte and Doolittle, 1982; Devereux et aL, 

1984) were entered manually using the BIOPOLYMER module of SYBYL, 

(Table 5.1). Each of the seven membrane spanning regions were then modified 

to have an a-helical secondary structure by defining the phi (q» and psi ('I') 

angles as -590 and -440 respectively (Hibert et aL, 1991; Trumpp-Kallmeyer et 

aL, 1992). 

Table 5.1. Primary sequences of the transmembrane spanning regions of 

hMC1R. 

Helix 1 VSISDGLFLS LGLVSLVENA LVVATI 

Helix 2 MYCFICCLAL SDLLVSGTNV LETAV 

Helix 3 VIDVITCSSM LSSLCFLGAI AV 

Helix 4 AVAAIWVASV VFSTLFIAYY 

Helix 5 FFLAMLVLMA VLYVHML 

Helix 6 AVTLTILLGI FFLCWGPFFL HLTLIVL 

Helix 7 NFNLFLALII CNAIIDPLIY AF 
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Each of the seven a-helices were overlapped manually onto the electron cryo

microscopy structure of bacteriorhodopsin (Henderson et aL, 1990) obtained 

form the Protein Data Bank. This structure was used to define the arrangement 

and axis positions (Tuffery et aI., 1994) of intracellular membrane a-helices of 

the hMC1 receptor. After all seven transmembrane regions had been aligned, 

visual inspection of the residue sidechains and rotation of the necessary helices 

were performed to orient the hydrophobic residues toward the lipid environment 

with the polar residues facing the interior region of the receptor. The initial 

model was energy minimized using the Kollman all atoms force field, a 

dielectric constant of 2.5, a conjugate gradient minimization with a maximum 

interaction value of 100,000 and a cutoff of 8 A. Since the transmembrane 

helices have been implicated as ligand binding sites (Dixon et aL, 1987; 

Rubenstein et aL, 1987; Ross et aL, 1988), and the only practiced way of 

modeling the intra- and extracellular loops is by searching the protein data bank 

for homologous regions, these loops have been omitted from the model 

described herein. In addition, it is well recognized that these regions are highly 

flexible and can be expected to be in continuous motion in the lipid bilayer. 

Determining the start and end and the transmembrane helices is 

difficult due to the well established fact that a-helices wind and unwind in 

biological systems. Thus, the transmembrane regions were selected based on 

data obtained from Kyte and Doolittle hydrophobicity plots which were reported 

in addition to the primary sequence (Mountjoy et aI., 1992). The observation of 

particular residues, proline and glycine, which are helix starters or breakers 

also aided in selection of transmembrane residues, in particular, a Pro found 

before transmembrane region (TM) 2 and a Gly located before the start of TM6. 
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The DRY sequence also aided in determining the end of the TM3 domain. For 

the development of the model, the precise start and end of the helices is not of 

utmost importance, since the focus is on the ligand binding interactions which is 

assumed to be in the helical regions. 

Proper orientation of the helices, regarding the residues found to be 

conserved throughout 80% of the GPCRs, has two school of thoughts. The first 

postulate that since they are conserved they must be linked to receptor signal 

transduction properties, either structurally or functionally (Hibert et aL, 1991; 

Zhang and Weinstein, 1994). The second is that these conserved residues are 

associated with ligand binding and should be oriented towards the interior 

binding domain (Donnelly et aL, 1989; Hutchins, 1994). The model that was 

developed of the hMC1 R, oriented these residues with no particular preference, 

other than initial inspection of general hydrophobic and hydrophilic potions 

described previously. Two exceptions are the orientation of Glu 94 in TM1 and 

Asp 85 in TM2. These residues were positioned to face the interior region of the 

receptor, as both have been implicated in ligand binding. The Glu 94 mutation, 

also referred to as a somber mutation (Robbins et aL, 1993), has been strongly 

implicated in ligand binding (personal communication, Roger Cone) of Ac

[Nle4, DPhe7]-a-MSH-NH2 (NDP-MSH) by shifting the dose response curve to 

the right several log values. Mutation of the Asp residue in the B2-adrenergic 

suggested this residues participation in ligand binding (Dixon et aL, 1988). 

Other studies of this residue suggest that it is required for allosteric regulation 

(Horstman et aL, 1990). In either case, this residue can be associated with 

either a direct or indirect ligand-receptor interaction, and therefore, was oriented 

facing the binding pocket. 
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The Pro residues which are conserved in the middle of the helical 

regions also have been treated differently for model development. It is well 

recognized that proline residues induce a kink in transmembrane spanning a

helices (Heijine, 1991; Williams and Deber, 1991). Some groups have chosen 

to leave these residues after initial energy minimization of individual helices 

(Hibert et aI., 1991), while others have chosen to define the <p and'll backbone 

angles of these and other residues such as lie to try and obtain a refined model 

(Hutchins, 1994). Due to the multiple premises that these models are founded 

on, which most importantly and fundamentally is the homology, helical 

orientation, and choice of starting parameters, these models appear to be only 

qualitative approximations and detailed, precise manipulation of the Pro 

residues (which is also based upon theoretical probabilities) is not necessary 

for the overall goal of the GPCR model being developed. Hence, in the 

development of the model presented here, other than energy minimization and 

sidechain optimization (van der Waals interactions), no specific backbone 

angles were modified after the initial a-helical buildup and energy minimization 

procedures. 

