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A number of a-melanotropin (a-MSH) analogues have been designed de novo, 

synthesized and bioassayed at different melanocortin receptors from frog skins, mice and 

humans. These ligands were designed from two scaffolds. Somatostatin and Deltorphin-

II, by two new hybrid approaches, one of which utilizes the modified cyclic structure (H-

DPhe-Cys Cys-Thr-NH2) of a Somatostatin analogue—Sandostatin®, while the other 

incorporates the hydrophobic tail of Deltorphin-EI (Glu-Val-Val-Gly-NH2). Some of the 

ligands designed, H-Z)Phe-c[XXX-YYY-ZZZ-Arg-Trp-AAA]-Thr-NH2 [XXX and AAA 

= Cys, £>Cys, Pen, DPen; YYY = His, His(l-Me), His(3-Me); ZZZ = Phe and side chain 

halogen substituted Phe, Z)Phe, Z)Nal(r) and Z)Nal(2')] and c[XXX-YYY-ZZZ-Arg-Trp-

Glu]-VaI-Val-Gly-NH2 [XXX = nothing, Gly, P-Ala, y-Abu, 6-Ahx; YYY = His, His(3-

Bom), (S)-cyclopentylglycine (CPG); ZZZ = Phe, DPhe; £)Nal(2')], show unique 

selectivity and potency among the receptors tested. In particular, one of the ligands, 

Delt-38B--c[Gly-CPG-£)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2, is a human 

melanocortin receptor (AMCIR) antagonist (IC50 = 12 nM) the first potent AMCIR 

antagonist discovered. These results provide strong evidence supporting our h>T3othesis 

that ligand scaffolds for different G-protein coupled receptors (GPCRs) can be used to 

design ligands for other GPCRs. In addition, the structures of some of the ligands have 

been analyzed by high field solution NMR and their conformation evaluated by modeling 

with MacroModel. The conformations obtained from these methods help us better 

understand the structural basis the selectivities and ligand-receptor interactions. 
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Introduction 

A. History of discovery of a-MSH analogues 

a-Melanocyte stimulating hormone, a-melanotropin (a-MSH),' a tridecapeptide 

(Ac-Ser-Tyr-Ser-Met-GIu-His-Phe-Arg-Trp-Gly-Lys-Pro-VaI-N'H2), is one of the 

products generated from the proopiomelanocortin (POMC) gene located in the brain, 

pituitary gland, and elsewhere by post-translational synthesis. It was discovered 

primarily for its function in pigmentation," exerted at the melanocortin-1 receptor 

(MCIR, then melanocortin receptor), decades ago.^'"* Recent collaborative research has 

revealed that this peptide and its analogues have other profound biological activities 

(Table 1),'"^"'^ including improvement of learning and memory, cardiovascular functions, 

reproduction, treatment for erectile dysfunction, and effects on feeding behaviors, which 

are believed to contribute to the obesity syndrome. These findings have prompted us to 

Table 1. Major fimctions of a-MSH analogues discovered thus far. 

1 Erectile Function 
2 Feeding Behavior—Obesity 
3 Pigmentation~T anning 
4 Reproduction 
5 Cardiovascular Function 
6 Learning 
7 Memory 
8 Immune Response 
9 Kidney Function 
10 Glandular Secretions 
11 Temperature Control 
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seek an understanding how these ligands interact with their corresponding receptors, and 

to correlate their structure-activity relationships. 

Scheme 1. Brief history of a-MSH analogues. 

a-MSH Universally active, potent, with NO selectivity 

[NIe , DPtie^]a-MSH Superpotent with poor selectivity 

MT-I 

I , 
Ac-Nle-Asp-His-DPhe-Arg-Trp-Lys-NH2 

I I Superpotent with poor selectivity 
Ac-tNle*. Asp®. OPhe ,̂ L '̂°Ia-MSH(4-10}-NH2 

MT-« 

Ac-Nle-Asp-His-0Nal(2')-Arg-Trp-Lys-NH2 
Potent MCI R and MC5R agonists 

Ac-[Nle'',Asp®. ONaKZ)  ̂L '̂°]a-MSH(4-1 oy-NHj MC3R and MC4R antagonists 

SHU9119 

i 
Ac-Nle-Asp-Pro-DNal(2')-Arg-Trp-Lys-NH2 

t—z r ;—I Potent, Selective MC5 Agonist 
Ac-[NIe'', Asp®. Pro®. ONaK?) .̂ L^^°la-MSH(4-10)-NH2 

PG901 

Since the discovery of a-MSH, many a-MSH analogues have been designed and 

tested for their biological activity.However, it was not until the late 1970's that the 

rational design of a-MSH analogues became successful by the discovery of Ac-Ser-Tyr-

Ser-Nle^-Glu-His-DPhe^-Arg-Trp-Gly-Lys-Pro-Val-NHi ([Nle"^, Z)Phe^]a-MSH, 

Melanotan-I, MT-I),"^ which showed metabolic stability and greatly improved potency 
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compared with that of a-MSH. Considerable efforts were spent on constraining MT-1 

since then (Scheme 1). 

Table 2. Biological activities of a-MSH and some of its analogues at frog (/) and human 

{h) melanocortin receptors. 

Compound 
ECsodCso)* 

Compound 
yMClR" A M C I R  //MC3R /iMC4R AMC5R 

a-MSH 0.10 ±0.03 0.09 i 0.07 0.67 ± 0.36 0.21 ±0.06 0.81 ±0.12 

MT-1 0.005 0.11 ±0.01 0.47 ± 0.04 2.93 ± 0.34 5.50 ±0.11 

MT-n 0.12 0.71 ±0.16 0.75 ±0.21 0.19 ±0.04 2.80 ± 0.47 

SHU9I195 pA2 = 10.5 0.04 ± 0.01 
2.81 ±0.58 

pA2 = 8.3 
pA2 = 9.3 0.43 ± 0.26 

HS014 NA 108 ± 62 54.4 ± 37.6 3 . 1 6 ±  1 . 1 6  694 ± 237 

WY0I2^ 0.67 ± 0.45 pA2 = 8.5 pA2 = 10.3 3.71 ± 1.58 

PG901 ND (0.1) (0.1) 0.083 

*: nM as the unit 
f: Rana Pipiens frog, h: human 
Bioassay results at mice melanocortin receptors (mMCRs) 

NA: Not available 
ND: Not determined. 

Efforts to obtain short sequences of a-MSH analogues with potent bioactivities 

paid off most successfully by the discovery of Ac-Nle'^-cfAsp^, Z)Phe', Lys'°]a-MSH(4-

10)-NH2 (Melanotan-II, MT-n)"" in the late 1980's. Not only does MT-II possess super 

potency at the human melanocortin receptors (AMCRs, Table 2), but it also shows 

stability against biodegradation, and can penetrate the blood-brain barrier (BBB).~ It is 
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believed that the observed erectile function for MT-II results from its interaction with 

central nervous system (CNS) through its penetration of the BBB, whereas MT-I 

completely failed to do so."^ 

About a decade ago, while the search for potent and more conformationally 

constrained a-MSH analogues was intensified, it was discovered that there are other 

types of melanocortin receptors (MCRs, the melanocortin 2 receptor is the 

adrenocorticotropin receptor) besides the melanocortin 1 receptor (MCIR, the traditional 

melanocortin receptor for pigmentation). These were named melanocortin 3 receptor 

(MC3R), melanocortin 4 receptor (MC4R), and melanocortin 5 receptor (MC5R) based 

on the orders of their discovery.Neither MT-I nor MT-II shows any strong 

selectivity for these subtype receptors (Table 2). Hence, the focus on the search for 

potent a-MSH analogues shifted to discovering selective ligands for each of these MCRs 

from finding potent a-MSH analogues."' By replacing Z)Phe' of MT-II with Z)Nal(2'), 

the resulting ligand, Ac-Nle"*, c[Asp^, DNaI(2')', Lys'°]a-MSH(4-I0)-NH2 (SHU-9119),^° 

an antagonist at the AMC3R and AMC4R, was obtained and showed some selectivities 

among the newly discovered MCRs, while the potency at MCIR was not compromised. 

In addition, replacing His*^ with the hydrogen bonding deprived HisCl-Me)"' in its side 

chain, led to the discovery of Ac-Nle"*, c[Asp^, His(l-Me)^, DNal(2')^, Lys'°]a-MSH(4-

10)-NH2 (WY0I2)~a relatively potent and selective mouse MC5R (mMC5R) antagonist. 

Systematical replacement of His*^ of SHU-9119 with the highly constrained and more 

hydrophobic proline derivatives and analogues led to the highly selective and potent 
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agonist—Ac-c[Nle-', Asp\ Pro^, Z)Nal(2')^ Lys'°]a-MSH(4-10)-NH2 (PG901), at the 

human MC5R (/iMCSR).^" 

On the other hand, modification of a-MSH with a large S-S disulfide bridge at 

positions 4 and II led to Ac-c[Cys"*-Glu-His-£>Nal(2')-Arg-Trp-Gly-Cys"]-NH2 

(HS014), which is a MC4R selective ligand.^^ 

Table 3. Approach to the design of better a-MSH analogues. 

Selectivity MCIR, MC3R, MC4R and MC5R selective agonists and antagonists 
Permeability Ligands penetrate membranes, particularly BBB (Blood-Brain 

Barrier) 
Diversity Ligands based on other scaffolds instead of melanotropins 

Though significant achievements in designing selective and potent ligands for the 

new MCRs have been made in the past few years,"^'^®"^'"'^"^ many questions (Table 3) 

remain to be answered. First, there is no reported highly selective agonists or antagonists 

for the MCIR, though it was the first to be discovered among all the MCRs, and this is 

still largely true for the MC3R and the MC4R, while the antagonist activity and 

selectivity for the MC5R remains to be improved. Second, ligands that can penetrate to 

the well need to be designed. Control of many of the ftinctions, such as control 

of the erectile fiinction and feeding behavior mentioned earlier, appear to take place 

inside the brain."*^ Hence, the better the penetration of the analogues through the BBB, 

the lower would be the dose required. In turn, significant side effects, if any, can be 

alleviated or eliminated by lowering the dosage. Third, almost all of the MSH analogues 

designed so far are based on a-MSH The chance to discover more 
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potent and selective ligands, through this traditional manner, may be getting more 

difficult. Hence, it becomes necessary that diversity be introduced. Not only will such 

introduction be beneficial for the design of selective and potent ligands, but also it vnll 

give us new insights into how the ligands interact with the MCRs and what the chemical 

basis for structure-activity relationships. 

B. Somatostatin and MSH analogues 

Figure 1. Diagram of the designed opioids from Somatostatin. 

H-Ala-Gly-C^s-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cyk-OH 

Somatostatin 

i 
H-DPhe-Cys-Phe-DTrp-Lys-Thr-dys-Thr-OL 

Sandostatin 

, 1 
H-DPhe-Ci^s-Tyr-DTrp-XXX-Thr-Ptn-Thr-NH2 

CTAP: XXX = Arg 
CTOP; XXX = Om 

More than one decade ago, our laboratory reported specially designed 

Somatostatin analogues (Figure 1) possessing potent and selective binding to the (x-opioid 

receptor."^^'^'* Among those constrained cyclic peptides (cyclized by formation of S-S 

bond), H-£'Phe-c[Cys-Tyr-DTrp-Arg-Thr-Cys]-Thr-NH2 (CTAP) and H-£>Phe-c[Cys-

Tyr-Z)Trp-Om-Thr-Cys]-Thr-NH2 (CTOP) are selective super-potent antagonists at the 
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u-opioid receptor, rather than k and 5 opioid receptors. Amazingly, both of the peptides 

showed very little potency for the Somatostatin receptor. 

Since the Somatostatin, opioid and melanocortin receptors are all structurally 

related and belong to the seven transmembrane G-protein linked receptor family, their 

ligands may also share some structural similarities. Hence, a straightforward hypothesis, 

which is consistent with the discovery of the conversion of the Somatostatin to specific 

opioid peptides, is that it should be possible to design Somatostatin analogues possessing 

potent activities for a-MSH receptors rather than the Somatostatin receptor. To achieve 

this conversion, we envision that the (3-11* turn tetrapeptide (Phe-£)Trp-Lys-Thr), so 

important to the binding of Somatostatin receptors, could be utilized as a conformational 

template on which to build the structural and conformational features necessary for 

interaction with the MSH receptor(s). We then used another p-tum tetrapeptide (His-

Phe-Arg-Trp), the minimum active sequence for the MSH receptor,^^ as the template of 

the designed Somatostatin analogues. Like in MT-I, MT-H and Sandostatin 

(Octreotide®), the incorporation of Z)-amino acid^'^^'^^'^^'^' in the / + / position of the p-

tum would help to design more potent ligands. We chose the sequence N-termini of both 

CTOP and CTAP, H-£>Phe, as the N-termini of all designed peptides. Correspondingly, 

the C-termini were Thr-NH2. In order to make the constrained peptides, we decided to 

choose the disulfide bond scaffold by the incorporation of cysteine-like amino acids, as 

the starting point, into the designed peptides, and hence the resulting linear peptides 

could be cyclized by the formation of disulfide bond (S-S bond). We, therefore, prepared 
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a number of analogues with the substitution at position 7 and variations at the disulfide 

bridge (Figure 2)/^ 

Figure 2. Designed melanotropin ligands derived from Somatostatin analogues. 

H-DPhe-Ci!rs-Tyr-DTrp-XXX-Thr-Cy's-Thr-NH2 

X = Arg, Om 

1 
H-DPhe-C^s c]^s-Thr-NH2 

His-Phe-Arg-T rp 

H-0Phe-Cys-His-Phe-Arg-TrD-C^s-Thr-NH2 

H-DPhe-xkX-His-YYY-Arg-Trp-ZkZ-Thr-NHa 

C. Opioids, opioid receptors, melantropins and MCRs 

In addition to a-MSH, the POMC gene also secrets P-endorphin—a prominent 

opioid,^^"^^ which has an Encephalon sequence at the amino terminal. 

Though a-MSH and opioids have a special relationship to the parental POMC, 

little has been understood about their interactions,^^ while a plethora of evidence has 

indicated that they, including their derivatives, have interactions through some unknov/n 

mechanisms.' 
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Two decades ago, it was reported that Enkephalin could desensitize frog skin 

melanophores to a-MSH/^ Later, it was revealed that a Met-Enkephalin analogue, 

[DMet", Pro']Enkephalinamide (DMPEA), stimulates a-MSH secretion by acting 

directly through opiate receptors at the level of the neurointermediate lobe (NIL).^^ By 

using a dual microinjection technique, a-MSH was injected into the nucleus tracms 

solitarius (NTS) of urethane-anaesthetized rats, and it was found that a-MSH may play a 

role in central cardiovascular control, possibly acting in an antagonist manner to the 

endogenous opioid peptides.*^*^ In addition, a flmctional antagonism between opioids and 

melanocortins has been found in several behavioral and related biological processes.^"* 

For example, MSH peptides expressed a facilitatory effect on yawning while opioid 

peptides were effective in preventing the stretching-yawning syndrome induced by MSH 

peptides/^ Furthermore, it was discovered that both a-MSH analogues and P-endorphin 

exerted potent effects on early postnatal growth in rats. In particular, des-Ac-a-MSH is 

the most active in promoting body trophism, with a-MSH being only slightly 

stimulatory. In contrast, high doses of p-endorphin exert detrimental effects on body 

growth and organ trophism.*^® 

A recent report has postulated that melanocotin receptor activation, specifically at 

the MC4R, may act to antagonize certain properties of exogenous opiates, including 

perhaps addiction/® Functional analysis and the recent cloning of the MCRs have shown 

that a-MSH transduces signals through an evolutionary closely related family of 

receptors that stimulate adenylate cyclase, whereas opioids such as P-endorphin inhibit 
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adenylate cyclase through a distinct set of opioid receptors, ji, 5, and K ,  which also form a 

highly homologous G protein coupled-receptor subfamily. The data raise the question 

about the physiological meaning of Ugands generated from the same gene—POMC. ' 

Yet all these aforementioned intriguing phenomena do not provide direct evidence 

for any direct interaction between meianotropins and opioid receptors or between opioids 

and MCRs. This prompted our research to systematically study how a-MSH analogues 

directly interact with opioid receptors, and opioids interact with MCRs. 

Table 4. Opioids activities at Xenopus frog skin (MCIR)*. 