In reports comparing GPCR homology, it was found that a series of 

amino acid residues where conserved among the receptors examined (Hibert 

et aL, 1991; Probst et aL, 1992; Trumpp-Kallmeyer et aL, 1992). In 

transmembrane region 1, the three residues Gly, Asn, and Val were found to be 

conserved in 80% of the receptors examined with a greater percentage 

observing two of the three residues. In the melanocortin receptor, hMC1, (Table 

5.1) the Gly reside is replaced by Glu (9 residues from the intracellular surface 

of this model) which is a conserved residue found in all the human melanocortin 
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receptor types identified to date. Conserved GPCR superfamily residues in 

transmembrane region 2 include a Leu, two Ala, and an Asp were observed in 

60% of the receptors examined with approximately 95% of these receptors 

containing only one variation of the four residues, and these differences occur 

primarily for either of the two Ala residues. The melanocortin receptor family 

also includes the Leu, first Ala, and Asp residues. The second Ala residue is 

found in the hMC3 and 4 receptors but is replaced with a Ser in hMC1 and 2. 

The third transmembrane contains an lie in 70% of the examined receptors and 

80% if the odorant receptor family is excluded from this comparison. This lie is 

also conserved in the melanocortin family. A Trp was found to be conserved 

100% in transmembrane region 4 and is also found within the melanocortin 

receptors. Transmembrane region 5 was observed as containing little 

homology between the 74 GPCRs compared, but contained homology within 

receptor families. Interestingly, the melanocortin family contains conserved 

residues Met, His, and a second Met, which were not found in this combination 

with any of the other GPCR families. Transmembrane 6 contains a Phe and Trp 

which are found in 80% of the GPCRs compared with the exception, again, of 

the odorant receptor family. Both of these residues are found in the 

melanocortin receptor family. Finally, transmembrane 7 were found to contain a 

Tyr and a Asn in 95% of the examined GPCRs. Interestingly, while the 

melanocortin family contains the Asn, the Tyr has been replaced by Asp in all 

the human subtypes identified. The highly conserved Pro residues found within 

the majority of GPCR families in transmembrane regions 4,5,6, and 7 were only 

found in transmembrane regions 6 and 7 in the melanocortin family. The highly 

conserved "DRY" triplet adjacent to the third transmembrane region that has 
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been implicated to be important for signal transduction is also found within the 

melanocortin family. 

The transmembrane region of helices 4 and 5 consists of only 17 and 

20 amino acid residues, respectively, which is unusually short (Mountjoy et aL, 

1992). Interestingly, the hMC1 R receptor diverges tremendously in the TM5 

region. In particular, the highly conserved motif nXX-pro-XXXXXxxn (where n 

is aromatic, either Tyr, Phe or Trp, and X is any residue) is not found in the 

hMC1 receptor, and of particular interest is the missing Pro residue which is 

conserved in greater than 85% of the GPCRs identified to date. This Pro 

residue, in addition to the other intra-helical Pro residues have been implicated 

to be involved in dynamics of receptor signaling (Williams and Deber, 1991). 

Absence of this Pro residue in TM5 may help in determining the function of this 

residue in other GPCR modeling and in developing hypotheses regarding 

conserved residues and their structural, functional, and binding importance. 

This residue is found, however, in the ACTH receptor (hMC2R) (Mountjoy et aL, 

1992) which is a member of the melanocortin receptor family. 

Ligand Docking 

The ligands were docked manually based upon extensive structure

function studies of a-MSH derivatives, for reviews see (Hruby et aL, 1984; 

Eberle, 1988; Hruby et aL, 1993) and (Hadley, 1989) in addition to unpublished 

results (manuscripts in preparation). Binding and cAMP studies of a-MSH, 

NDP-MSH, and Ac-Nle4-AJp5_His6_DPhe7-Arg8_Trp9_L~s10-NH2 (MTII) on 

this receptor have been examined (Haskell-Luevano et aL, 1994). These 

results are summarized in Table 5.2 with NDP-MSH and MTII possessing 5 and 



Table 5.2. Comparative binding and cAMP activities of melanotropin peptides on the hMCl receptor. 

Peotide Activitv 
ICSoa Relativeb ECSOC Relative 

Peptide Structure ( nM) ± SE Potency ( nM) ± SE Potency 

a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 6.5 ± 0.9 1.0 2.0 ± 0.06 1.0 

NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-QPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 1.2 ± 0.3 5.4 0.S±0.03 4.0 

I I 
MTII Ac-Nle-Asp-His-QPhe-Arg-Trp-Lys-NH2 0.57 ± 0.08 11.4 0.2 ± 0.05 10.0 

alCSO = concentration of peptide at 50% specific binding. with the standard error (SE) listed (N = 4 to 6). The peptides were tested at a range 

of concentrations (10-11 to 10-6 M). bRelative Potencies were calculated based on the ICSO values relative to a-MSH. CECSO = concentration 

of peptide at 50% maximal cAMP generation. with the standard error (SE) listed (N = 4 ). 

...... 
~ 
(,) 
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11 times, respectively, greater receptor affinity than a-MSH. The functional 

cAMP assay is also in agreement with these relative potencies, indicating that 

not only do NDP-MSH and MTII possess increased receptor affinity, but are also 

superagonists compared to the native ligand. Interestingly, this data correlates 

well with results obtained from lizard skin bioassays, and helps to validate the 

use of lizard skin bioassay data for assistance in docking of ligands and 

correlating the extensive structure-activity relationships that have been 

reported. 

Upon completion of the initial receptor transmembrane regions, close 

scrutiny of the sidechains located in the interior region of the model showed a 

definite hydrophobic region consisting predominately of aromatic residues and 

a hydrophilic region consisting of charged residues such as Asp, Glu, and Asn. 

Previous models of a-MSH peptides suggested that a reverse, or ~-turn was 

occurring in the His-DPhe-Arg-Trp region (Sawyer et aL, 1980; Nikiforovich et 

aL, 1984; AI-Obeidi et aL, 1988; Nikiforovich et aL, 1992; AI-Obeidi et aL, 1995). 

This led to a model consisting of the hydrophobic amino acids, His, DPhe, and 

Trp being oriented on one face with the Arg sidechain extending on the 

opposite face (AI-Obeidi et aL, 1989b; Sharma et aL, 1993; Sharma et aL, 

1994). The initial model of NDP-MSH was obtained from Sharma et aL (Figure 

5.2) (Sharma et aL, 1993). This model consists of a globular tertiary structure, 

which upon examination of the receptor, could not account for the results 

summarized in Table 5.3. This model was then changed to an extended 

conformation by adjusting the peptide backbone torsion angles of the Nand C 

terminal portions of the peptide, while maintaining the secondary structure of 

the reverse turn occurring in the His-DPhe-Arg-Trp region (Figure 5.3). In 
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Figure 5.2. Previously reported bioactive conformation of NDP-MSH (Sharma 

et aI., 1993). 



Table 5.3. Fragment structure-activity studies of the peptide NDP-MSH (Sawyer et al.. 1993). 

PeQtide Activit¥ 
Lizard Lizard Frog 

~de _______ ~ctU[fL Skin EC.5O Skin 

a-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 1.0 1.5x10-1O 1.0 

MSH6-9 AC-His-Phe-Arg-Trp-NH2 0.000005 3x10-5 0.0001 

NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-nPhe-Arg-Trp-Gly-Lys-Pro-VaI-NH2 10.0 5.0 
I Ac-Ser-Tyr-Ser-Nle-Glu-His-QPhe-NH2 Inactive Inactive 

II Ac-Ser-Tyr-Ser-Nle-Glu-His-QPhe-Arg-NH2 0.0001 1.0x10-6 0.0001 

III Ac-Ser-Tyr-Ser-Nle-Glu-His-QPhe-Arg-Trp-NH2 0.7 5.0x10-1O 10 

IV AC-QPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 0.01 1.5x10-B 0.02 

V AC-His-QPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 6.3 3x10-11 6.7 
VI AC-His-QPhe-Arg-Trp-Gly-NH2 0.008 2x10-8 0.6 

VII AC-His-QPhe-Arg-Trp-NH2 0.0008 2x10-7 0.09 

VIII Ac-His-QPhe-Arg-NH2 Inactive Inactive 

IX Ac-His-QPhe-NH2 Inactive Inactive 

X Ac-QPhe-Arg-NH2 Inactive Inactive 

XI Ac-QPhe-Arg-Trp-NH2 0.000005 3x10-5 0.001 

XII AC-QPhe-Arg-Trp-Gly-NH2 0.000005 3x10-5 0.0003 

Frog 
EC50 

1.5x10-9 

1.5x10-5 

1.5x10-5 

1.5x10-1O 

7x10-8 

2x10-1O 

2x10-9 

1.5x10-8 

1.5x10-6 

4x10-6 

....A. 

-....J 
0> 
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Figure 5.3. Extended structure with a ~-turn of NDP-MSH after being docked 

into the hMC1 melanocortin receptor. 

support of the ligand possessing an extended versus globular structure, a 

review of 11 X-ray crystal structures of peptide-protein interactions identified 

several peptides (10 of the 11 studied) to posses extended conformations with 

many found to maintain a reverse turn structure (Zvelebil and Thornton, 1993). 

Specific receptqr residues that were able to interact with both the hydrophobic 

portion of the reverse turn and with the Arg sidechain were found in the binding 

pocket between sA and 15A into the proposed binding pocket from the 

extracellular portion of the receptor (Figure 5.4). This led to the manual docking 

of Ac-[Nle4, DPhe7] a-MSH-NH2 (NDP-MSH) into the binding pocket with the 

key residues DPhe and Trp oriented towards the hydrophobic aromatic receptor 
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Figure 5.4. NDP-MSH docked into the modeled hMC1 melanocortin receptor. 

).··· ...... ··· 
.. .. ····· 
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region and the Arg sidechain towards a hydrophilic receptor region consisting 

of three negatively charged residues, (Asp 121, Asp 42, Glu 94) and one other 

hydrophilic residue (Asn 281). Figure 5.5 shows a two-dimensional 

representation of suspected ligand-receptor interactions of the message 

residues DPhe7-Arg8-Trp9. Inspection of this figure demonstrate a network of 

hydrophobic and aromatic complexes that can be formed between DPhe7 and 

Figure 5.5. NDP-MSH (DPhe7-Arg8-Trp9) ligand interactions with the modeled 

hMC1 R binding pocket. 