Peptide IC50 K<,^* EC50 

CTAP 2,800 ± 700 2,900 ± 300 >10,000 

CTOP >10,000 67 ± 19 

DynAi-i3-NH2 1 1 0  ± 2 0  7 1  ± 4 8  

DynAi-n-OH 305 ± 78 

DynA2-i3-OH 362 ±152 79 ± 12 

DynAi-ii-OH 421 ± 157 

DynA2-IROH 188 ±73 

DynA2-i7-OH 2 5 9 ± 1 2 1  

DynB 2,100 ± 1,000 

*; All values in nM. IC50 measurements were made in the presence of 600 pM of 

a-MSH and EC50 measurements in the absence of a-MSH. 

•*: K<j determined by Schild Regression analysis. 
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Prior to our research, it was reported^^'^' that some opioid analogues (Table 4) can 

interact with MCIR in the Xenopus frog skin model. Among the opioids tested, two (i 

opioid receptor selective antagonists~H-/)Phe-c[Cys-Tyr-Z?Trp-Arg-Thr-Pen]-Thr-NH2 

(CTAP) and H-DPhe-c[Cys-Tyr-£>Trp-0ra-Thr-Pen]-Thr-NH2 (CTOP) showed binding 

activity at Xenopus frog skin MCIR. However, both ligands showed completely 

different binding profiles—CTAP (a jx opioid receptor antagonist) was a very weak 

antagonist with an IC50 of 2.8 ± 0.7 [j,M. It had almost no agonist activity. On the other 

hand, CTOP (also a opioid receptor antagonist) was a relatively potent agonist in 

Xenopus with an EC50 around 70 nM with virtually no antagonist activity. Another well-

known |i opioid receptor ligand —DAMGO, which is a ^ receptor agonist, did not give 

any meaningful activity. Thus far, there is no clear correlation between (j. opioid receptor 

l igands  and  MCIR receptor  b indings  in  Xenopus  f rog  sk in  assay .  Among a l l  the  5  and K  

opioid receptor ligands tested, the Dynorphin A (DynA) series analogues (Table 4) 

showed some interesting results. Fragments of DynA, i.e., DynA(2-17), DynA(2-13), 

DynA(l-13), DynA(2-l 1) and DynA(l-l 1) had virtually the same range of antagonist 

activities with IC50S in the submicromolar range. Apparently the C-terminal sequence 

from position 12 to 17 of DynA is not important for binding at Xenopus frog skin MCIR. 

It also confirmed that neither position I (Tyr') of DynA nor amidation of the C-terminus 

had any effects on the binding, while Tyr' is very critical for DynA analogues to have 

potent 5 and jc-opioid receptor activity. However, sequences shorter than 2-11 of DynA 

led to dramatic reduction in activity at the Xenopus MCIR. In addition, DynA(l-8) and 

shorter sequences had virtually no binding at all, including Leu-Enkephalin [DynA(l-5)]. 
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Other DynA analogues with different fragments than mentioned above did not have any 

activity 

Furthermore, Dynorphin B only showed some weak antagonist activity with an 

IC50 in the micromolar range. While other 5 selective and potent ligands such as, P-

endorphin, orphanin-PQ, DTLET, DADLE, DSLET, and most notably, DPDPE~a potent 

and highly selective 5 opioid receptor Ugand, did not give any binding at all at the 

Xenopus frog skin MCIR. 

Based on these published results, there is no simple correlation which can be 

made by simply comparing amino acid sequences. Without knowing the detailed 3D 

structures for these analogues, it is very hard to understand why some |i or 5 opioid 

receptor selective ligands bind to \heXenopus MCIR, while others do not. Hence there 

is much to leam to understand how some opioids can bind to Xenopus MCIR. In this 

regard, it would be very useful to discover AMCRs ligands by rapid screening at the 

Xenopus MCIR. 

With this in mind, we decided to design some opioid analogues which might 

interact either selectively or potently at the Xenopus frog skin. 

D. Deltorphin and MSH analogues 

Initially, we decided to screen some opioid ligands available in our stock, 

including Deltorphin II (H-Tyr-Z)Ala-Phe-Glu-Val-Val-Gly-NH2) analogues because 

none of these opioids had been analyzed in either Xenopus frog skin MCIR or human 

MCRs (//MCRs). These results, from the first round of tests were very encouraging; 
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ligands were found from no activity, to some with micromolar to nanomolar ECsos. In 

order to confirm the reliability of the data, we made another batch of the same Deltorphin 

analogues. It was surprising to leam that none of the analogues in the new batch showed 

any activities. After eliminating possible errors in the bioassays, the only conclusion we 

could make was that the old batch was contaminated. Therefore, a completely new batch 

was made with fresh reagents for synthesis, and brand new HPLC columns for analysis 

and separation. However, none of the analogues in this batch showed any activities 

either. This confirmed that the old opioid analogues were contaminated. Such an 

unlucky story forced us to try new strategies, one of which was the hybrid approach-

combining both core features of a-MSH analogues and the essential parts of opioids, 

such as Deltorphin n. This strategy was based on two considerations. 

Scheme 2. Novel a-MSH/Deltorphin analogues. 

Deltorphin 

H-Lys-Tyr-DAIa-Phe-Glu-Val-Val-Gly-NHz 

0 
'I 

Glu-Vai-Val-Gly 

His-Phe-Arg-T rp 

His-Phe-Arg-Trp-Glu-Val-Val-Gly-NHj 

II 
^What Bridget | 

His-Phe-Arg-Ttp-Glu-Val-Val-Gly-NH2 
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Years ago, it was demonstrated that a tetrapeptide sequence, His-Phe-Arg-Trp,^^ 

was the core sequence of a-MSH. To design new types of ligands for MCRs, it thus was 

decided to use this sequence as a starting point. Once the new protocol was established, 

modifications could be carried out later. In addition, it had been demonstrated that the C-

terminal tetrapeptide sequence--GIu-Val-VaI-GIy is an essential address sequence in 

Deltorphin II. 

Our new strategy (Scheme 2) to make novel MCRs ligands became clear at this 

stage—take a hybrid approach by combining the cores for a-MSH and Deltorphin II. At 

this point, we decided to put Glu-Val-Val-Gly at the C-terminus as in Deltorphin II 

whereas the His-Phe-Arg-Trp was put at the N-terminus, Glu-Val-Val-Gly is at the C-

terminus in Deltorphin C with amidation of Gly while His-Phe-Arg-Trp appears in the 

middle of the a-MSH sequence. We believed that this would be more logical than the 

other way around, because a-MSH has a hydrophobic C-terminus, Lys-Pro-Val-NH2-

Hence, H-His-Phe-Arg-Trp-Glu-Val-Val-Gly-NH2 became our initially targeted model. 

Linear molecules were never the ultimate goal in our studies. The reasons were based on 

two main factors. First, linear compounds tend to have very flexible conformations; it 

will be hard to study the conformation-activity relationships for linear analogues, if there 

is no source of constraint available in the molecule, such as side chain substitution which 

limits the allowed conformations. On the other hand, flexible conformations generally do 

not have good selectivity in binding for closely related receptors, such as Somatostatin 

receptors and melanocortin receptors. Consequently, constrained analogues became our 

priority in the design of new ligands. One way to create constraints is through 
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cyclization, which has four possibilities—side chain to side chain (backbone to backbone 

in its many variations), side chain to head (N-terminus), side chain to tail (C-terminus) 

and head to tail. 

The research in this project was focused on the side chain to head groups since the 

side chain of Glu has an acidic functional group (COOH) in its side chain while the N-

terminus is a free amino group (NH2). Cyclization of side chain to head can be achieved 

easily by simple lactam formation between these two functional groups (Scheme 2). 
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General Methods of Peptide Synthesis 

A. Peptide Synthesis Using N"-Boc Chemistry 

Table 5. Protecting groups for amino acids used. 

Amino Acid 
Side 

Chain 
Protection Group 

Structure of 

Protection Group 

Arginine (Arg) Guanidine Tosyl (Tos) -|̂ -
Aspartic Acid (Asp) Acid 

Fluorenylmethoxy 
(Fmo) COD 

Cysteine (Cys) Thiol 
Paramethylbenzyl 
(pMb) 

Histidine (His) Imidazole Benzyloxymethyl (Bom) 

Lysine (Lys) Amine 
Fluorenylmethyloxy-
carbonyl (Fmoc) 

Penicillamine (Pen) Thiol 
Paramethylbenzyl 
(pMb) 

Serine (Ser) Alcohol Benzyl (Bn) 

Theorine (Thr) Alcohol Benzyl (Bn) 

Tryptophan (Trp) Indole Formyl (For) CHO-

Tyrosine (Tyr) Phenol 2', 6'-Dichlorobenzyl 

a 

a 

All peptides were synthesized in a stepwise fashion via the solid-phase method, 

using manual peptide synthesis, 1 or 2% cross-linked, para-methylbenzhydrylamine 
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(pMBFiA) resin (0.30-0.45 raeq/g. Peptides International, Louisville, K.Y, USA). The 

protected amino acids incorporated in positions other than the amino terminus were 

purchased from commercial sources (BaChem California, Torrance, CA, USA; Advanced 

ChemTech, Louisville, KY, USA; PeptechCorp, Cambridge, MA, USA; BaChem 

Science, King of Prussia, PA, USA). Table 5 gives the names of the functional groups 

protected during the synthesis steps. N"-Boc protected amino acids were coupled to this 

resin using a 3-fold excess of the N-hydroxybenzotriazole (HOBt), and the couplings 

were monitored by the Kaiser test.'' Each natural amino acid was coupled in this 

fashion, while non-natural amino acids were coupled using a 1.2-2 fold excess (HBTU)'^" 

with HOBt (1 equivalent) and diisopropylethylamine (DEPEA, DIEA). For side chain 

lactam bridge cyclization, a 3-4 fold excess of HBTU with HOBt (1-2 equivalents) and 

DEPEA was used.*^ The detailed protocol for peptide synthesis by N"-Boc chemistry is 

given in Table 6. For peptides with free N-terminus, the final -Boc-peptide resin was 

directly cleaved by HF without removing the N-terminal Boc protecting group.^"* For 

peptides with acetylated N-termini, the N^-Boc group was cleaved using the standard 

procedures followed by acetylation with acetic anhydride in pyridine (v/v = 1/1) (Table 

7). All the protecting groups of side chains were cleaved by HF in the presence of 

scavengers [commonly used: thioanisole and p-cresol (1:1 mixture)],^^ as was the N-

terminal Boc group. The crude peptide, scavengers and resin mixture was washed 3 

times with anhydrous ether which was discarded. The filter cake, crude peptide and resin 

mixture was washed successively with glacial acetic acid three times to dissolve the 

peptides followed by deionized water once. The solution mixture was then lyophilized. 



29 

Table 6. General stepwise peptide elongation procedures for Boc chemistry. 

Step Activity Reagent or Solvent Repetitions Time 

1 Swell Resin DMF/DCM 1 2-3 hrs 

2 Neutralize 10% DIPEA/DCM 2 2 mins 

J Wash DCM 5 2 mins 

4 
Monitor 

Amine 
Kaiser Test 1 

3 mins 

5 Coupling 

NT-Boc-Amino acids 

HBTU/HOBt 

DCM/DMF/NMP 

1 

30 mins 

to 

1 hr 

6 
Monitor 

Amine 
Kaiser Test 1 3 mins 

7 Wash DMF/NMP/DCM 3 times each 2 mins 

8 
Cap Unreacted 

Amine 
N-acetylimidazole/DMF 

1 2 mins 
8 

Cap Unreacted 

Amine 
N-acetylimidazole/DMF 

1 10 mins 

9 Wash DMF/DCM 5 times each 2 mins 

10 Deprotect 
TF A/DCM/Methionine 

(50:49.8:0.2) 

1 5 
10 Deprotect 

TF A/DCM/Methionine 

(50:49.8:0.2) 1 25 

11 Wash DCM/DMF 5 times each 2 mins 

12 Return step 2 



Table 7. Acetylation ofN-tenninus of peptide-resin. 

Step Activity Reagent or Solvent Repetitions Time 

1 Wash DCM/DMF 3 2 mins 

2 Acetylate 

Pyridine 

Acetic Anhydride 

(v/v : l/l) 

2 15-20 mins 

3 Wash DMF/DCM 5 2 mins 

Table 8. Cyclization of peptides through disulfide bonds. 

Step Activity Procedure 

1 Cyclization 

In a 250mL round bottom flask equipped with a magnetic 
stirring bar, 25-30 mL of O.IN K3Fe(CN)6 in water was added 
together with equivalent volume of acetonitrile or methanol. Then, 
adjust the pH of the solution to 8.5-10 by the addition of 10% 
ammonia solution. Dissolve the crude linear peptide (0.1 mmole) 
in the 15-30 mL of mixture of water and methanol. Load the 
peptide solution into a syringe and anchor the syringe onto a 
syringe pump. With vigorous stirring of the flask, the peptide 
solution was injected into the flask at a steady speed around 2-3 
mL/hr. Stir an extra hour after the injection of the peptide solution 
was completed. 

2 Workup 

Acidify the final cyclized peptide solution with diluted acetic 
acid in water till pH 4-5. To the reaction flask, a tablespoon of 
activated amberlite IR-120 was added with vigorous stirring. 
After 2 hours, stop the stirring, after the resin reseated at the 
bottom of the flask, add more resin if the color of the solution was 
still green, repeat this process till the solution is colorless. Filter 
away the resin and the resin is washed twice with acetic acid. The 
combination of the solution was dried under reduced vacuum. 
The residue is subject to HPLC analysis and separation. 



a. Cyclization of peptides with two free thiol groups (SH) 

31 

The lyophilized linear crude peptide mixture was directly cyclized via using 

potassium ferric (IQ) hexacyanide [K3Fe(CN)6] following detailed procedures listed Ln 

Table The cyclized crude peptide was subject to purification by HPLC using a 

preparative C-18 column (reverse phase), with a gradient, 90-10% B in 40 minutes 

[Component A; Acetonitrile, Biograde, Fisher, Pittsburgh, PA, USA; Component B; 

deionized water containing 0.1% (v/v) trifluoroacetic acid (TFA)]. The absorbance of the 

eluents was detected by a Rainin UVD detector, monitored at 230 and 280 nm. The 

fractions collected were then checked for purity by an analytical reverse HPLC column 

using a Hewlett Packard HPLC 109011 with a diode array detector monitored at various 

wavelengths, typically at 230, 254 and 280 nm. The pure fractions were then pooled and 

lyophilized. Yields were varied from 10% to 60% depending on the sequences (neither 

any of the syntheses were optimized for better yields, nor were any of the syntheses 

repeated). Amino acid analysis was used to confirm the identity of some of the 

synthesized peptide and was performed at the University of Arizona Biotechnology Core 

Facility using an Applied Biosystems 420A Amino Acid Analyzer with automatic 

hydrolysis (vapor phase hydrolysis at 160 °C for I h using 6N HCl) or with prior 

hydrolysis (110 °C for 24 hrs, using 6 N HCl), with precolumn phenylthiocarbamoyl-

amino acid (PTA-AA) analysis. However, some amino acids are not reliably analyzed 

quantitatively under these conditions, such as arginine (Arg) and threonine (Thr). 

Positive ion fast atom bombardment mass spectroscopy (FAB-MS) was performed at the 
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College of Pharmacy or Department of Chemistry at the University of Arizona. High-

resolution mass spectroscopy for some of the peptides, which were not analyzed by 

amino acid analysis, was performed by FAB-MS. 

b. For peptides with no thiol group at the side chains 

These peptides were directly purified following the protocol described above. 