Phe 195 

i 
\ Tyr 182 

~OH Asp 121 

~ Phe179 ~ 
~ I HO 0 
~ NH Asp 42 

Phe 175 NH Glu 94 

HO~ 
o iSH 

Cys 125 

Asn 91 
Phe 258 
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Trp9 of the ligand with multiple Phe and Tyr residues of the modeled receptor. 

Specific receptor sidechains that may be interacting with the ligand in this 

region include Tyr 182 TM4, Phe 195 TM5, Phe 175 TM4, Phe 258 TM6, and 

Phe 179 TM4. All these receptor residues are found within 4.0 A to 7.5 A of the 

ligand sidechain (from centroid to centroid). This distance is suggested to be 

ideal for aromatic sidechain interactions in proteins, with both parallel and 

perpendicular orientations of the aromatic sidechains capable of forming an 

aromatic network (Burley and Petsko, 1985). This stabilizing force is highly 

favorable since two nonbonding forces, van der Waals and 1t-1t electron 

stacking, are strong stabilizing forces (Table 5.4). In addition, since the 

orientation of the helices is only speculative, rotation of individual helices allows 

for additional receptor-ligand interactions occurring with Tyr 183 TM4, Phe 283 

TM7, Phe 283 TM7, His 260 TM6, Phe 196 TM5, Asp 121 TM3, Asp 42 TM1, 

Asn 281, TM7, Asn 91 TM2, Phe 257 TM6, Trp 254 TM6, and Glu 55 TM1 

(Figure 5.6). The 1t-1t stacking which are occurring consist of both face-to-face 

and edge-to-face interactions of the aromatic sidechains relative to each other. 

These two preferred geometric arrangements of the aromatic rings were found 

not to reflect random close packing, but reported to be enthalpically favorable 

(Burley and Petsko, 1986a; Burley and Petsko, 1988b). It has been well 

established that aromatic-aromatic interactions stabilize proteins, and therefore 

should be expanded to include peptide-protein interactions. In addition, it has 

also been suggested that particular aromatic-aromatic interactions may be a 

mechanism in regulating protein structure (Burley and Petsko, 1985). These 

findings suggest that by one or more of these specific peptide-protein aromatic 
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Table 5.4. Noncovalent Interactions of peptide-protein interactions. 

Type of Contact Nonbonded Binding Energy 
Contact Distance (kcal/mol) 

Salt Bridge -COO-....... H3N+- 2.4 A -5.0 

Hydrogen -NH ........ O= 2.9A -1.5 to -6.0 
Bond (Amide-Carbonyl) 

-OH ..... OH- 2.8A 
(Hydroxyl-Hydroxyl) 

-OH ..... O= 2.8A 
(Hyd roxyl-Carbonyl) 

-NH ..... OH- 2.9A 
(Amide-Hydroxyl) 

-NH ... N= 3.1 A 
(Amide-Imidazole) 

-NH ..... S- 3.7 A 
(Amide-Sulfur) 

Aromatic 1t-1t stacking 4.5 to 7.5 A -2.5 to -5.0 

1t-NH 3.0 to 6.0 A -3.0 
(Hydrogen Bond) 

1t-0 5.1 A -1.0 
(Aromatic-Oxygen) 

1t-S 5.6A <-1.0 
(Aromatic-Sulfur) 

Hydrophobic Entropically Driven -1.0 to -5.0 

Data summarized from references (Pimentel and McClellan, 1960; 
Ramachandran and Sasisekharan, 1968; Schulz and Schirmer, 1979; Burley 
and Petsko, 1988b) 
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Figure 5.6. Alternative NDP-MSH ligand-receptor interactions upon 

modifications of the a-helica.l regions within the hMC1 R binding pocket. 
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interactions which are occurring (Figure 5.5), and in particular those associated 

with interaction with the phenyl ring of the DPhe7 residue, may be responsible 

for a mechanism related to signal transduction via a receptor conformational 

change. The exceptional aromatic-aromatic complex that appears to form upon 

receptor interaction with the DPhe7 and Trp9 sidechains is certainly indicative 

of strong favorable interactions, thus supporting the developed mode/. 

Interactions of the ligand Arg8 residue with one or more negatively charged 

residues (Glu 94, Asp 42, Asp 121) to form a single, or multiple, salt bridges 

also are very favorable interactions in validating the orientation of the docked 

ligand. In addition, the presence of multiple receptor sidechains consisting of 

positively and negatively charged atoms allows the development of an 

extensive hydrogen-bonding network in this location. Thus, by the Arg of the 

ligand interacting with this region of the receptor, the associated conformational 

changes of the receptor to establish this hydrogen-bonding network may also 

be a key component for signal transduction to occur. Interestingly, the crystal 

structures of the peptide inhibitor PKI, bound to cyclic AMP-dependent protein 

kinase (Knighton et aL, 1991), and the peptide HLA-B27 bound to MHC 

(Madden et aL, 1992), were both identified as possessing 6 hydrogen bonds of 

the peptide Arg residue with their respective effector protein (ZvelebiJ and 

Thornton, 1993). Backbone hydrogen bonding donor and acceptors ion pairs 

were not examined in this study. The reason for this is that it is believed that 

these type of backbone hydrogen bonding interactions are not amino acid 

dependent, and thus common to all residues in that position, would participate 

in these non-specific interactions. These types of backbone hydrogen bonding 

interactions may be relevant to promiscuous enzymes, but specific sidechain 
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interactions are thought to be more relevant to peptide hormone binding 

interactions (Zvelebil and Thornton, 1993). 
1 

_--'1 The superpotent cyclic analogue Ac-Nle4-Asp5_His6-DPhe 7 -Arg8-

Trp9_Lys 1 O-NH2 (MTII), (Figure 5.7) has been modeled into the receptor 

1 1 
Figure 5.7. Previously reported Ac-Nle4-Asp5_His6-DPhe7-Arg8-Trp9-Lys 10_ 

NH2 (MTII) peptide model (AI-Obeidi et aI., 1989). 