B. Peptide Synthesis Using N*^-Fmoc Chemistry^^ 

All peptides were synthesized in a stepwise fashion via the solid-phase method, 

using manual peptide synthesis using I or 2% cross-linked Rink amide resin (0.4-0.7 

meq/g. Advance ChemTech, Louisville, KY, USA). The protected amino acids 

incorporated in positions other than the amino terminus were purchased fi-om commercial 

sources (BaChem California, Torrance, CA, USA; Advanced ChemTech, Louisville, KY, 

USA; PeptechCorp, Cambridge, MA, USA; BaChem Science, King of Prussia, PA, USA, 

Chiral Technology, Great Britain). Table 9 gives the names of the side chain protecting 

groups. Each N*^-Fmoc protected amino acid was coupled to this resin using a 3-fold 

excess of the N-hydroxybenzotrizaoIe (HOBt) active ester and the coupling was 

monitored by the Kaiser test. Each natural amino acid was coupled in this fashion, while 

non-natural amino acids were coupled using 1.5-2 fold excess (HBTU) with HOBt (1 

equivalent) and diisopropylethylamine (DEPEA, DEEA). For side chain lactam bridge 
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cyclization, first, the allyl and the allyloxycarbonyl (alloc) side chain protecting groups 

were removed by catalytic amount of palladium(O) tetrakistriphenylphosphine 

[Pd(PPh3)4] (Table 10); followed by cyclization using of 3-4 fold excess of HBTU with 

HOBt (1-2 equivalents) and DIPEA in NMP. The detailed protocol for peptide synthesis 

by Fmoc chemistry is listed in Table 11. The Fmoc protecting group in the final Fmoc-

peptide resin was removed using standard procedures during the peptide elongation. A 

mixture of TFA, triethylsilane (TES) and water (v/v/v = 87/7/6) was used to cleave the 

peptide from the peptide-resin at RT for 3 hrs. All the side chain protecting groups were 

cleaved by TFA. The crude peptide mixture was filtered fi-om the solid (resin residue), 

which was washed with acetic acid twice. Anhydrous ether was added to the resulted 

solution mixture. The peptide was precipitated as a white solid. After centrifligation, the 

solution was decanted and discarded while the solid was thoroughly washed with 

anhydrous ether twice. The resulting crude peptide was dried. Procedures used for 

purification were the same as when using >r^-Boc chemistry. Yields varied fi"om 5% to 

50%. Neither syntheses nor separations were repeated or optimized. Evaluation of purity 

was essential the same as that mentioned above. 



34 

Table 9. Protecting groups for amino acids used in -Fmoc chemistry. 

Amino Acid 
Side 

Chain 
Protection Group 

Structure of 

Protection Group 

Arginine (Arg) Guanidine Pbf 

Aspartic Acid (Asp) Acid Allyl (All) CH2=CHCH20-

Cysteine (Cys) Thiol Trityl (Trt) 

Histidine (His) Imidazole Trityl (Trt) OjO 

Lysine (Lys) Amine Allyloxycarbonyl 
(Alloc) 

CH2CHCH20C0-

Penicillamine (Pen) Thiol Trityl (Trt) 04-0 
0 

Serine (Ser) Alcohol f-Butyl (rBu) (CH3)3C-

Threonine (Thr) Alcohol r-Butyl (^Bu) (CH3)3C-

Tryptophan (Trp) Indole Boc (CH3)30CO-

Tyrosine (Tyr) Phenol r-Butyl (^Bu) (CH3)3C-
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Table 10. Cyclization of peptides through lactam bonds by Fmoc chemistry. 

Step Activity Procedure 

1 Deprotect 

For 0.20 g resin, 1 mL methylene chloride (DCM) was added 
to swell the peptide resin. Then, 24 equivalents (based on the 
substitution level of original Rink amide resin) triphenylsilane 
was added in an atmosphere of argon (Ar). Then, 0.15-0.20 
equivalents of Pd(PPh3)4 with DCM as needed. Continue 
bubbling argon through the reaction mixture until completed. 

2 Wash Wash the peptide resin with DCM twice and N-methyl 
pyrrolidinone twice followed by DCM twice 

3 Deprotect Repeat step 1 

4 Wash 
Wash the peptide resin with 10% DIPEA in DCM for 2 

minutes. 

5 Wash Repeat step 4 

6 Wash Wash the peptide resin with DCM by 3 x 2 mins, followed 
by NMP 2x2 mins. 

7 Cyclize 

Dissolve 4 equivalents of HBTU and 1-2 equivalents HOBt 
(anhydrous) in 3-5 mL NMP. Add this solution to the peptide 
resin followed 8 equivalents of DIPEA. Bubble the mixture for 
30-60 mins. 

8 
Amine 

Check 
Check the coupling reaction for completion by the Kaiser test 

9 Cyclize If Kaiser test positive, repeat steps 7 and 8 once. 

10 Cap If Kaiser test is still positive, cap the unreacted amino groups 
as in Table 6. 
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Table 11. General Stepwise Peptide Elongation Scheme for Fmoc Chemistry. 

Step Activity Reagent or Solvent Repetitions Time 

1 Swell resin DMF/DCM I 2-3 hrs 

2 Wash DCM 5 2 mins 

3 Monitor amine Kaiser test 1 3 mins 

4 Coupling 

Fmoc-amino acids 

HBTU/HOBt 

DCM/DMF/NMP 

I 30 mins-1 hr 

5 Monitor amine Kaiser test 1 3 mins 

6 Wash DMF/NMP/DCM 3 times each 2 mins 

7 
Cap unreacted 

amine 
N-acetylimidazole/DMF 

1 2 mins 
7 

Cap unreacted 

amine 
N-acetylimidazole/DMF 

1 10 mins 

8 Wash DMF/DCM 5 times each 2 mins 

9 Deprotect Piperidine/DMF (25:75) 
1 5 

9 Deprotect Piperidine/DMF (25:75) 
1 20 

10 Wash DCM/DMF 5 times each 2 mins 

11 Return step 3 
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Experimental 2-D NMR Methods 

NMR samples for TOCSY, DQF-COSY and ROESY experiments were prepared 

by dissolving 1-2 mg of the dry, lyophilized, pure peptide in 500 jiL of a 90% H20/10% 

D2O sodium acetate (50 mM) buffer containing sodium azide (ImM), and corrected to 

pH 4.5 with acetic acid-ds. 

All spectra were acquired without spinning at 293 K (reference: 5 = 4.91 ppm for 

H2O) on a Bruker DRX-500 Avance Spectrometer with gradient and gated suppression of 

water signal. The spectrometer was equipped with an inverse probe. Detailed parameters 

used for collecting data are listed (Tables 12-14). 

The assignments of the signals were determined using a combination of TOCSY 

and ROESY. The TOCSY spectra generally identified the protons that belonged to 

independent spin systems, which in the case of peptides is usually all of the protons of an 

individual amino acid residue. The sequence of amino acids was determined using the 

ROESY spectra. Generally, it was possible to determine the primary structure of the 

peptide by observing peaks corresponding to interaction between and the C° proton and 

the amide protons in the next amino acid toward the C-terminal (except for those amino 

acid residues without amide protons, such proline). The ROESY spectra also gave 

information regarding the secondary structure of the peptide by identifying long-range 

interactions between protons based on the cross peak's volumes. Generally, the larger the 

interactive volume, the shorter the distance between the two interactive protons is. 

However, there are a few factors could introduce artifacts which complicate the 
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interpretation of spectra, including COSY-type crosspeaks between J-coupled spins, 

TOCSY transfers between J-coupIed spins and crosspeak attenuation from rf off-

resonance effects. Considerable attention has only been able to reduce these drawbacks 

to some extent. Elimination of these complications is nearly impossible. Hence, it is 

prudent to avoid using this technique whenever possible, and instead select a steady-sate 

or conventional transient experiment as a better choice. Consequently, ROESY is 

frequently used for large molecules, including peptides and proteins, for which only 

ROESY can be applied to get the stmctural features through spatial interactions. 

Additionally, the DQF-COSY spectra (digital resolution = 0.1 Hz) were useful in 

helping determine the coupling constant between the H*^ and NH (amide) which gives 

information regarding the ^ angle of the peptide backbone. 
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Table 12. Parameters used for TOCSY data collection. 

F2-Accuisiricr. Parameters F1 .A-ccuisicion Paramerers 

PROE.f-ID 5 nur. Nalorac NDC 2 
PULPROG mlevgp-plSa SFCl 300.1324 MHz 
TD 2048 TD 1 512 
SOLVENT H;0 FIDRES 1 9.765625 Hz 
N'S 16 SW 1 5.997 com 
DS 16 ! 
SWK 5000.000 Hz r2 Processing Parair.erers 
FIDRES 2.441406 Hz SI 1024 

0 .2048500 sec SF 500.1300000 MHz 
DQ 100.000 p.sec WDW QSINE 

DE 6.00 jisec SSB 2 

TE 2 93 K L3 0.00 Hz 
dO 0 . 00000300 sec GB 0 
D1 1.79999995 sec PC 1.40 
dl2 0.00002000 sec 

D16 0.00020000 sec Fl Processi ng Parameters 

D19 0.00020000 sec SI 1024 
INO 0.00010000 sec MC2 TPPI 
LI 23 SF 500.1300000 MKz 
NUCl IH WDW QSINE 
PO 27.80 jisec SSB 2 

Pi 9.5 6 jxsec LB 0.00 Hz 

o5 50.000000 sec GB 0 
P6 30.00 (isec 

60.00 (isec 
Pi7 2500.00 usee 
P23 30.00 usee 
PLl 0.00 dB 
PLIQ 10.70 dB 
SFOl 500.1323477 MHz 
GPNAMl sine 100 
GPNAr'!2 Sine 100 
GPXl 20.00% 
GPX2 20.00% 
GFYl 20.00% 
GPY2 20.00% 
GPZl 20.00% 
GPZ2 20.00% 
PI 6 1000.00 jisec 
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Table 13. Parameters used for ROESY data collection. 

F2-.A.ccruisi"icp. Faramerers F 1  Acquisition Para:ne"ers 

PS,03KD 5 mm Nalorac NDO 1 1 
PULFRCG mlevgptpl9a SFOl 1 500.1324 MKz 
TC 2048 TD 512 
SOLVENT K:0 FIDRES 9.765625 Hz 
NS 32 SW 1 9.997 pom 
DS 32 1 
SW.H 5000.000 Kz F2 Processing Parame-er-s 

tIDRES 2.441406 H z  SI L 2043 
AQ 0.2048500 sec SF 500.1300000 MHz 
DQ 100.000 |isec WDW SINE 

DE 6.00 ̂ isec SSB 2 

TE 2S3 K LB 0.00 Hz 
dO 0.00000300 sec GB 0 
D1 1. 4 0000000 sec PC 1.00 
dll 0.03000000 sec 
dl2 0.00002000 sec 

D16 0.00020000 sec F1 Frocessi na Faramerers 

DIS 0.00020000 sec SI 1024 
IMO 0.00020000 sec MC2 States-TPFI 
13 256 SF 500.1300000 MHz 
NUCl IH WDW SINE 
?0 22.40 fisec SSB 2 

PI 9.56 usee LB 0.00 H z 

P15 100 msec GB 0 
P28 23.00 jisec 
?L1 0.00 dB 
PLll 16.00 dB 
rL18 8.00 dB 
SFOl 500.1323477 MKz 
GPNAMl sine 100 
GFMAM2 Sine 100 
GPXl 20.00% 
GPX2 20.00% 
GPYl 20.00% 
GPY2 20.00% 
GPZl 20.00% 
GPZ2 20.00% 
PI 6 1000.00 (xsec 



Table 14. Parameters used for DQF-COSY data collection. 
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F2-.̂ .cauisicicr. Faramerers F1 Accuisitzicn Parameters 
PROBKD 5 mm Nalorac NDG 1 

PULPROG CosvdfaDs~19 sroi 500.1323 MKz 
TD 4096 TD 750 
SOLVENT K2O FIDRES 6.666667 Hz 
NS 16 SW 9.997 Dcm 
DS 32 

SW.H 5000.OGO Hz F2 Processi ng Paramecers 

riDRES 1.220703 Hz SI 2048 
AQ 0.4096500 sec SF 500.1300000 MKz 
OQ 100.000 usee WDW SINE 

DE 6.00 usee SSE 2 

TE 293 K LB 0.00 Kz 
dO 0.00000300 sec GB 0 
Dl 1.00000000 sec ?C 1.00 
dll 0.03000000 sec 

dl2 0.00002000 sec F1 Proeessi nc Parameters 

dl3 0.00000400 sec SI 1024 
D16 0.00020000 sec MC2 States-TPPI 
D19 0.00020000 sec SF 500.1300000 MKz 
INO 0.00020000 sec WDW QSINE 
13 375 SSB 2 
NUCl IK LB 0.00 Hz 
PO 22.4 fisec GB 0 

Pi 9.56 usee 
P23 24.0 usee 
PLL 0.00 dB 
PL9 75.00 dB 
PLIB 8.00 dB 
SFOl 500.1323494 MHz 
GPNAMl sine 100 
GPNAM2 Sine 100 
GPXl 38.70% 
GFX2 38.70% 
GPYl 38.70% 
GPY2 38.70% 
GPZl 38.70% 
GPZ2 38.70% 
P16 1000.00 usee 
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All spectra were analyzed by Xw^n-NMR and plotted by Xwin-Plot (Broker, 

Switzerland). 

.Molecular Modeling of a-MSH Ligands 

The MacroModel molecular modeling package (versions 6.5) were used for 

model building of the peptides.^'"^" MacroModel was executed from a Silicon Graphics 

ERJS workstation ruiming the SGI operating system ADC 6.5. In the first case, the 

peptides were built from the amino terminus to the carboxy terminus using standard L-

amino acid residues. The first model-building strategy for an analogue of Delt-09 is 

described here. The peptide was grown by adding amino acids in the following order. A 

Gly residue was made, and to it were grown His, Phe, Arg, Trp, Glu, Val, Val, and Gly 

residues sequentially. The C terminal acid group was changed to an amide, and the 

hydrogen of N-terminal amino group was removed. A lactam bond between this amino 

group and the acid group of the Glu side chain was prepared. Finally, the a carbon center 

of the phenylalanine residue was inverted to obtain c(Gly-His-£>Phe-Arg-Trp-Glu)-Val-

Val-Gly-NHz (Delt-09). The energy of the structure was then minimized using the 

Batchmin program module with the AMBER force-field and a constant dielectric (s = 1). 

The energy minimization program was run using a conjugate gradient [either Polak-

Ribiere conjugate gradient (PRCG) or Truncated Newton conjugate gradient (TNCG)] 

and a minimum of 5000 iterations. The minimizations were terminated in each case prior 

to the 5000"^ iteration because the peptide structure occupied a local energy minima 



43 

(<0.05 KJ/mol.A). This initial minimized structure was subjected to simulated annealing 

in a 2000 ps dynamics trajectory simulation with a starting temperature of 1000 °C, an 

ending temperature of 0 °C, and run temperature of 27 °C, with step size I fs, and a 

temperature relaxation time of 0.02 ps. The structure was sampled every 10 ps and each 

sample saved as a unique structure. This yielded 200 separate conformations of the 

peptide. These structures were then minimized using the Batchmin program as described. 

Only those molecules that gave unique conformations were kept. Finally all the 

conformations that were unique were recorded as to their total energy, and those that had 

energy higher than 50 KJ/mol more than that of the lowest energy conformer were 

discarded. The remaining conformers were subjected to a final Batchmin process as 

described above. This process led to a single lowest energy conformation. 

This procedure was performed for Deltorphin analogues. The final structure for 

the peptide ligands was determined in part by the results fi-om the NMR experiments 

{vide infra). The data obtained fi-om 1-D and 2-D NMR experiments served to identify 

distance and geometry constraints to be applied when performing energy minimizations 

and in molecular dynamics simulations. Threshold minimum and maximum interproton 

distances were determined from observed ROESY crosspeaks and energy penalties were 

applied during dynamics simulations and energy minimizations to ensure that the 

computer-modeled peptide's structures were consistent with the NMR spectra. 

The interproton distance constraints that were applied to protons that gave rise to 

ROESY crosspeaks were determined according to their intensity. The interproton 

distances that correspond to strong ROESY crosspeaks were constrained to be 2.0-3.0 A, 
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where medium intensity crosspeaks were constrained to be 2.0-4.0 A and weak intensity 

crosspeaks 2.0-5.0 A as suggested by Wuthrich (Table 15).^"'^'^ The dihedral angle <j) was 

constrained by the parameters listed in Table 16. The energy constraint for these 

distances was applied as a flat-bottom energy well with a bidirectional penalty 

application of 100 KJ/A incongruence outside the energy well distance thresholds. 

Table 15. Distance constraints based on ROESY analysis.* 

Intensity 
NH, 

a, p intra-residue 
NH, 

a, P, inter-residue 
Long range 

Strong 2.0-2.5 2.0-4.0 2.0-5.0 
Medium 2.0-3.0 2.0-4.0 2.0-5.0 

Weak 2.0-3.5 2.0-4.0 2.0-5.0 

*: All values are in A. 