maintaining the same ligand-receptor binding regions for DPhe7 and Arg8 

residues as the linear NDP-MSH, but possesses a different Trp9 binding region 

(Figures 5.8 and 5.9). This peptide was modeled into the receptor based on two 

ancillary sites (the N-terminus, and the cyclic lactam bridge region) for a-MSH 

analogue derivatives which have been identified by i) biotin connected to NDP-
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Figure 5.8. MTII docked into the modeled hMC1 melanocortin receptor. 
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Figure 5.9. MTII (DPhe7-Arg8-Trp9) ligand interactions with the modeled 

hMC1 R binding pocket. 

yO Asn281 

\ Tyr 182 NH2 
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~N)\ lH2 0 Asp 121 
H~ L........N NH2+ ~ 

o H HO 

Phe 175 Cys 125 -.,....-SH 0 Glu 94 
o NHHO~ r Asn91 

MSH via various acyl chain lengths (Chaturvedi et aL, 1984), ii) fatty acid 
I 

conjugates connected to the N-terminus of Ac-Nle4-Asp5_His6-DPhe7-Arg8-
I 

Trp9_Lys 1 O-NH2 (AI-Obeidi et aL, 1992), iii) incorporation of one or two amino 

acids into cyclic lactam bridged a-melanotropins (Sharma et aL, 1993, Sharma 

et aL, 1994), and iiii) fluorescein labeled on the N-terminal of NDP-MSH 

(Chaturvedi et aL, 1985) Table 5.5 and Figure 5.10. In addition, studies of tri

and tetrapeptides probing the sidechain pharmacophores of melanotropin 

peptides necessary for generating a biological response (manuscript in 

preparation) suggest that the presence of DPhe and Trp sidechains (preferably 

DTrp) are the only necessary sidechain pharmacophores needed to elicit a 



Table 5.5. Comparative biological activities of cx-MSH analogues identifying ancillary sites 
in the lizard skin bioassay. 

Relative 
Peptide Structure Potency 

cx-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2 1.00 

NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 5.0a 

Chlorotriazinylaminofluorescein-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 5.0b 

12-Bct-Ncx-dodecanoyl-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2 5.0c 

MTII 

r-·- ···--·-1 
Ac-Nle-Asp-His-DPhe-Arg-Trp-Lys-NH2 

r I 
FA-MTII Decanoic-Asp-His-DPhe-Arg-Trp-Lys-NH2 

,---Lys - Arg, 

Ac-Nle-Asp-His-DPhe-Arg-Trp-Lys-NH2 

a(Sawer et aL, 1980)(Haskell-Luevano et aL, 1994) 
b(Chaturvedi et aL, 1985) 
C(Chaturvedi et aL, 1984) 
d(AI-Obeidi et aL, 1989)(Haskell-Luevano et aL, 1994) 
e(AI-Obeidi et aL, 1992) 
f(Sharma et aL, 1993) 

10.0d 

1.0e 

10.0f 

...... 
(X) 
'-J 



· Figure 5.10. Structures of the nonpeptide components listed in Table 5.5. 
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minimal physiological response. This information was also utilized in the ligand 

docking strategies. 

Docking of the peptide Ac-Nle4-A~p5_His6_DPhe 7 -Arg8-Trp9_Lys 10_ 

NH2 (MTII) identified different receptor-ligand interactions for the Trp9 residue 

of the ligand. This is due primarily to the initial model that was chosen for 

docking (Figure 5.7) (AI-Obeidi et aL, 1989a; AI-Obeidi et aL, 1989b; AI-Obeidi 

et aL, 1995). This previously reported model of MTII has the His and DPhe 

residues positioned on one face, while the Arg and Trp residues are positioned 

on an opposite face. After docking and energy minimization of the ligand

receptor complex, MTII maintained the same peptide torsion angles as the initial 

model that was docked, with the exception of the X1 sidechain angles of His, 

Arg, and Trp. During the manual docking, the receptor interactions between the 

DPhe and Arg residues were maintained as those found with NDP-MSH, but 

the Trp-receptor interactions differed (Figure 5.9). The receptor interactions 

with DPhe7 were maintained with residues Phe 175, Phe 179, Tyr 182, and Phe 

195. But due to the different location Trp9 in the binding pocket, the total 

suggested aromatic network was altered by the absence of Trp9 and Phe 258 

as contributing factors. The new proposed location of the Trp residue of MTII 

with hMC1 R suggests the presence of amino-aromatic interactions (3.4 to 6 A) 

(Burley and Petsko, 1986b; Burley and Petsko, 1988b; Burley and Petsko, 

1988a; Levitt and Perutz, 1988; Flocco and Mowbray, 1994; Mitchell et aL, 

1994) (Table 5.4) between Asn 281 with Trp9 and Phe 45 with Arg8. It has 

been reported that aromatic residues can stabilize a positive charge and act as 

a hydrogen bond acceptor from a protonated amide, thus an aromatic 

environment can potentate acid-base interactions (Burley and Petsko, 1988a; 
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Burley and Petsko, 1988b; Levitt and Perutz, 1988; Flocco and Mowbray, 1994). 