Table 16. (|) Torsion angle based on/a-NH from DQF-COSY analysis. 

•/a-NH(Hz) 4) 
>8 -l50°<<|»<-90° 
<6 -90 ° < (j)< -60 



Peptide Synthesis 

RESULTS 
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Solid phase peptide synthesis (SPPS) has become a convenient and powerful tool 

to make small quantities of peptides forbioassays and drug design. This method was 

used in the synthesis all the peptide analogues designed. None of the syntheses were 

optimized for yields. For lactam bridged peptides, the cyclizations were carried out on 

resins before the peptides were cleaved from the resin. For disulfide bridged peptides, 

the cyclizations were carried out in water/methanol or water/acetonitrile solution 

mixtures after the linear peptides were cleaved from peptide resins. In both cases, 

cyclized peptides were subsequently purified by preparative EIP-HPLC. 

Peptides synthesized were characterized by RP-HPLC, high-resolution mass 

spectroscopy, some with amino acid analysis, and some with NVIR spectroscopy {vide 

infra). In each case, the peptides gave only a single spot on TLC plates in each of three 

different solvent systems. The peptides all were demonstrated to be pure (> 98%) as 

determined by RF-HPLC chromatograms. The high-resolution mass spectra results all 

agreed with the calculated values, so were the results from amino acid analysis for those 

amino acids could be unambiguously assigned and quantitatively determined. For 

peptides checked by NMR, all amino acids in the designed peptide analogues were 

present in the corresponding TOCSY spectra. 



Table 17. Analytical data for Somatostatin analogues. 

Peptide Sequence 
HPLC 

k' 
MF 

MS fM+H]" Amino Acid Analysis 
Peptide Sequence 

HPLC 

k' 
MF 

Calc. Found Phe Mis Arg Thr 

GH-3a ll-DPIic-c[Cys-Uis-£)Phe-Om-Tq)-

Cysl-'llir-NHj 
2.94 C50H6JN11O9S2 1055.25 1054.6 2.00 1.17 1.10 

GH-3b H-DPhe-c(Pen-His-DPhe-Om-Tq}-

CysJ-Thr-NHj 
3.49 CS2H47N11O9S2 1083.32 1082.4 2.00 0.95 1.13 

GH-4c n-DPhc-c[Cys-nis-DTic-Arg-Tq)-

Cysl-Tlir-NUi 
4.12 C52H6SN15O9S2 1109.30 1108.9 1.00 0.99 1.15 0.98 

GH-4d ll-DPhe-cfUcy-His-DPhe-Arg-Trp-

Cysj-nir-Nlli 
3.40 C52H67N15O.JS2 1111.31 1110.6 2.00 0.92 1.03 0.97 

GH-5a H-DPhe-f(Asp-His-DPhe-Arg-Tqi-

Lysl-Thr-NHj 
3.35 CJ5II72N16O10 1118.26 1117.6 2.00 0.95 1.12 0.96 

GH-6a 1 l-DPhc-c(Cys-DI 1 is-£)Phe-A rg-

InvCysl-Thr-NHi 
3.34 C5|H6$Nij09S2 1097.29 1096.7 2.00 0.91 1.16 1.01 

GH-6b I l-DPlte-clCys-H is-DPhe(/j-CI)-

Arg-Trp-Cysl-nir-NH2 
3.59 CS,11MC1N,A 

SI 1131.73 1131.5 1.00 1.14 1.15 1.09 

GH-6c ll-DI'hc-c(Cys-His(3-Me)-DPhc-

A rg-'l"q)-Cys]-Thr-N 111 
3.33 C52"67N|509S2 1111.32 1111.4 2.00 1.12 1.03 

GH-6d 1 l-DPhe-<'(Cys-His-DNal( r)-Arg-

Trp-Cysj-Thr-NHz 
3.68 C 5 5 H 5 7 N 1 5 O 9 S 2  1147.35 1146.5 1.00 0.97 1.11 1.00 

GH-7b n-DPI»c-c{Glu-llis(3-Me)-DPhe-

Arg-Trp-Lys]-Thr - N H 2  

3.24 C57H76N16O10 1146.35 1145.7 2.00 1.12 0.95 

GH-llb !l-OI'hc-clCys-His-DPl»e-Arg-Trp-
Cys)-Thr - N l l 2  

3.36 C51II63N15O9S2 1097.29 1097.4 2.00 0.93 0.98 0.95 

GH-13 ll-DPlie-t|Cys-His-DPhc-Arg-Trp-

Hcyl-nir-Nlla 
3.51 C52II69N15O9S2 1111.30 1110.7 2.00 0.90 1.13 1.07 
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Table 18. Analytical data for Deltorjihin analogues. 

Peptide Sequence 
HPLC 

k' 
MF 

MS [M+H]' HR-MS [M Hl]' 
Peptide Sequence 

HPLC 

k' 
MF 

Calc. Found Calc. Found 

Delt-07 c(Gly-Hts-Phe-Arg-Trp-GUi)-Val-Val-Gly-Nll2 2.33 Ciin7i)Nit,0n) 1068.20 1067.5 1067.5461 1067.5453 

Dell-11 c((ily-llis-DPhc-Arg-Tq>-Glul-Val-Val-Gly-

NHj 
2.07 CsiHvoNiftOjo 1068.20 1067.5 1067.5461 1067.5455 

Delt-12 c(Gly-Pra-DPhe-Arg-TT)-Glu]-Val-Val-Gly-

Nllj 
3.16 Cioll7(iNuOiu 1028.18 1027.6 1027.5399 1027.5388 

Dclt-13 clGly-His-/)Nal(2')-Arg-Trp-Ghi]-Val-Val-

Gly-NUi 
2.55 Qs'bjNibOio 1118.26 1117.6 1117.5617 1117.5602 

DeU-14 c(Gly-Pro-DNal(2')-Arg-Tqi-Gliij-Val-Val-

Gly-NH, 
3.78 C54II72N14O10 1078.23 1077.6 1077.5556 1077.5543 

Dell-15 c(llis-Phc-Arg-Trp-Glul-Val-Val-Gly-NH2 2.27 C49H67N15O9 1011.15 1010.5 1010.5246 1010.5243 

Delt-17 t(nis-£)Phe-Arg-Trp-Glu]-Val-Val-Gly-Nlli 1.94 1011.15 1010.5 1010.5246 1010.5240 

Delt-21 c|llis-DNal(2')-Arg-Trp-Gluj-Val-Val-Gly-

NHi 
2.44 C53ll(,9N|509 1060.21 1060.5 1060.5403 1010.5394 

Dch-22 c(Pro-DNal(2')-Arg-Trp-Glul-Val-Val-Gly-

Nlij 
3.38 1021.18 1020.5 1020.5341 1020.5328 

Dclt-

25B 
t'(y-Abu-His-Phe-Arg-Trp-Giu]-Val-Val-Gly-

NUi 
2.40 Q3"74N|(,0|O 1096.26 1095.6 1095.5852 1095.5836 

Delt-26 c'(6-Ahx-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-

NH2 
2.55 C'54n76Nl6O|0 1124.31 1123.9 1123.6165 1123.6149 

Delt-

28B 
c((l-Ala-llis-/3Phc-Arg-Trp-Glul-Val-Val-Gly-

NII2 
2.33 C521172NI6OI0 1082.23 1081.9 1081.5696 1081.5685 

Dell-
29B 

cfy-Abu-His-DPhe-Arg-Trp-Glu)-Val-Val-Gly-

NH2 
2.12 C53"74N|60|n 1096.26 1095.9 1095.5852 1095.5862 



Tabic 18 - Continued 

Delt-

30B 
c[6-Ahx-His-DPhe-Arg-Trp-Glu|-Val-Val-Gly-

Nn2 
2.27 C54H76N16O10 1124.31 1123.9 1123.6165 1123.6149 

Delt-

328 
c(P-Ala-llis-DNal(2')-Arg-Trp-Glu]-Vai-Val-

Gly-Nll2 
2.81 CjdHy^NiftOio 1132.29 1131.8 1131.5852 1131.5836 

Delt-

338 
clY-Abu-His-DNal(2')-Arg-Tip-Glu]-Val-VaI-

Gly-Nllj 
2.59 C57"76Nh,0|O 1146.32 1145.9 1145.6009 1145.5996 

Delt-

358 
c(Gly-His(3-Bom)-DPhc-Arg-Trp-Glu)-Val-

Val-Gly-Nlh 
3.11 CsvUyiNiftOii 1188.55 1187.9 1187.6114 1187.6134 

Delt-
368 

c(Gly-CPG-DPhe-Arg-Trp-Glu)-Va!-Val-Gly-

NH, 
3.85 C52H74N14O10 1056.23 1055.8 1055.5790 1055.5782 

Delt-
388 

<(Gly-CPG-DNal(2')-Arg-Trp-Glul-Val-Val-

Gly-Nll2 
4.33 Cs(,ll74N|40|0 1106.29 1105.8 1105.5947 1105.5942 

4>. 



Frog skin melanocortin 1 receptor (MCIR) assays 
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Frog skin assay is performed by measuring the darkening of Rana Pipiens frog 

skin after it was treated with designed peptide analogues. This well-established 

experimental method has provided a very quick scientific venue to investigate 

compounds whether they possess any activities (for agonists) at frog skin MCIR, or 

block the activities (for antagonists) of well-studied MCIR potent agonists (such as a-

MSH or NDP-a-MSH). By doing so, this also provides a quick evaluation about the 

potentials of these analogues functioning at other melanocortin receptors, such as, MC3R, 

MC4R and MC5R. 

As can be seen from following Tables 20-25, the Somatostatin analogues in this 

study exhibited a wide variety of activities at Rana Pipiens frog skin's MCIR. 



Table 19. Bioassay results for chimeric a-MSH analogues with variation at Phe^. 

Serial H Sequence FSB Potency* EC5„(M) IC5,,(M) 

GH-4b H-DPhe-c[Cys-His-DPhe(/>-l)-Arg-Trp-Cys]-Thr-NH2 NA** 10-^ 

GH-4C H-DPhe-c[Cys-His-DTic-Arg-Trp-Cys]-Thr-NH2 NA 10-^' 

GH-6b H-DPhe-c[Cys-His-DPhe(^-CI)-Arg-Trp-Cys]-Thr-NH2 0.005 3x10" NA 

GH-6d H-DPhe-r[Cys-His-DNal( 1 ')-Arg-Trp-Cys]-Thr-NH2 0.00001 10^ NA 

G H - l l b  H-£)Phe-c[Cys-His-DPhe-Arg-Trp-Cys]-Thr-NH2 0,01 1 0 "  NA 

*: Relative potency compared with that of a-MSH for Frog Skin Bioassay (FSB, EC50 = 1 x lO'" M, Table 2); 

Not applicable (NA). 
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Figure 3. Structures of substituted phenylalanine used at position 7. 

HaN^COzH HzN^COzH H2N CO2H H2N CO2H 

DPhe(p-l) DPhe(p-a) 

NH 

CO2H 

£3Nal(1') 0Nal(2T OTic 

As shown in Table 19, H-£>Phe-c[Cys-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-

1 lb), bridged by Cys and Cys with the core sequence of His-DPhe-Arg-Trp, the EC50 is 

about 10 nM which is about 1% the potency compared with that of MT-EI, a superpotent 

agonist in the frog skin assay. In the past, research has shown that increase steric 

bulkiness at £)Phe position of melanotropin analogues could improve the potency of the 

resulted analogues, such as Z)Phe(^-I) incorporated a-MSH analogue Ac-NIe-c[Asp-His-

DPhe(p-I)-Arg-Trp-Lys]-NH2 (SHU-8914).'° By replacing £)Phe with DTic (Figure 3), 

H-DPhe-c[Cys-His-Z)Tic-Arg-Trp-Cys]-Thr-NH2 (GH-4c) lost agonist activity 

completely and became an antagonist, instead, with an IC50 value of 1 jaM. In addition, 

replacing Z)Phe of GH-1 lb with Z)Phe(p-I), H-Z)Phe-c[Cys-His-Z)Phe(p-I)-Arg-Trp-Cys]-

Thr-NH2 (GH-4b) also became an antagonist with an IC50 value of 0.1 ^iM. However, by 

replacing DPhe with DPheQ^-Cl) which has a much smaller substitution in the para-

position of phenyl group in the side chain than Z)Phe(/3-I) has in GH-1 lb, H-£)Phe-c[Cys-

His-DPhe(/7-Cl)-Arg-Trp-Cys]-Thr-NH2 (GH-6b) became a less active agonist compared 

with its parent molecule, GH-1 lb. Furthermore, H-£>Phe-c[Cys-His-DNal(r)-Arg-Trp-
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Cys]-Thr-NH2 (GH-6d) with a DNal(r) as a replacement for DPhe in GH-1 lb almost lost 

agonist activity completely (EC50 =10 |iM). From the results obtained, it is reasonable to 

speculate that increase of steric bulkiness at DPhe position of GH-1 lb will decrease the 

agonist activity while the antagonist activity increases. 



Table 20. Bioassay results for chimeric a-MSH analogues with variation at Bridge. 

Serial ft Sequence FSB Potency* EC5O{M) 1C5O(M) 

GH-4d H-DPhe-c[Hcy-His-DPhe-Arg-Trp-Cys]-Thr-NH2 0.5 3x10"'" NA** 

GH-Sa H-Z)Phe-c[Asp-His-DPhe-Arg-Trp-Lys]-Thr-NH2 1.0 10-10 NA 

G H - l l b  H-DPhe-c[Cys-His-/)Phe-Arg-Trp-Cys]-Thr-NH2 0.01 i o "  NA 

GH-13 H-DPhe-c[Cys-His-/)Phe-Arg-Trp-Hcy]-Thr-NH2 0.0001 l O "  

GH-I4a H-Z)Phe-f[Cys-His-DPhe-Arg-Trp-DCys]-Thr-NH2 l.O 10-10 NA 

GH-15 H-DPhe-c[Cys-His-DPhe-Arg-Trp-Pen]-Thr-NH2 0.001 10-^ NA 

*: Potency compared with that of a-MSH for Frog Skin Bioassay (FSB); 

**; Not applicable (NA). 

4^ 



It has been reported that restriction in the lactam bridge of MT-O led to dramatic 

change in the bioactivity of the resulted ligand. For example, replacing Lys'° in MT-II 

with a 2,3-diaminopropanoic acid Dap, Figure 4, three CH2 units short in the side chain 

compared with Lys, led to Ac-Nle"*-c[Asp^, DPhe', Dap'°]a-MSH(4-10)-NH2, which lost 

nearly 2 orders of magnitude in agonist activity compared with MT-II. Hence, bridge 

replacement in the cyclic compounds could be very interesting. Replacement of Cys'° in 

H-DPhe-c[Cys-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-1 lb) with a Hey residue (Figure 

4) led to H-DPhe-c[Cys-His-Z)Phe-Arg-Trp-Hcy]-Thr-NH2 (GH-13, Table 21), which 

showed a loss of potency by 2 orders of magnitude. However, replacing Cys^ in GH-1 lb 

with Hey led to H-DPhe-c[Hcy-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-4d), which 

gained almost 2 orders of magnitude in potency. GH-4d is almost as potent as MT-O in 

Rana Pipiens frog skin bioassay. On the other hand, by replacing Cys'° in GH-1 lb with 

a more constrained Pen residue (P, (i-dimethylcysteine. Figure 4), H-Z)Phe-c[Cys-His-

£»Phe-Arg-Trp-Pen]-Thr-NH2 (GH-15) gained 10 fold of potency in the same assay. 

Figure 4. Structures of special amino acids. 

NH2 SH 

H2N CO2H H2N CO2H CO2H 

t-Oap i.-Hcy /.-Pen 
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Interestingly, when Cys^° in GH-l lb was replaced by DCys, H-Z)Phe-c[Cys-His-

£)Phe-Arg-Trp-Z)Cys]-Thr-NH2 (GH-I4a) showed almost the same activity as MT-II in 

the frog skin bioassay. 

In addition, by replacing the disulfide bridge in Delt-1 lb with a lactam bridge, GH-5a 

was almost equipotent as MT-II. In fact, GH-5a has the essential by the same structure as 

MT-n except for the N- and C- termini. 



Table 21. Bioassay results for chimeric a-MSF I analogues with variations at the His^ position. 