This hydrophobic environment which is created by the aromatic rings may also 

stabilizes the acid-base interaction by decreasing the dielectric effects of water. 

These types of interactions are suggested to form a modified hydrogen bond 

between the donor amino groups (6+) and the 1t-electrons (6-) found in the 

center of aromatic residues (Burley and Petsko, 1986b; Levitt and Perutz, 

1988). The interaction energy associated with this modified hydrogen bond are 

on the order of 3 kcal/mole, which is half the value of the classical hydrogen 

bond (Levitt and Perutz, 1988; Mitchell et aI., 1994). Burley and Petsko 

suggested that amino-aromatic interactions in proteins are governed by the 

need to exclude water molecules and the formation of a large number of weakly 

polar, enthalpically favorable, interactions which are electrostatic in nature 

(Burley and Petsko, 1986b). To support the importance of amino-aromatic 

protein-ligand interactions, an X-ray crystal structure of a pentapeptide bound 

with the src-SH2 domain revealed amino-aromatic interactions between the 

protein and peptide ligand and suggested these interactions may be the basis 

for ligand specificity (Waksman et aI., 1992; Waksman, 1994). 

To try and account for the differences observed in binding affinity and 

physiological response observed between NDP-MSH and a-MSH, the docked 

NDP-MSH ligand was extracted from the model, and inversion of the chiral 

alpha carbon of DPhe7 to lPhe7 was performed. The Nle4 of NDP-MSH was 

converted to Met by isosteric replacement of the methylene by sulfur. This 

ligand was then positioned back into the modeled receptor maintaining the 

interactions of all the ligand residues except for the Phe (Figure 5.11). This 

simple inversion of chirality placed the phenyl ring between the transmembrane 
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regions 4 and 5. This finding certainly could account for the decreased potency 

observed for a-MSH and other hPhe 7 containing analogues. This type of Phe

receptor interaction may at first appear unrealistic, but just such phenyl-receptor 

interactions have been reported for bradykinin modeled into its receptor by 

similar techniques (Kyle et aI., 1994). To support the latter GPCR molecular 

model, and support proposed specific ligand-receptor interactions, an 

antagonist was successfully designed (Kyle et aI., 1994). 

In addition, studies examining the dissociation properties of a-MSH, 

NDP-MSH and MTII from the hMC1 receptor (manuscript in preparation) reveal 

that NDP-MSH and MTII possess dissociation rates of twice and three times, 

respectively, slower than a-MSH after the ligands have been removed from the 

assay medium for 6 hours (Table 5.6 and Figure 5.12). The ligand-receptor 

interactions suggested for these ligands can account for these observations by 

varying the strengths of these interactions relative to the ligand, as discussed 

previously. Thus, adding supporting evidence to the validity of the hMC1 R 

model that has been generated in this study. 

Discussion 

These ligand-receptor interactions were based upon the known 

structure-function studies of the ligand on the hMC1 R (Table 5.2) and what 

appears to be the MC1 receptor from studies performed using the frog skin and 

lizard skin bioassays (Table 5.3). It has been found previously that results 
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Figure 5.11. Illustration of the inversion of chirality from DPhe7 (up) to .b.Phe7 

(side) in the modeled binding pocket of hMC1 R. 
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Table 5.6. Observed dissociation characteristics of melanotropin peptides 

binding to the hMC1 receptor over a time period of 6 hours. 

Extrapolateda Apparentb Relativec 

Peptide t1/2 value k-1 (hr -1) Dissociation 
(hr) Rate 

a-MSH 4.00 0.17 1.0 

MT-I 8.50 0.08 0.50 

MT-II 19.5 0.04 0.24 

aDetermined by extrapolation of the slope until 50% of the peptide was bound 

relative to the specific binding. bDissociation rate calculated from the first-order 
equation (In 1/2) / t1/2 = k-1, using the t1/2 value listed. cThe relative rates were 

determined by setting a-MSH equal to one, and dividing the apparent k-1 by the 

a-MSH value. 
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Figure 5.12. Percentage of peptide remaining bound 6 hours after the ligand 

has been removed for the assay medium and the hMC1 melanocortin receptor. 
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observed from the lizard skin bioassay parallel those found using melanoma 

816 bioassays (Hruby et aL, 1984; Sahm et aL, 1994), and studies using the 

cloned human MC1 R transfected in L-cells (Haskell-Luevano et aL, 1994). The 

data from these studies were utilized as opposed to ligand structure-function 

studies employing the hMC1 R, since this data is not currently available for 

ligands other than the naturally occurring melanocortin ligands which include 

ACTH, a-,~-, and y-MSH (Table 1.1) and chain length variations thereof. This 

model was also developed using the limited reported mutagenesis data of the 

somber mutation which was reported as a Glu 92 mutation with a Lys residue 

which lead to a constitutively active receptor (Robbins et aL, 1993) (in this 

model this residue is referred to as Glu 94). After this model was developed, a 

report of point mutations on the MC1 R was reported, although it was not clearly 

stated whether these mutations were on the mouse or human receptors 

(Frandberg et aL, 1994). This discrimination is important since these two 

similar receptors contain different primary sequences (Mountjoy et aL, 1992), 

and it has been identified that a different pharmacological profile exists between 

the endogenous melanocortin peptide hormones (Mountjoy, 1994) on the 

human and mouse MC1 receptors. These site specific mutations were of 

residues Asp 117, Phe 179, His 209, and His 260 to alanines. The mutated 

residue Asp 117 is not included in our model as a member of the a-helical 

transmembrane region 3. The mutated His 209 residue which is found in the 

fifth transmembrane region is located in a position close to the intracellular 

surface of the receptor, and is inaccessible due to its depth in the binding 

pocket, according to ligand structure-function studies identifying multiple 

ancillary site on a-MSH related ligands (Table 5.5) (Chaturvedi et aI., 1984; AI-



196 

Obeidi et aL, 1992; Sharma et aL, 1993; Sharma et aL, 1994). This mutation 

was reported as not altering NDP-MSH binding and is within experimental error 

for the binding of a-MSH. The Phe 179 mutant (which we have suggested as a 

residue located in the ligand binding pocket, Figures 5.4, 5.5, 5.8, and 5.9) was 

found to not significantly effect either NDP-MSH or a-MSH binding. This 

particular residue may not be involved in the aromatic network that was 

suggested for the binding of NDP-MSH (Figure 5.5) due to the location and 

distance from the DPhe7 residue. In addition, since strong x-x interactions are 

suggested for the DPhe7 and Trp9 ligand-receptor interactions, omission of one 

residue may not significantly alter the overall binding values for this peptide. 

This theory is supported by only the 2-fold difference in binding observed for 

NDP-MSH with this mutation. The fourth conserved residue mutated in this 

study was His 260, which is located in the sixth transmembrane region and was 

reported to not affect NDP-MSH binding, but to effect a-MSH binding. The 

hypothesis suggested was that a stereoselective mechanism involving this 

residue and Asp 117 can effect a-MSH binding, but not NDP-MSH binding 

interactions (Frandberg et aL, 1994). The authors are thus proposing alternative 

binding interactions for a-MSH and NDP-MSH. This residue was not found 

from our initial model of the ligand binding pocket of the melanocortin message 

sequence, DPhe-Arg-Trp, to be important for ligand binding, but is one of the 

suggested alternative ligand-receptor interactions (Figure 5.6) that may be 

available upon rotation of the transmembrane helices. This result is interesting 

and needs to be repeated under more stringent experimental and statistical 

conditions. 
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The hMC1 R model developed in these studies have suggested 

alternative interaction of the Trp9 residues of NDP-MSH compared with MTIL 

Since a-MSH and NDP-MSH are flexible linear peptides, it is theoretically 

possible for these peptides to have exactly the same ligand-receptor 

interactions as MTII. The design of MTII was based upon the idea of decreasing 

the peptide backbone flexibility by incorporating a monocyclic lactam bridge (AI

Obeidi et aL, 1989a; AI-Obeidi et aL, 1989b). The theory why this peptide 

possessed increased biological potency was that the conformations obtained 

by incorporation this conformational constraint, increase the binding 

interactions by decreasing the energies associated with orienting the peptide in 

the proper conformations for binding and signal transduction. Building on this 

hypothesis, and accounting for the increased binding potency, as compared 

with NDP-MSH, perhaps the conformational change that the receptor 

undergoes to initiate signal transduction is related to the ligand Trp 

pharmacophore interacting with the receptor as shown for MTII (Figures 5.8 and 

5.9). An interesting observation appears in the cAMP studies of a-MSH, NDP

MSH, and MTII (Haskell-Luevano et aL, 1994). Scrutiny of Figure 5.13, which 

summarizes the result of studies of measuring intracellular cAMP accumulation, 

one observes that both a-MSH and NDP-MSH both reach the 100% value, 

whereas MTII is only observed to reach a maximum of approximately 80% in the 

same experiments. Due to its cyclic nature, MTII is unable to obtain identical 

Trp9 ligand-receptor interactions as a-MSH and NDP-MSH (Figures 5.4 and 

5.5). (Granted, this may be a factor of the initial MTII model used for docking, 

but to maintain identical DPhe7 and Arg8 ligand-receptor interactions, is would 
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Figure 5.13. Intracellular cAMP accumulation profile of a-MSH, NDP-MSH, and 

MTII on the hMC1 melanocortin receptor. 
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be difficult to find a conformation that MTII could obtain realistically which would 

be identical for DPhe7, Arg8, and Trp9 residues of NDP-MSH.) This would lead 

to the hypothesis that for maximal cAMP accumulation to occur, the ligand Trp9 

residue needs to interact with the receptor at both locations, as part of the signal 

transduction process. To test the hypothesis generated from this modeling 

study, such as specific ligand-receptor interactions, different ligand tryptophan

receptor interactions for NDP-MSH and MTII, and these Trp interactions 

associated with intracellular cAMP accumulation, site-specific mutations and 
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multiple-site or cassette mutations of the receptor need to be performed and the 

pharmacological profiles re-examined. 