Serial ft Sequence FSB Potency* FC5,)(M) IC5o(M) 

GH-6a H -/)Phe-c[Cys-DH is-DPhe-Arg-T rp-Cys]-Thr-NH2 0.0005 3x10'' NA*» 

GH-6C H-/)Phe-c[Cys-His(3-Me)-DPhe-Arg-TnvCys]-Thr-NH2 0.00001 10'^ NA 

GH-7b H-DPhe-c[Glu-His(3-Me)-DPhe-Arg-Trp-Lys]-Thr-NH2 O.I 10-'^ 

GH-llb H-/)Phe-c[Cys-His-DPhe-Arg-Tri)-Cys]-Thr-NH2 0.01 l o "  NA 

*; Potency compared with thai of a-MSH for Frog Skin Bioassay (FSB); 

Not applicable (NA). 

L/i 
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Among the core sequence, His'^-Phe-Arg-Trp, of a-melanotropin analogues, His^ 

has rarely been studied for structiire-activity relationships. A few years ago, during the 

studies of the function related with hydrogen bonding of imidazole ring of His*^, a 

decision was made to replace the hydrogen with methyl group so that hydrogen bonding 

could be eliminated by such a replacement. By using SHU-9119 as a model, His^ was 

substituted by His(l-Me) to give Ac-Nle-c[Asp-His(l-Me)-£)Nal(2')-Arg-Trp-Lys]-NH2 

(WY012) which was found to be a selective mMC5R antagonist the first ever found in its 

kind. Hence, the His^ position plays a significant role not only in selectivity but also 

functionality. When His*^ was recently replaced by Pro^ to give Ac-Nle-c[Asp-Pro-

DNal(2')-Arg-Trp-Lys]-NH2 (PG-901), a fairly selective and super potent agonist at 

human MC5R (AMCSR) was obtained.^" 

In this study, His^ of GH-1 lb was replaced by a His(3-Me) which resulted in GH-

6c (Table 21). However, GH-6c lost almost 1000 fold in potency in the frog skin assay. 

Interestingly, by replacing the S-S bridge (Cys^—Cys'°) with a lactam bridge (Glu'— 

Lys'°), H-DPhe-c[Glu-His(3-Me)-Z)Phe-Arg-Trp-Lys]-Thr-NH2 was obtained and found 

to be a potent agonist in the frog skin assay with EC50 of 1 nM which is about 10% 

activity compared with that of MT-U. 

On the other hand, by replacing His*^ of GH-1 lb with DHis, the analogue H-

DPhe-c[Cys-DHis-Z)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-6a) became much less potent 

(EC50 = 3 jaM). 



Table 22. Bioassay results for chimeric a-MSH analogues with variation at Arg®. 

Serial if Sequence FSB Potency* EC5O(M) IC5O(M) 

GH-3a H-/)Phe-c[Cys-His-DPhe-0m-Trp-Cys]-Thr-NH2 0.001 lO"' NA** 

GH-3b H-/)Phe-c[Pen-His-DPhe-0rn-Trp-Cys]-Thr-NH2 0.0 NA Antagonist 

GH-llb H-Z)Phe-c[Cys-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 0.01 1 0 ®  NA 

* ; Potency compared with thai of a-MSH for Frog Skin Bioassay (FSB); 

Not applicable (NA). 

vo 
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In the past, the Arg position has rarely been studied for its importance for the 

bioactivity of MT-EI. Replacement of Arg^ had shown the loss, to a certain degree, of 

activity of a-MSH analogues. It is highly probable that the side chain's guanidino group 

of Arg® could play a significant role in interacting with the receptor. Replacement of 

Arg® with Om (Table 22) led to H-Z)Phe-c[Cys-His-£>Phe-Om-Trp-Cys]-Thr-NH2 (GH-

3a) only losing 10 fold in potency compared that of its parent molecule, GH-1 lb. This 

indicates that Arg^ might not be so important as was thought. Interestingly, further 

replacing Cys^ with Pen to give H-Z)Phe-c[Pen-His-Z)Phe-Om-Trp-Cys]-Thr-NH2 (GH-

3b), a very weak antagonist in the frog skin assay while it did not show any agonist 

activity. 

A few years ago. Somatostatin was successfully converted into CTAP and CTOP 

(Table 23). Both are highly (i-opioid receptor selective and potent ligands, and neither of 

them had possessed any activity at Somatostatin receptors. The question about their 

melanocortin receptor activities remains to be answered. As seen in Table 23, CTOP, 

with Om at position 8, is a sub-micromolar agonist in the Rana Pipiens frog skin assay. 

On the other hand, CTAP, with Arg at position 8, is a weak antagonist in the same assay. 

By replacing Thr^ of CTAP with a Ser to give H-£)Phe-c[Cys-Tyr-Z)Trp-Arg-Ser-Pen]-

Thr-NH2 (GH-21) which also was a weak antagonist. 



Table 23. Bioassay results for CTAP chimeric a-MSH analogues. 

Serial U Sequence FSB Potency* EC5O(M) ICso (M) 

GH-16 H-Z)Phe-c[Cys-Phe(/7-I)-/)Trp-Arg-Thr-Cys]-Thr-NH2 NA** 10-6 -7 

GH-17 H-Z)Phe-c[Cys-Phe-DPhe-Arg-Thr-Pen]-Thr-NH2 NA NA 

GH-I8 H-Z)Phe-c[Cys-Phe(p-I)-DTrp-Arg-Thr-Pen]-Thr-NH2 NA 10-^ 

GH-19 H-/)Phe-c[Cys-Phe-£)Trp-Arg-Trp-Pen]-Thr-NH2 NA lO'' 

GH-20 H-DPhe-c[Cys-Phe-DTrp-Arg-DTrp-Pen]-Thr-NH2 NA 10-6.-7 

GH-21 II-DPhe-c[Cys-Tyr-DTrp-Arg-Ser-Pen]-Thr-NH2 NA 10" 

GH-22 H-DPhe-c[Cys-Tyr-DTrp-Arg-Trp-Pen]-Thr-NH2 NA 10" 

CTOP H-DPhe-r[Cys-Tyr-/)Trp-0m-Thr-Pen]-Thr-NH2 0.001 10-^ NA 

CTAP H-/)Phe-r[Cys-Tyr-DTrp-Arg-Thr-Pen]-Thr-NH2 NA 10-6 -7 

*: Potency compared with that of a-MSH for Frog Skin Bioassay (FSB); 

Not applicable (NA). " 
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In our other a-MSH related research, Trp^ has been an important residue for 

examining the activities of a-MSH analogues.^* Hence, replacement Thr^ of CTAP with 

a Trp led to H-Z)Phe-c[Cys-Tyr-£)Trp-Arg-Trp-Pen]-Thr-NH2 (GH-22), whose activity 

(IC50 = 1 ^M) was nearly unchanged compared with that of CTAP. Nor did H-DPhe-

£:[Cys-Phe-DTrp-Arg-DTrp-Pen]-Thr-NH2 (GH-20), with a Z)Trp at position 9 lead to 

any significant change in activity. 

We next turned to the Tyr*^ since replacement of His^ in a-MSH analogues had 

not been reported at the time we initiated this research. To check whether the phenolic 

OH group is important, Tyr was replaced by Phe in which an H replaces the phenolic OH. 

As can be seen in Table 23, H-DPhe-c[Cys-Phe-£)Trp-Arg-Trp-Pen]-Thr-NH2 (GH-19) 

possessed antagonist activity similar to that of CTAP , while H-£)Phe-c[Cys-Phe-Z)Phe-

Arg-Trp-Pen]-Thr-NH2 (GH-17) lost antagonist potency to a low level (generally <1 

^iM). 

Further modification of position 6 by Phe(;7l) where I is generally considered as a 

bulky substituent to H-£>Phe-c[Cys-DPhe(^I)-DTrp-Arg-Thr-Pen]-Thr-NH2 (GH-18, 

[Phe(p-I)''-CTAP]), improve antagonist activity slightly. While replacing the bridge 

(Cys^—Pen'°) with another (Cys^—Cys'°) in GH-18 led to GH-16, H-Z)Phe-c[Cys-

DPhe(pI)-£)Trp-Arg-Thr-Cys]-Thr-NH2, which had about the same antagonist potency as 

CTAP. 



Tabic 24. Bioassay results for a-MSH analogues ofGH-14a, 

Serial U Sequence 

FSB 

Potency 
EC5O(M) IC5O(M) 

GH-I4a H-Z)Phe-c[Cys-His-Z)Phe-Arg-Tn>-DCys]-Thr-NH2 1.0 10"'" NA 

GH-60 H-/)Phe-c[Cys-His-DNaI(2')-Arg-Trp-DCys]-Thr-NH2 NA 

GH-61 H-DPhe-c[Cys-His-DNal(r)-Arg-Trp-DCys]-Thr-NH2 0.0005 5 X 10-'' 

GH-62 H-DPhe-c[Cys-H is-DPhe(/>-F)-Arg-Trp-DCys]-Thr-N H2 0.001 10 X 10"'' 

GH-63 H-DPhc-r[Cys-His-£)Phe(^-l)-Arg-Trp-DCys]-Thr-NH2 NA O.O(IO'^M) 

*; Potency compared with that of a-MSH for Frog Skin Bioassay (FSB); 

Not applicable (NA). 

0\ Ui 



In the past, replacing Z)Phe^ of MT-EI with bulky aromatic side chain amino 

acids has generated potent and selective antagonist analogues, such as SHU-9119, Ac-

Nle-c[Asp-His-DNal(2')^-Arg-Trp-Lys]-NH2. Hence, we replaced DPhe' with amino 

acids having bulky aromatic side chains in other scaffold. Therefore, H-DPhe-c[Cys-His-

Z)Phe-Arg-Trp-Z)Cys]-Thr-NH2 (GH-14a), which was essentially equipotent to MT-EI in 

the Rana Pipiens frog skin assay, was chosen for modification. Simply replacing Z)Phe^ 

with a £>Phe(p-F) to give H-j9Phe-c[Cys-His-Z>Phe(p-F)-Arg-Trp-Z)Cys]-Thr-NH2 (GH-

62, Table 24) led to a loss in potency by a factor of 1000. Increasing the size of the 

halogen from F to I led to H-Z)Phe-c[Cys-His-Z)Phe(p-I)-Arg-Trp-Z)Cys]-Thr-NH2 (GH-

63), which did not possess any agonist activity but was a weak antagonist (IC50 = 10 

^iM). 

A larger steric hindrance of the side chain group can be implemented by 

introducing a fused aromatic ring which could be considered as a disubstituted at D?he' 

analogue. Depending on how the aromatic ring is fused into the phenyl group, the 

geometry of the side chain is different. As a result, Z)Nal(r) derivative, H-DPhe-c[Cys-

His-DNal(r) -Arg-Trp-Z)Cys]-Thr-NH2 (GH-61), showed much reduced agonist potency 

in the Rana Pipiens frog skin bioassay with EC50 of 5 |iM. However, £)Nal(2') 

derivative, H-Z)Phe-c[Cys-His- Z)Nal(2') -Arg-Trp-£>Cys]-Thr-NH2 (GH-60) completely 

lost its agonist activity. Further assays are needed to check whether GH-60 is an 
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Mouse melanocortin receptors assays 

Since mouse MCIR, MC3R, MC4R and MC5R have been cloned, ±ey have been 

used widely for evaluating melanotropin analogues.^'^"""'"'^ It provides a quick and useful 

tool to screen and evaluate the bioactivities of designed melanotropin analogues for 

comparison with assays using corresponding human MCRs (/iMCRs). 

As can be seen from Tables 26-29, the Somatostatin analogues in these studies 

exhibited a wide variety of activities and selectivities at the mouse MCIR (MMCLR), 

MC3R (MMC3R), MC4R (/mMC4R) and MC5R (MMC5R ). 

In the Rana Pipiens frog skin assay, the parent molecule of the designed 

Somatostatin derivative, H-DPhe-c[Cys-His-DPhe-Arg-Trp-Cys]-Thr-NH2 (GH-1 lb) 

functioned as an agonist with an EC50 of 10 mM (Table 25). While, in the mouse MCRs 

assays, it displayed more potent activities, especially in the /wMC4R where it showed an 

EC50 of 0.1 nM which is ahnost 100 fold more potent than its activity in the Rana Pipiens 

frog skin assay. At the other /nMCRs, this compound also displayed agonist activities, 

and the EC50S are relatively lower, ranging from 1.4 nM to 3.0 nM which are about 10 

fold less potent than its activity at the mMC5R. 

H-Z)Phe-c[Cys-His-DPhe-Arg-Trp-Hcy]-Thr-NH2 (GH-13) though not very 

potent in the Rana Pipiens frog skin MCIR assay, showed good agonist activities at all 

wMCRs with its EC50S around 2-5 nM at the /wMCSR and mMClR and 50-70 nM at 

mMC4R and /mMC3R. 



Table 25. Bioassay results for chimeric a-MSH analogues with variation of S-S bridge at w/MCRs. 

Compound Stnicture 
EC5O(M) 

Compound Stnicture 
«iMClR rMC3R ;«MC4R mMC5R 

GIM5 H-DPhe-c[Cys-His-DPhe-Arg-Trp-

PenJ-Thr-NHa 

6.92 ± 1.27 E-

09 

6.38 ±0.56 E-

08 

1.98 ± 1.61 E-

08 

1.39 ±0.14 E-

10 

GH-I4a H-DPhe-c[Cys-His-DPhe-Arg-Trp-

DCys]-Thr-NH2 

2.25 ±0.12 E-

10 

2.29 ± 0.94 E-

10 

1.97 ±0.34 E-

10 

1.01 ±0.68 E-

10 

GH-13 H-DPhe-c[Cys-His-DPhe-Arg-Trp-

Hcy]-Thr-NH2 

5.11 ±0.86 E-

09 

7.45 ± 7.25 E-

08 

5.10 ±0.20 E-

08 

2.21 ±0.24 E-

09 

GH-Ilb H-£)Phe-f[Cys-His-DPhe-Arg-Trp-

Cys]-Tlir-NH2 

1.46± 1.I4E-

09 

2.97 ± 2,87 E-

09 

1.37 ±0.01 E-

09 

1.24 ±0.22 E-

10 

GH-5a H-DPhe-c[ Asp-l I is-DPhe-Arg-T ip-

Lys]-Thr-NH2 

4.65 ± 1.31 E-

n 

2.32 ± 1.54 E-

10 

3.80 ± 0.26 E-

10 

7.39 ± 0.40 fi

ll 

On a\ 
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H-£>Phe-c[Cys-His-Z)Phe-Arg-Trp-£)Cys]-Thr-NH2 (GH-14a) is almost as potent 

as MT-II in the Rana Pipiens frog MCIR assay, and displayed potent agonist activity at 

all mMCRs with subnanomolar EC50S [EC50S (nM): 0.22 at mMClR; 0.23 at /nMC3R; 

0.20 at /nMC4R and 0.10 at /«MC5R], but clearly no selectivity. 

On the other hand, H-£>Phe-c[Asp-His-Z)Phe-Arg-Trp-Lys]-Thr-NH2 (GH-5a), a 

lactam version (side chain cyclized Asp—Lys bridge) of GH-14a (Cys—DCys side chain 

S-S bridge), displayed almost the same potency as GH-14a in the Rana Pipiens frog skin 

.VICIR assay, and showed more potent activity than the latter at the /wMClR (EC50 ~ 0.05 

nM) and mMC5R (EC50 ~ 0.07 nM). However, GH-5a displayed relatively weak agonist 

activities at the /nMC3R (EC50 ~ 0.3 nM) and /nMC4R (EC50 ~ 0.4 nM), and thus was 

somewhat selective for the mMClR and /nMC5R versus OTMC3R and /nMC4R. 

H-£>Phe-c[Cys-His-Z)Phe-Arg-Trp-Pen]-Thr-NH2 (GH-15), a weak agonist (EC50 

= 0.1 |j.M) in the Rana Pipiens frog skin MCIR assay, displayed excellent selectivity at 

the /rzMCRs with exceptional potency at the /wMC5R (EC50: ~ 0.15 nM). It is 50, 500, 

and 150 fold more potent at /nMC5R versus /wMClR (ECso-' ~ "7 nNI), /nM!C3R (ECso: ~ 

70 nM) and /nMC4R (EC50: ~ 25 nM), respectively. 



Table 26. Bioassay resuUs for chimeric a-MSM analogues with variation at DPhe^ at mMCRs. 

Compound Structure 
EC5O(M) 

Compound Structure 
/wMClR rMC3R wMC4R mMC5R 

CiH-6b H-DPhe-f[Cys-His-PPhe(p-CI)-Arg-

Trp-Cys]-Thr-NH2 

3.66 ± 0.80 

K-IO 

7.34 ± 1.20 

E-09 

6.59 ± 0.25 

E-10 

1.13±0.15 

E-10 

GH-4C H-DPhe-c[Cys-His-Z)Tic-Arg-Trp-Cys]-

Thr-NHz 
NA* NA NA NA 

GH-6d H-DPhe-c[Cys-His-DNal(r)-Arg-Trp-

Cys)-Thr-NH2 

2.22 ± 1.10 

ri-08 

5.19± 1.20 

E-09 
NA 

4.31 ±0.88 

E-09 

GH-llb H-DPhe-r[Cys-His-/)Phe-Arg-Trp-

Cys]-Thr-NH2 

1.46 ± 1.14 

E-09 

2.97 ± 2.87 

E-09 

1.37 ±0.01 

E-09 

1.24 ±0.22 

E-10 

NDP Ac-Ser-Tyr-Ser-Nle-Glu-Mis-/)Phe-Arg-

T rp-Gly-Lys-Pro-V al-NM2 

4.59 ±4,48 

li-lO 

1.04 ±0.40 

E-10 

2.86 ±0.48 

E-10 

6.43 ± 0.56 

E-11 

*: NA: Not applicable. 

0\ 
00 
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As demonstrated earlier using the Rana Pipiens frog skin assay, increases in the 

constraints/buUdness of the side chain groups of Z)Phe in H-Z)Phe-c[Cys-His-Z)Phe-Axg-

Trp-Cys]-Thr-NH2 (GH-1 lb) led to decreased agonist activity which was largely 

dependent on the groups introduced. In assays at the otMCRs, the situation was a little 

different. H-DPhe-c[Cys-His-Z)Phe(/7-Cl)-Arg-Trp-Cys]-Thr-NH2 (GH-6b) with a 

DPhe(p-Cl) at position 7 (Table 26) did not lead to a decrease in any activities at most of 

the mMCRs (ECsoS were 0.4, 0.7 and 0.1 nM at /nMClR, mMC4R and mMC5R 

respectively) except at the wMC3R (EC50 for GH-6b was about 7 nM, EC50 for GH-1 lb 

was about 3 nM). H-DPhe-c[Cys-His-DNal(r)-Arg-Trp-Cys]-Thr-NH2 (GH-6d) which 

incorporated a £)Nal(r) at position 7, showed relatively weaker agonist activity at the 

mMClR,/nMC3R andmMCSR compared with GH-lib. At the/kMC4R, GH-6d was 

almost inactive at 1 |j.M. 

Interestingly, H-DPhe-c[Cys-His-Z)Tic-Arg-Trp-Cys]-Thr-NH2 (GH-4c) which 

has a DT'xc at position 7, was inactive at all mMCRs as an agonist. Antagonist activity 

was not tested. 



Table 27. Bioassay results at »iMCRs for chimeric a-MSl I analogues with variation at Arg". 

Compoutui Structure 
EC5O(M) 

Compoutui Structure 
/mMCIR /•MC3R W1VIC4R /NMC5R 

GH-3a H-DPhe-c[Cys-llis-DPhe-Orn-Trp-Cys]-Thr-NH2 
4.67 ± 1.16 

n-08 

6.61 ± 1.14 

E-()7 

1.81 ±0.20 

E-07 

8.48 ± 0.05 

E-09 

GH-3b M-DPhe-c(Pen-His-DPhe-Orii-Trp-Cys)-Thr-NH2 
4.87 ± 4.04 

E-07 

5.91 ± 1.06 

E-08 
NA* 

4.65 ± 1.26 

E-08 

cn-iib U -DPlie-f [Cys-H is-DPhe-A rg-T rp-Cys]-Thr-NI 12 
1.46 ± 1.14 

E-09 

2.97 ± 2.87 

n-09 

1.37 ±0.01 

E-09 

1.24 ±0.22 

E-10 

NDP 
Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-

Lys-Pro-Val-NH2 

4.59 ± 4.48 

E-10 

1.04 ± 0.40 

E-10 

2.86 ± 0.48 

n-10 

6.43 ± 0.56 

E-11 

*: NA = Not applicable'. 

O 
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Replacing Arg® (guanidino group side chain, with a +1 charge) in GH-1 lb with an 

Om gave H-DPhe-c[Cys-His-£)Phe-Om-Trp-Cys]-Thr-NH2 (GH-3a, Table 27), which 

showed decreased activities at all /wMCRs compared with GH-1 lb. The most dramatic 

change in activity was at the /nMC4R, where GH-3a (EC50 ~ 180 nM) was more than 100 

fold weaker compared with GH-1 lb (1.4 nM) than at that receptor. There were no 

significant selectivities for GH-3a at all /wMCRs. 

By constraining the bridge of GH-3a (Cys^—Cys'°) with a Pen'—Cys'°disulfide 

bridge to give H-£)Phe-c[Pen-His-DPhe-0m-Trp-Cys]-Thr-NH2 (GH-3b), gave an 

analogue which showed decreased activity at the mMClR (EC50 ~ 500 nM). The activity 

at the mMC5R also decreased to an EC50 of about 50 nM. However, the potency at 

/72MC3R increased 10 fold compared with that of GH-3a. Furthermore, GH-3b lost 

potency at mMC4R. 

As explained earlier, replacing His^ with a His(3-Me) eliminates the possibility of 

hydrogen bonding at the side chain, which might affect biological activity. Indeed, H-

DPhe-c[Cys-His(3-Me)-Z)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-6c, Table 28) displayed a 

broad spectrum of lower potencies compared with GH-1 lb. GH-6c lost 20, 10, 70 and 5 

fold in potency at /nMClR, /nMC3R, mMC4R and mMC5R respectively. However, the 

selectivities between mMC5R versus mMClR or /nMC3R improved to some extent. 



Table 28. Bioassay results for chimeric ot-MSH analogues at wjMCRs with variation at His''. 

Compound Structure 
EC5O(M) 

Compound Structure 
wiMClR rMC3R mMC4R wMC5R 

GH-llb H-DPhe-c[Cys-His-DPhe-Arg-Trp-Cys]-

Thr-NH2 

1.46± 1.14 

E-09 

2.9712.87 

E-09 

1.3710.01 

E-09 

1.2410.22 

E-10 

GH-6c H -DPhe-r(Cys-II is(3-Me)-DPhe-Arg-

Trp-Cys]-Thr-NH2 

3.49 ± 1.60 

E-08 

3.12±0.15 

E-08 

8.8510.10 

E-09 

5.53 10.82 

E-IO 

NDP Ac-Ser-Tyr-Ser-Nle-Glu-His-Z)Phe-Arg-

Trp-Gly-Lys-Pro-Val-NHa 

4.59 ±4.48 

E-10 

1.0410.40 

E-10 

2.8610.48 

E-10 

6.43 10.56 

E-ll 
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Xenopus Laevis Frog melanocortin 1 receptor assays 

A number of Deltorphin-EI analogues have been analyzed for activity at Xenopus 

Laevis frog MCIR. As can be seen from Tables 30 and 31, the results vary from virtually 

no activity to EC50 with nM ranges. 

The design of melanotropin analogues from Deltorphin-II (Scheme 2) was based 

on the following considerations. Initially it was decided to make the lactam bridge as 

simple as possible. Since the acid group from the side chain of glutamic acid can form an 

amide bond with the amino group of the N-terminal, this amide bond became the first 

lactam bridge of choice. Based on previous study, His-Phe-Arg-Trp is an essential 

sequence for a-MSH analogues to possess any agonist biological activity.^^ Thus, it was 

natural to incorporate this sequence into our designed analogues. However, Delt-15 

(XXX = His, YYY = Phe) displayed ahnost no agonist activity in the Xenopus frog skin 

assay, but it was a very weak antagonist with an IC50 of 5 |iM (Table 29). Replacement 

of Phe by DPhe led to c[His-£)Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-17), which 

improved the agonist activity dramatically to around 800 nM, while it was a partial 

antagonist with an IC50 of 2 p-M. Further modifying position 7 by DNal(2') to give c[His-

DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-21), a much more potent analogue with 

an EC50 around 60 nM. Interestingly, it lost all the antagonist activity in this assay. In 

addition, replacement of His® with Pro led to c[Pro-Z)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-

NH2 (Delt-22), which gave no agonist activity, but instead an antagonist with an IC50 of 

about 900 nM. 



Table 29. High Ihroughput screening of chimeric a-MSH ligands at Xenopus frog MCIR. 

c[XXX-YYY-Arg-Trp-Glu]-Val-Val-Gly-NH2 

Peptide Sequence ECjolnM)* 
Emax 

arbitrary units 
IC5o(nM)* 

DeIt-15 c[Hts-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 >10000 NA -5000 

Delt-17 c[His-/)Phe-Arg-Trp-Ghi]-Val-VaI-Gly-NH2 
825 

(SE 80) 

125 

(SE \)** 
-2000 

Dell-21 c(His-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 
60 

(SE 20) 

200 

(SE 1) 
None 

DeH-22 cfPro-DNal(2')-Arg-Trp-Glu]-VaI-Val-Gly-NH2 
>10000 

(no activity) 
NA -900 

* ;  IC50  mcasuremenls are Ihe competitive bindings in the presence of SOO pM of a-MSM and EQo measuremciils in the absence of a-MSII; 

llie unit of Hmax is an arbitrary one. The Emax refers to the maximum response (%Ai) that is achieved witli MSII alone. It venccts (he 

maximum "darkness" that can be achieved with any given measurement. 



Table 30. High throughput screening of chimeric a-MSH ligands at Xenopus frog MCI R. 

c[Gly-XXX-YYY-Arg-Trp-Glu]-Val-Va]-Gly-NH2 

Peptide Sequence ECso (nM)* 
Emax** 

arbitrary units 
IC5o(nM)* 

Delt-07 r[Gly-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 
5200 

(SE 400) 

308 

(SE 98) 
none 

Delt-ll clGly-His-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 
510 

(SE 134) 

257 

(SE 12) 
none 

Deh-12 r[Gly-Pro-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 >10 000 NA ~ 10 000 

Deh-13 c(Gly-His-DNal(2')-Arg-Trp-Ghi]-Val-Val-GJy-NH2 
60 

(SE 10) 

317 

(SE 10) 
none 

Dclt-14 r[Gly-Pro-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 
>10 000 

(no activity) 
NA I o

 
o

 

*: ICso ineasurcmcnls arc the coinpetilivc bindings in the presence of 600 p M of a-MSH and ECjo measureinenls in Ihc abscncc of a-MSII; 

llie unit of Emax is an arbitrary one. 
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In the next step of our design, expansion of the ring size became one strategy 

because Delt-15, Delt-17, Delt-2l and Delt-22 are all 17-merabered ring compounds. 

Compared with the superpotent MT-EI which has a 23-membered ring, the analogues 

designed above might be too constrained for the core sequence to have proper 

conformation for maximum the binding to the receptor. Hence, a Gly was inserted into 

the lactam bridge. Consequently, all of the compounds in this series possess 20-

membered rings. c[Gly-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-07, Table 30) 

derived from Delt-15, showed improved agonist activity with an EC50 of 5 jiM, while the 

antagonist activity of Delt-15 was completely lost. c[Gly-EIis-Z)Phe-Arg-Trp-Glu]-Val-

Val-Gly-NH; (Delt-11) derived from Delt-17, showed almost the same agonist activity as 

DeIt-17. However, unlike Delt-17, antagonist activity for Delt-11 was not detectable. 

Replacement of His^ of Delt-11 with a Pro gave c[Gly-Pro-£)Phe-Arg-Trp-Glu]-VaI-Val-

Gly-NH2 (Delt-12), which did not have any agonist activity. Instead, it showed very 

weak antagonist activity with an IC50 around 10 |iM. Interestingly, replacement £)Phe of 

Delt-11 with a DNal(2') led to c[Gly-His-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 

(Delt-13) which showed a much improved agonist activity (EC50 = 60 ± 10 nM), and it 

had no antagonist activity. Further, replacing His^ of Delt-13 with a Pro led to c[Gly-Pro-

£)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-14), which essentially loses all agonist 

activity and becomes a weak antagonist with an ICso around 700 nM. 

It is noteworthy to point out that Delt-13 and Delt-21 showed the same bioactivity 

profile. The structural difference is an additional Gly in Delt-13. Hence, it is likely that 
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the extra Gly, in other words—ring expansion, did not change any critical conformations 

related to bioactivity. 

In order to further evaluate the effect of ring size, we expanded the ring by 

replacing Gly with other non-a-amino acids by inserting CH2 units between the amino 

and the acidic group of Gly. Hence amino acid derivatives [commercially available P-

alanine (P-Ala), y-amino-butyric acid (y-Abu) and 6-amino-hexanoic acid (6-Ahx)] with 

different lengths of CH2 units were used to replace Gly. 

As can be seen from the Table 31, c[y-Abu-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-

NHt (Delt-25B), with y-Abu replacing Gly of Delt-07, c[Gly-His-Phe-Arg-Trp-Glu]-Val-

Val-Gly-NH:, showed slightly improved agonist activity. Further expanding the ring by 

incorporating y-Ahx instead Gly gave c[6-Ahx-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 

(DeIt-26) did not have any agonist activity, nor was it an antagonist. 

For the Z)Phe^ derivative Delt-11, when the Gly was replaced by a p-Ala to give 

c:[p-Ala-His-Z)Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-28B), it became a potent 

agonist with an EC50 around 30 nM. Further expansion of the ring by incorporating y-

Abu which is one more CH2 unit than p-Ala gave c[y-Abu-His-DPhe-Arg-Trp-Glu]-Val-

Val-Gly-NHi (Delt-29B) which lost 10 fold in potency compared with Delt-28B. 

However, when 6-Ahx replaced y-Abu of Delt-29B, the derivative (Delt-30B) became 

more potent than Delt-29B. As a matter of fact, c[6-Ahx-His-Z)Phe-Arg-Trp-Glu]-Val-

Val-Gly-NH? (Delt-30B) was almost as potent as Delt-28B. 



Table 31. High throughput screening of chimeric Deltorphin hgands at Xenopus frog MCIR 

c[ZZZ-His-YYY-Arg-Trp-Gl«]-Val-Val-Gly-NH2 

Peptide Sequence ECso(nMr 
Emax** 

(arbitrary units) 
IC5o(nM)* 

Delt-07 r[Gly-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 
5200 

(Sn 1500) 

308 

(SE 98) 
None 

Dclt-25B f[Y-Abu-His-Plie-Arg-Trp-Glu]-Val-Val-Gly-NH2 
2700 

(SE 200) 
274 (SE 14) None 

DeU-26 c[6-Ahx-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 >10,000 NA None 

Deh-ll c[Gly-His-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 
935 

(SE 30) 
289 

(SE 3) 
None 

Delt-28B c[(VAIa-His-DPhe-Arg-Trp-Ghi]-Val-Val-Gly-NH2 
31 

(SE 22) 

208 

(SE 13) 
None 

Delt-29B c[y-Abu-His-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 
313 

(SE 181) 
218 

(SE 17) 
None 

Delt-30B c[6-Ahx-liis-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 
23 

(SE 19) 

245 

(SE 18) 
None 

Dell-13 f[Gly-His-DNaI(2')-Arg-Trp-Glul-Val-Val-Gly-NH2 
60 

(SE 10) 

317 

(SE 10) 
none 

Delt-32B t[p-Ala-His-DNal(2')-Arg-Trp-Glu]-VaI-Val-Gly-NM2 
2 

(SD0.3) 
263 

(SE 24) 
None 

Dell-33B c[Y-Abu-His-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 
23 

(S E  I I )  

318 

(SE 15) 
None 

*: IC)o measurements arc the competitive bindings in the presence of 600 pM of a-MSli and HC511 nieasiircmenis in the a )scnce of o-MSII; 

The unit of Hmax is an arbitrary one. 

00 



79 

The DNal' derivative c[GIy-His-DNaI(2')-Arg-Trp-Glu]-VaI-Val-Gly-NH2 (Delt-

13), in which Gly was replaced by P-Ala to give c[p-Ala-His-DNal(2')-Arg-Trp-Glu]-

Val-VaI-Gly-NH2 (Delt-32B) as an agonist which was 30 fold more potent than the 

parent molecule Delt-13. Further replacement of P-AJa with a y-Abu gave c[y-Abu-His-

£)Nal(2')-Arg-Trp-Glu]-VaI-Val-Gly-NH2 (Delt-33B), which lost 10 fold of potency, 

compared with Delt-32B. 