Disappointingly, most of the published modeled GPCR-ligand 

interactions only identify ligand sidechain interactions with one or two receptor 

sidechains. This is surprising since one would expect ligand binding and signal 

transduction processes to include multiple ligand-receptor interactions. By the 

ligand adding a favorable binding interaction that can be suggested to add to a 

network of interactions (hydrogen bonding, ionic, and aromatic), the proposed 

site of interaction becomes more believable. Since biology has proved to 

possess many "fail-safe" mechanisms against single point mutations, one would 

predict that in the design of GPCRs and corresponding ligands, the 

mechanisms for binding and transducing a signal generally would not be 

dependent upon a single amino acid residue, but dependent upon a 

cooperative effect between multiple ligand-receptor interactions. Thus, the 

information provided from this study regarding the ligand DPhe7, Arg8, and 

Trp9 residues and the "networks" that addition of these residues are proposed 

to contribute, and perhaps properly align and orient their receptor counter parts, 

add validity to the model that is being proposed from this study. 

In conclusion, the model proposed from this study, is only an initial 

model of one possible configuration of a ligand binding pocket for the central 

sequence DPhe-Arg-Trp contained in the ligands used in this study. Many 

other possible ligand-receptor binding interactions were accessible from this 

modeling study, but the current receptor model is compelling as based on 

extensive past structure-function studies on a-MSH (including compounds 

described here) in terms of molecular recognition with the proposed DPhe-Arg-
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Trp pharmacophore substructures of the lead a-MSH analogues (linear and 

cyclic) and fragments. This model can be further refined and tested by future 

structure-function and mutagenesis studies. 
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APPENDIX 

NMR Spectra of the Peptides Examined 
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20 NMR COSY spectrum of AC-C~S-ASP-His-OPhe-Arg-Trp-C~S-LYS-NH2 in 
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I I 
20 NMR TOCSY spectrum of Ac-Cys-Asp-His-OPhe-Arg-Trp-Cys-Lys-NH2 in 

I I 

OMSO at 310 K. 



204 

I. I . 
2D NMR NOESY spectrum of Ac-Cys-Asp-Hls-DPhe-Arg-Trp-Cys-Lys-NH2 In 

I I 
DMSO at 310 K. 

2 

8 

8 

so 

/ 
~ 

I i i i i i 
~ so • • 4 2 



205 

2D COSy spectrum of AC-Nle-A~p-His-DPhe-Arg-(2S,3S)-~-MeTrp-Lis-NH2 in 

DMSO at 310 K. 
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2D TOCSY spectrum of Ac-Nle-AJp-His-DPhe-Arg-(2S,3S)-~-MeTrp-L~s-NH2 
in DMSO at 310 K. 
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2D NOESY spectrum of AC-Nle-A~p-His-DPhe-Arg-(2S,3S)-~-MeTrp-L~s-NH2 
in DMSO at 310 K. 
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I H' ( I 20 COSy spectrum of Ac-Nle-Asp- Is-OPhe-Arg- 2S,3R)-~-MeTrp-Lys-NH2 in 

OMSO at 310 K, 
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· I I 
2D TOCSY spectrum of Ac-Nle-Asp-His-DPhe-Arg-(2S,3R)-~-MeTrp-Lys-NH2 

in DMSO at 310 K, 
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I . I 
20 NOESY spectrum of Ac-Nle-Asp-Hls-OPhe-Arg-{2S,3R)-~-MeTrp-Lys-NH2 

in OMSO at 310 K. 
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20 COSy spectrum of Ac-Nle-AJp-His-OPhe-Arg-(2R,3S)-~-MeTrp-LY~-NH2 in 

OMSO at 310 K. 
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20 TOCSY spectrum of AC-Nle-A~p-His-OPhe-Arg-(2R,3S)-~-MeTrp-L~s-NH2 
in OMSO at 310 K. 
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I . I 
2D NOESY spectrum of Ac-Nle-Asp-Hls-DPhe-Arg-(2R,3S)-~-MeTrp-Lys-NH2 

in DMSO at 310 K, 
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I . I 
2D COSY spectrum of Ac-Nle-Asp-Hls-DPhe-Arg-{2R,3R)-~-MeTrp-Lys-NH2 in 

DMSO at 310 K. 
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20 TOCSY spectrum of AC-Nle-A~p-His-OPhe-Arg-(2RI3R)-~-MeTrp-L~s-NH2 in 

OMSO at 310 K. 
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I . I 
20 NOESY spectrum of Ac-Nle-Asp-Hls-OPhe-Arg-(2R,3R)-~-MeTrp-Lys-NH2 

in OMSO at 310 K. 
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f I H' P A I 20 COSy NMR spectrum 0 Ac-Nle-Asp- IS-O he- rg-OTrp-Lys-NH2 in OMSO 

at 310 K, 

.' . .-~ .. ... ~ ... ' J 
, '-•• .:. .vtr 

~llr-~~r---~~~._~,~ __ ~ . " . ,. .;, 
I • • .:-. • • 

• • 

... ... .. 

• 

• 

• 
•• -

• .. 
. , . 
• 

... . 

---........ 
~~~----~------~------~------~----~ 

• • 
i j 
.- so I 

II 
i 
6 

i .. i 
2 

2 

.. 

6 

6 

so 



218 

I . I 
20 TOCSY NMR spectrum of Ac-Nle-Asp-Hls-OPhe-Arg-OTrp-Lys-NH2 in 

OMSO at 310 K. 
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I . I 
2D NOESY NMR spectrum of Ac-Nle-Asp-Hls-DPhe-Arg-DTrp-Lys-NH2 in 

DMSO at 310 K. 
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