Based on the above results, it can be concluded that P-Ala derivatives, all of 

which have a 21-membered ring, showed the highest potency among all the derivatives 

tested. The larger the ring sizes by simply adding CH2 units, the less constrained the 

derivatives would be. As a result, the loss of constraints could lead to the loss of 

selectivity among the MCRs. Hence, no further ring expansion was carried out in this 

research. 



Table 32. lligli throughput screening of chimeric a-MSH ligands at Xenopus frog MCIR. 

c[Gly-XXX-YYY-Arg-Trp-Glu]-Val-Val-Gly-NH2 

Peptide Sequence ECfo (nM)» 

Emax** 

(Arbitrary units) 

IC50 

(nM)» 

Dclt-ll c[Gly-His-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 
510 

(SE 134) 

257 

(SE 12) 
none 

DcU-13 c[Gly-His-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 
60 

(SE 10) 

3 1 7  

(SE 10) 
none 

Delt-35B c[Gly-His(3-Bom)-DPhe-Arg-Tip-Glu]-Val-Val-Gly-

NH2 

>10,000 NA ~ 1000 

Delt-36B*** c[Gly-CPG-DPhe-Arg-TnvGlul-Val-Val-Gly-NH2 >10,000 NA None 

DeU-38B c[Gly-CPG-DNaI(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 >1000 NA ~ 100 

*; ICio measurements are the competitive bindings in the presence of 600 pM of a-MSH and GC)o measviremcnts in the a nscnce of a-MS 

Tlie unit of Emax is an arbitrary one; 

CPG: (5)-Cyclopentylglyciiie (Figure 5). 
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Early studies on the fiinction of imidazole ring of His® had revealed that hydrogen 

bonding from the imidazole group might play a role in the activity of a-MSH and its 

analogues. As discussed earlier, Ac-Nle-c[Asp-His(l-Me)-Z)Nal(2')-Arg-Trp-Lys]-NH2 

(WY012), was a /wMC5R selective antagonist. Recently, replacement of the His® in 

SHU9119 with a Pro led to Ac-Nle-c[Asp-Pro-£)Nal(2')-Arg-Trp-Lys]-NH2 (PG901), 

which was found to be a potent and selective MC5R antagonist. These results made us 

realize that position 6 in a-MSH analogues plays a significant role in both selectivities 

and activities. Further studies (Table 30, Delt-14) have shown that proline when 

incorporated into Delt-12 and Delt-14, were weak antagonist in the Xenopus frog skin 

MCIR assay. These results suggested that further modifications at position 6 of the a-

MSH analogues derived from Deltorphin-O might be interesting. 

Instead of introducing a (l-Me)His at position 6, a much more bulky (3-Bom)His 

(Figure 5) was incorporated into Delt-35B to give c[Gly-His(3-Bom)-£)Phe-Arg-Trp-

Glu]-Val-VaI-Gly-NH2 (Table 32), which was found to be a weak (IC50 = 1 nM) 

antagonist with no agonist activity. This can be compared to its parent compound c[Gly-

His-Z)Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-11) which was a pure agonist (EC50 = 

510 ± 134 nM). 

As shown in Table 30, replacement of His® in c[Gly-His-Z)Phe-Arg-Trp-Glu]-Val-

Val-Gly-NH2 (GH-11) with a proline gave c[Gly-His-£)Phe-Arg-Trp-Glu]-Val-Val-Gly-

NH2 (Delt-12) which was a pure antagonist with an IC50 around 10 fxM. The same is true 

for c[Gly-Pro-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-14), also an antagonist 

with much improved potency with an IC50 around 0.7 |iM. The differences may be 



82 

accounted for by the differences between His and Pro. First, the amino group in Pro is a 

secondary amine while it is a primary amino group for His. Second, Pro has a five-

membered ring. Thus; both the ((> and vj/ bonds in His are more flexible. Thus, it was 

decided to examine amino acids which have structures close to His except that the new 

amino acids should not have hydrogen bonding groups. Among all the commercially 

available amino acids, (5)-cyclopentyIgIycine (CPG, Figure 5) was identified to have a 5-

membered ring in the side chain as does His, though one is aliphatic and the other is 

heteroaromatic. Replacement of His^ in c[Gly-CPG-£)Phe-Arg-Trp-Glu]-Val-Val-Gly-

NHT (Delt-11) led to analogue c[Gly-CPG-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-

36B), which was virtually inactive. 

Interestingly, replacement of His*^ in c[Gly-His-DNal(2')-Arg-Trp-Glu]-Val-Val-

GIy-NH2 (Delt-13) by CPG led to c[Gly-CPG-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 

(Delt-38B) which lost about 20 fold agonist activity in the Xenopus frog sidn assay and 

became a relatively potent antagonist (IC50 -100 nM), which makes it the most potent 

antagonist among all the Deltorphin chimeric analogues. 

Figure 5. Structures of side chain substituted Z-histidines and (5)-CPG. 

CH3 

C-OH 

Z.-His(34̂ e) L-Hts(l-Me) (S)-CPG 
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Human Melanocortin Receptors Assays 

As stated above, the best agonist c[p-Ala-His-DNal(2')-Arg-Trp-Glu]-Val-Val-

Gly-NH2 (Delt-32B) and the best antagonist c[GIy-CPG-£)Nal(2')-Arg-Trp-Glu]-VaJ-

Val-Gly-NH2 (Delt-38B) in \hcXenopus Laevis frog MCIR assay were ftirther assayed in 

human melanocortin receptors, namely, AMCIR, AMC3R and /zMC4R (/iMCSR was not 

available for bioassay, hence it was not included). Table 33 displays the bioassay results 

for Delt-32B and Delt-38B from these AMCRs. 

Table 33. Bioassay results of selected chimeric a-MSH analogues at AMCRs. 

A). Agonist activity of Delt-32B 

Ligand 
AMCIR 

(EC50 ± SE nM) 

/zMC3R 

(ECso ± SE nM) 

;iMC4R 

(EC50 ± SE nM) 

Delt-32B 75 ±28 5.8 ±2.1 77 ±64 

B). Antagonist activity of Delt-38B 

Ligand 
AMCIR 

(IC50 ± SE nM) 

/jMC3R 

(IC50 ± SE nM) 

/iMC4R 

(IC50 ± SE nM) 

Delt-38B 12 ±28 44± 31 1300±1200 

As can be seen from Table 33, Delt-32B displayed some selectivity (~ 12 fold) at 

the /iMC3R (EC50 = 5.8 nM) vs. AMCIR and AMC4R. Interesting, its potency at AMC3R 

is very close to its potency at Xenopus frog MCIR (EC50 = 2nM). Whether this potency 
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match is a coincidence or applicable for other ligands, it remains to be answered by future 

investigation. 

For Delt-38B, its preliminary bioassay results at AMCRs revealed that it is an 

antagonist at all /rMCRs tested (AMCIR, AMC3R, /iMC4R). It displayed great selectivity 

at /iMClR with an IC50 of 12 nM which is about 100 fold more potent than at AMC4R, 

and about 4 fold as potent as it is at hMC3R. Consequently, Delt-38B is about 30 times 

as potent as it is at AMC4R. Worthy of mention is that its competitive binding at 

Xenopus frog MCIR was very weak with an IC50 of 100 nM (Table 32). 

NiVIR Spectroscopy 

This study has utilized three basic types of NMR experiments, namely TOCSY, 

ROESY and DQF-COSY, in order to validate the assignments for the peptide analogues 

and to determine their three-dimensional structures. Each of these major types of 

experiments, their utility, and the results will be addressed. The NMR experiments were 

performed at pH = 4.5 (T = 293 K; reference: 5 = 4.91 ppm for HiO). This pH is 

somewhat different than what would be experienced by the peptide in a biological 

system. Hence, the conformations determined may be somewhat altered. However, there 

are no ionizable groups in the peptide with a pKa value close pH = 4.5 -7.0, and therefore 

the conformation should not be drastically altered. The peptides are 1+ or 2-r charged 

species respectively neutral solution and in the buffer used in this work, with free a-

amino group positively charged at pH4-5. 
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The TOCSY spectrum was the most useful of the NMR experiments for obtaining 

the assignments of the chemical shifts for each proton in the peptides. By identifying the 

characteristic spin systems for different amino acids, amino acid residues can be 

categorized. For some, they even can be identified without any other spectrum. 

However, this method is limited in its ability to provide the amino acid sequence or the 

tliree-dimensional structure. For this information, it is necessary to use a technique 

which can provide information on the residues interacting through the space. 

Thus, ROESY experiments were performed to help determine the three-

dimensional structures of the Deltorphin-II analogues. The ROESY experiment does not 

give any information about individual atom or group or pattem, such as a spin system but 

these can be obtained from the TOCSY spectra. The ROESY provides detailed 

information about interactions through space and thus provides a plethora of 3-

dimensional information. 

By overlapping the TOCSY spectrum which provides a chemical shift pattem of 

each residue, and the ROESY spectrum which provides information at the interaction 

between residues, the assignment of each cross-peak in TOCSY and the interactive 

groups in the ROESY can be obtained. Above all, the real advantage from ROESY is that 

the distance between two interactive groups in space is proportional to the peak area in 

the ROESY spectnmi. Hence, the larger the area, the stronger the interaction will be, and 

the closer in space. A problem is that involving ROESY spectra are averaged so the 

distance between different atoms/groups in the space may not be optimized for 
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minimized structures. However, it does provide a weighted average of the majority of the 

low energy structures. 

The third major type of 2D-NMR experiment that was performed was phase 

sensitive two-dimensional COSY (DQF-COSY), which provides vital backbone 

information on the coupling constant between the amide NH and the CQH of the same 

residue. These coupling constants can be used to determine the HN-CaH dihedral angles 

((|) angle). 

Through the information acquired from ROESY and DQF-COSY, the topology of 

the peptide structure and the backbone can be assessed and minimized by molecular 

modeling programs, such as the MacrcModel program. 

Molecular Modeling 

Computer-generated models of 7 Deltorphin-U analogues (Figures 6-12) were 

derived using NMR constraints. Each peptide analogue was found to occupy a low 

energy conformation or a small number of families of low energy conformations. 

Computer-assisted molecular modeling in conjunction with NMR results can be useful in 

determining the structure of biological active structures, and several programs, including 

Macromodel,^^ CHARMM,'^ Insight^ and Sybyl,'°° have been written that attempt to 

take advantage of kno\vn characteristics of molecules that influence their folding. In this 

study the program MacroModel 6.5 was used to generate, visualize, and energy minimize 

structures and to perform molecular dynamic simulations. In the environment of water. 
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the AMBER force field'°' and one of the two algorithms, PRCG and TNCG, were used to 

determine the minimum energy conformation of the peptide, while the Monte Carlo 

method'°^"'°^ was used to perform structure searches. 

Distances between atoms and dihedral angles were restricted (Tables 16, 17). The 

structures with the lowest energy conformations were then subjected to dynamic search 

via a molecular dynamics algorithm'"^'""* with simulating temperature at room 

temperature, an initial temperature of 1000 °C and final temperature 0 °C for simulated 

annealing. The timestep was set to 1.0 ps without constraining any bond lengths to 

hydrogen or lone pairs, i.e., without SHAKE, and the total simulation length was set to 

2000 ps. 

Traditionally, the energy minimization was only accomplished by applying one 

conjugate gradient. The reliability of the results carmot be checked nor guaranteed 

because the final energy minimized conformations are somehow dependent on the 

gradient used and the conformation of the starting structure. In order to make our 

modeling results more meaningful and reflect the real conformation as much as possible, 

we applied two different conjugate gradients, PRCG and TNCG, for modeling. Hence, 

for each compound being modeled, there are two lowest energy conformations found 

based on the two conjugate gradient applied. Then, these two conformations are 

overlapped to check the convergency. If the convergency is not good, that means it is 

unlikely a real energy minimized conformation is obtained. Then further minimization is 

required until good convergency is reached. Hence, this converged method has a better 

chance to find an energy minimized conformation. To our knowledge, this method has 
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never been applied in any reported literature. Additionally, the starting structural 

conformation for each gradient applied also was different. By this approach, the 

coincidence of accidental convergency for results generated by two different conjugate 

gradients is avoided. In other words, the finally obtained convergency of the two energy 

minimized conformations is much better realized. Furthermore, using the same method, 

we have analyzed 7 analogues in this series of Deltorphin/a-MSH chimeric ligands with 

limited changes in ring size and/or one amino acid residue. These also give us better 

chances to check the convergency and in turn enhance the reliability of our method of 

modeling. 

Based on the constraints identified from 2D-NMR analyses, models for the low 

energy conformers of the peptides as shown in Figures 6-12. 



Table 34. NMR data for Delt-07 (r[Gly-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2) in buffered water. 

Residue^ AA 8nh 8a 8o- 8Y 8r- 8fi N, 

1 Gly 8.19 3.81 

2 His 8.50 4.31 2.81 2.64 

3 Phe 7.70 4.43 2.59 2.40 

4 Arg 8.41 3.87 1.26 1.62 1.54 2.94 6.95 

5 Trp 7.30 4.55 3.29 3.17 

6 Ghi 7.36 4.14 1.74 2.21 1.92 

7 Val 7.96 4.00 1.96 0.82 

8 Val 8.18 3.97 1.95 0.84 

9 Gly 8.14 3.74 

Residue// 2 3 4 5 6 7 8 

Jnu (HZ) 5.3 8.2 4.7 6.5 5.8 8.7 7.7 

00 VO 



Table 35. Dihedral angles for Ihe energy lowest confomiations of Delt-07 (c[Gly-His-Phe-Arg-Trp-Glu]-Val-VaI-

Gly-NHz). 

Algorithm Gly His Phe Arg Trp 

-I- M' * V »!' 

PRCG -147.8 120.5 -136.1 14.5 172.6 106.3 -118.8 70.3 -168.2 155.3 

TNCG 175.1 -120.5 -72.1 -4.5 -163.2 175.2 -78.1 96.0 -147.9 0.0 

Table 36. Distances of Ca between i to i + 3 residues in Delt-07. 

Algorithm Gly-Arg 

PRCG 6.5 

da(( ^ il) 
TNCG 5.9 

da(( ^ il) 

SO O 
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Figvire 6. Stereoviews of the energy minimized structure of Delt-07 (c[Gly-His-Phe-Arg-

Trp-GluJ-Val-Val-Gly-NHi) in buffered water. 

A. Algorithm: PRCG 

B. Algorithm: TNCG 
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Energy minimized structiare of c[Gly-His-Phe-Arg-Trp-Glu]-Val-VaI-Gly-NH2 (DeIt-07) 

obtained using the PRCG algorithm (Figure 6A) 

There is a type-Vn (3-tum (theoretical: v|/2 = 180 |<()3| < 60° or |v{/2| < 60 l<j)3| = 

180 °) involving Gly-His-Phe-Arg (for His: \\f2 = 14.5 for Phe: (j)3 = 172.6 da(i.i^3) = 

6.5 A) based on the calculation. As can be seen, there is a kink at residue Phe. In 

addition, there also is a type IV p-tum (for p-tums with two or more angles which differ 

by at least 40 ° from the definition of p-tum types I, I', II, H', EQ and HI') involving His-

Phe-Arg-Trp (for Phe: <j)2 = 172.6 °, y\i2 = 106.3 for Arg: (j)3 = -118.8 v|/3 = 70.3 d<i(i. 

i+3) = 6.0 A). The side chains of Trp, Phe and Arg are clustered together. Clearly there is 

a hydrogen bond between imidazole N-H and carbonyl group of Val7 residue. However, 

there is no K-TZ or cation-7t interaction among any of the side chain fiinctional groups 

because either the distances were too far apart or the dihedral angles do not allow for 

such interactions which could enhance secondary structural features. 

Energy minimized structure of c[Gly-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-07) 

obtained using the PRCG algorithm (Figure 6B) 

There is a type-VII P-tum (theoretical: \\i2~ 180 l(|>3l < 60° or |v}/2| < 60 |<|)3i ~ 

180 °) involving Gly-His-Phe-Arg (for His: \\i2 = -4.5 for Phe: (J)3 = -163.2 da(i.,^3) = 

5.9 A) based on the calculation. As can be seen in Figure 6B, the side chains of Phe and 

Arg, the side chains of His and Trp are relative close, respectively. Hence it is highly 

probable that there is a TZ-TZ or cation-Ti interaction within these two pair of side chains. In 
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addition, there is a strong hydrogen bond between the highly hydrophihc guanidine group 

and the backbone carbonyl of Phe. This internal hydrogen bonding can, in turn, reduce 

the hydrophilicity of the ligand. The high k' value (2.33, highest among peptides with 

His-Phe-Arg-Trp sequence) of DeIt-07 in reverse phase chromatography also indicates 

the reduced hydrophilicity for this ligand. 

Comparison of the energy lowest conformation of c[Gly-His-Phe-Arg-Trp-Glu]-VaI-Val-

Gly-NH2 (DeIt-07) based on these two different algorithms 

Both algorithms generated similar conformations for Delt-07. Most dihedral 

angles are very close in values for residues from Gly to Trp, except y angles for Gly 

(120.5 ° for PRCG, -120.5 ° for TNCG) and Trp residues (155.3 ° for PRCG, 0 ° for 

TNCG). Despite that difference, there is type VH p-tum (among the residue of Gly-His-

Phe-Arg) in conformations generated by both algorithms. On the other hand, there is a 

type IV p-tum involving the sequence of His-Phe-Arg-Trp for conformations generated 

by PRCG, while this feature is not seen for conformations generated by TNCG. Such a 

difference was the result of intrinsic differences in the algorithms used, PRCG versus 

TNCG. 



Table 37. NMR Data for Delt-09 (c[Gly-His-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2) in buffered water. 

Residue// AA Snii 8u S(. 8|v 8y 8, h K 

1 Gly 8.24 3.56 

2 His 8.18 4.59 2.81 2.44 

3 DPhe 8.16 4.5 2.88 

4 Arg 8.31 3.84 1.42 1.05 0.78 0.68 2.74 6.89 

5 Trp 7.44 4.77 3.13 

6 Gill 8.10 4.15 1.57 2.24 2.11 

7 Val 8.14 3.95 1.88 0.78 

8 Val 8.22 3.93 1.88 0.77 

9 Gly 8.38 3.75 

Residue// 2 3 4 5 6 7 8 

Jno (HZ) 9.2 6.9 7.2 8.5 8.4 7.4 7.6 
"O 



Table 38. Dihedral angles for the energy lowest confonnations of Delt-09 (cfGly-His-DPhe-Arg-Trp-Ghi]-Val-Val-Gly-

NH2). 

Algorithm Gly His DPhe Arg Trp 

H' •I" 't' *1' 't' >1' 

PRCG -160.2 95.7 -150.3 36.1 163.3 -145.7 -109.8 51.3 -166.7 152.1 

TNCG -147.7 102.7 -133.3 29.6 150.7 -117.7 -116.1 43..6 -167.8 148.6 

Table 39. Distances of C,j between i to 1 + 3 residues in Delt-09. 

Algorithm Gly-Arg His-Trp 

PRCG 6.7 6.8 

tla(I + (J) 

TNCG 6.6 6.0 
tla(I + (J) 

NC C/i 
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Figure 7. Stereoviews of the energy minimized structure of DeIt-09 (c[Gly-His-Z)Phe-

Arg-Trp-GIu]-Val-Val-Gly-NH2) in buffered water. 

A. Algorithm: PRCG 

A 

B. Algorithm; TNCG 
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Energy minimized structure of c[GIy-His-£)Phe-Arg-Trp-Glu]-VaI-Val-Gly-NH2 (Delt-

09) obtained using the PRCG algorithm (Figure 7A) 

There is a type-FV p-tum involving Gly-His-DPhe-Arg (for His: (|)2 = -150.3 i}/2 

= 36.1 forZ)Phe: (j)3 = 163.3 vj;3 = -145.7 da(i-i^3) = 6.7 A) based on the calculation. 

Since there are three angles which differ by more than 40 ° from types-I, 1', n, 11', LH and 

ni'. In addition, there also is a type IV p-tum involving His-DPhe-Arg-Trp (forZJPhe: (|)2 

= 163.3 m/2 = -145.7 for Arg: (j)3 =-109.8 v|/3 = 51.3 da,,.,^3) = 6.8 A). Further, 

there are strong cation-7t interactions between the side chain groups of Arg and DPhe (d = 

3.6 A), and Trp and His (d = 2.5 A). Such interactions could enhance secondary structure 

features. 

Energy minimized structure of c[Gly-His-£)Phe-Arg-Trp-GIu]-Val-Val-Gly-NH2 (Delt-

09) obtained using the TNCG algorithm (Figure 7B) 

There is a type-FV p-tum involving Gly-His-DPhe-Arg (for His: (|)2 = -133.3 \]i2 

= 29.6 for DPhe: (j)3 = 150.7 11/3 = -117.7 da(j.,-^3) = 6.6 A) based on the calculation. 

In addition, there also is a type IV p-tum involving His-DPhe-Arg-Trp (for DPhe: <j)2 = 

150.7 v|y2 = -117.7 for Arg: ^3 = -116.1 H/3 = 43.6 da(i.i.3) = 6.0 A). Further, there 

is a weak cation-Ti interaction between side chain groups of Arg and DPhe (d = 4.8 A). 

Comparison of the energy lowest conformation for c[Gly-His-DPhe-Arg-Trp-Glu]-Val-

VaI-Gly-NH2 (Delt-09) based on these two different algorithms 
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Both methods generated very similar structures. Nearly all the key dihedral 

angles from the sequence of Gly-His-Z)Phe-Arg-Trp are statistically same (27 ° is the 

largest difference between these two calculations) respectively. As a result, there are two 

type-IV p-tums in the structures, in the same regions (Gly-His-DPhe-Arg, His-£)Phe-

Arg-Trp, respectively), generated by the two different algorithms. In addition, the 

distances between Ca of residues i and i + 3 also are very close in both p-tums, 6.7 A 

(PRCG) versus 6.6 A (TNCG) for the sequence of Gly-His-DPhe-Arg, 6.8 A (PRCG) 

versus 6.0 A (TNCG) for the sequence of His-DPhe-Arg-Trp, as indicated in Table 39. 

hiterestingly, there are strong indications, based on the distances (3.6 A and 4.8 

A) of the flmctional groups in the side chains ofDPhe and Arg, that there is a strong 

cation-7i interaction between the phenyl ring of Z)Phe and the guanidino group of Arg in 

structures obtained using both algorithms. Such an interaction could stabilize and 

enhance the secondary structures. On the other hand, this same kind of interaction also is 

available between the side chains of His and Trp for the lowest energy conformation 

generated by the PRCG algorithm, while this is not available for the lowest energy 

conformation generated by the TNCG algorithm. 

Despite the slight difference in the structural features in the flexible side chains, 

the structures generated using the two different algorithms showed good convergence, 

which was well indicated by key parameters obtained (Tables 39 and 40). 



Table 40. NMR Data for DeU-13 (r[Gly-His-DNal(2')-Arg-Trp-Glu]-Val-VaI-Gly-NH2) in buffered water. 

Residue/^ AA 8nu 5„ Sn 8,r by ft,. N, 

1 Gly 8.20 3.98 

2 His 8.21 4.62 2.83 2.49 

3 /)Nal(2') 8.26 4.54 3.07 2.98 

4 Arg 8.15 3.68 1.21 0.78 0.32 0.13 6.43/2.26 

5 Tip 8.21 3.50 2.83 2.49 

6 Glu 8.04 4.15 1.55 - 2.20 2.09 

7 Val 8.14 3.93 1.86 - 0.77 -

8 Val 8.22 3.88 1.87 - 0.76 -

9 Gly 8.36 3.78 

Residue^ 2 3 4 5 6 7 8 

JNU (HZ) 9.2 6.7 7.6 4.9 8.5 7.6 7.9 

vO 
SO 



Table 41. Dihedral angles for the energy lowest confoniiations of Delt-13 (c[Gly-His-DNal(2')-Arg-TqvGlu]-Val-Val-Gly-

NH2). 

Algorithm Gly His /)Nal(2') Arg Trp 

't' *1' <!> *1' M' 

PRCG 174.3 -133.0 -84.5 46.7 164.2 -118.5 -154.1 62.0 -130.5 30.6 

TNCG 167.7 -174.6 -158.6 72.9 147.3 -147.3 -113.4 69.2 -143.7 11.5 

Table 42. Distances of C„ between i to i + 3 residues in Delt-13. 

Algorithm Gly-Arg 

PRCG 5.5 

^a(i ^ ii) 
TNCG 6.9 

^a(i ^ ii) 
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Figure 8. Stereoviews of the energy minimized structures of Delt-13 (c[Gly-His-

Z)Nal(2')-Arg-Trp-GIu]-Val-Val-Gly-NH2) in buffered water. 

A. Algorithm: PRCG 

B. Algorithm; TNCG 
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Energy minimized structure of c[Gly-His-Z)NaI(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 

(Delt-13) obtained using the PRCG algorithm (Figure 8A). 

There is a slightly distorted type-Vn P-tum (theoretical: |vj/2| < 60 (})3 ~ 180 °) 

involving Gly-His-DNal(2')-Arg (for His: \|/2 = 46.7 for Z)NaI(2'): (j)3 = 164.2 da(i-i^3) 

= 5.5 A), based on the calculation. As can be seen in Figure 8A, there is a kink at the 

£)NaI(2') position. Interestingly, this type-Vn p-tum, involving the sequence of Gly-His-

DNal(2')-Arg, also qualifies as a type-V p-tum (theoretical: <1)2 = -80 \|/2 = 80 ({)3 = 80 

= -80 actual: His: (j)2 = -84.5 °, h/2 = 46.7 for £>Nal(2'): h = 164.2 m;3 = -118.5 

da(i.j-3) = 5.5 A), though it is highly distorted since 2 angles (vi/2; v|/3) are at the 

boundaries while another angle, (|)3, is far off the normal value. Hence, this p-tum can 

also be included as a type-FV p-tum. 

The distance between the guanidino group of Arg and naphthyl ring of Z)Nal(2') 

is about 3.6 A, which indicates a strong cation-:r interaction. This strong interaction 

significantly affects the backbone conformation in this region, where there is a kink at the 

DNal(2') position as discussed above. Consequently, this cation-rc interaction contributed 

a key prerequisite for a type-VTI p-tum. 

Energy minimized structure of c[Gly-His-Z)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 

(Delt-13) obtained using the TNCG algorithm (Figure 8B) 

There is a type-IV p-tum involving Gly-His-Z)Nal(2')-Arg (His: (j>2 = -158.6 v|/2 

= 72.9 for £>Nal(2'): <|»3 = 147.3 \{i2 = -147.3 d<i(j.,.^3) = 6.9 A), based on the 
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calculation. Three ((j)2; <()3; vj/3)of the four angles are far off the normal values for p-tum 

types I, r, n, 11', ni and HI'. 

The distance between the guanidino group of Arg and naphthyl ring of Z)Nal(2') is 

about 3.3 A, which indicate a strong cation-:t interaction. This strong interaction 

significantly affects the backbone conformation between these two residues, where there 

is a highly distorted kink at the Z)Nal(2') position. Such a distortion, in this molecule, 

makes it impossible for this reverse turn structure to fit any currently defined p-tum 

prototype. 

Comparison of the energy lowest conformations of c[Gly-His-DNaI(2')-Arg-Trp-Glu]-

Val-Val-Gly-NHi (Delt-13) based on these two different algorithms 

These two methods generated two closely related structures in energy-lowest 

conformations, though the reverse turns involved are somewhat different. There is a 

type-VII p-tum involving the sequence of Gly-His-£)Nal(2')-Arg for the conformation 

generated by PRCG algorithm. This turn is at the boundaries of type-V, and type-[V as 

well. On the other hand, the conformation generated by TNCG algorithm is a type-IV P-

tum. Interestingly, there are strong cation-7c interactions, between the guanidino group of 

Arg and the naphthyl ring of DNal(2') (d = 3.6 or 3.3 A, for PRCG or TNCG 

respectively) in both cases, and overall the topographical features of the two strucUares 

are very similar. Such strong interactions might have caused the distorted P-tum by 

forcing the changes in the related regions in the cyclized backbones. 



Table 43. NMR data for Dell-15 {cfHis-Phe-Arg-Trp-GluJ-Val-Val-Gly-Nlh) in buffered water. 

Residue^ AA SNH R<. Sp 8Y N. 

1 His 8.35 4.18 2.85 2,79 

2 Phe 8.45 4.25 3.03 2.86 

3 Arg 7.86 3.96 1.50 I.4I 1.02 2.79 6.84 

4 Trp 8.09 4.48 3.28 

5 Glu 8.01 4.20 1.90 2.37 2.19 

6 Val 7.96 3.97 1.91 0.79 

7 Val 8.23 3.96 1.92 0.80 

8 Gly 8.43 3,78 

Residue// 1 2 3 4 5 6 7 

JNa (Uz) 5.3 4.1 7.5 6.8 6.7 8.2 8.2 



Table 44. Dihedral angles for the energy minimized conformations of Delt-15 (r[His-Phe-Arg-TrivGlu]-Val-

Val-Gly-NHi). 

Algorithm His Phe Arg Trp Glu 

<1' •I" M' •I" ¥ •I" 

PRCG -72.0 -171.3 -65.5 86.0 164.3 -44.3 -127.8 2.1 -163.5 -162.0 

TNCG -71.5 165.5 -54.7 94.2 151.5 -43.3 -116.0 -2.0 -146.3 -169.8 

Table 45. Distances of C„ between i to i + 3 residues in Delt-15. 

Algorithm His-Trp Phe-Glu 

PRCG 5.5 5.3 

<!«(/1 i j )  
TNCG 5.6 5.1 

<!«(/1 i j )  
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Figure 9. Stereoviews of the energy minimized structures for Delt-15 (c[His-Phe-Arg-

Trp-GIu]-Val-Val-Gly-NH2) in buffered water. 

A. Algorithm: PRCG 

B. Algorithm TNCG 
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Energy minimized structure of c[His-Phe-Arg-Trp-GIu]-VaI-Val-Gly-NH2 (Delt-15) 

obtained using the PRCG algorithm (Figure 9A). 

There is a type-V P-tum involving His-Phe-Arg-Trp (for Phe: (j)2 = -65.5 v|/2 = 

86.0 for Arg; ^3 = 164.3 ^/3 = -44.3 da(i.,^3) = 5.5 A) based on the calculation. 

However, it is a highly distorted type-V p-tum at Arg position (normal type-V p-tum: (j)3 

= 80 °, v}/3 = -80 °). This distortion probably is caused by the strong cation-^ interaction 

in the side chains between the indole ring of Trp and guanidino group of Arg (d = 3.5 A). 

In addition, there also is a type IV p-tum involving Phe-Arg-Trp-Glu (for Arg: (|)2 = 164.3 

V1/2 = -44.3 for Trp: ^3 = -127.8 °, v|/3 = 2.1 d<i(i.,^3) = 5.3 A). This kind of P-tum 

which involves Glu, is not available in ligands whose cyclic motifs involve more than 5 

amino acid residues. Hence, the restriction in the ring size made this secondary stmcture 

possible, i.e., p-tum extended to the Glu position. On the other hand, this kind of 

restriction only allows very limited variation in values for the dihedral angles in the 

backbone due to the constraints and steric effects. Consequently, the secondary stmcture 

generated in such cases might become highly distorted; for example, ^2 ~ 164.3 ° (Arg) 

and v|/3 = 2.1 ° (Trp) for the type-FV P-tum discussed above. 

In addition, there is a strong cation-7r interaction between the guanidino group of 

Arg and the indole ring of Trp evidenced by the distance (3.5 A) between these two 

groups. 

Energy minimized stmcture of Delt-15 obtained using the TNCG algorithm (Figure 9B) 
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This also gives a highly distorted type-V P-tum involving His-Phe-Axg-Trp (for 

DPhe: ij>: = -54.7 \\i2 = 94.2 for Arg: (J)3 = 151.5 ij/s = -43.3 da(i-,-3) = 5.6 A) based 

on the calculation. In addition, there is a type IV p-tura involving Phe-Arg-Trp-Glu (for 

Arg: (|): = 151.5 m/2 = -43.3 for Trp: (j)3 = -116.0 vj/j = 2.0 da(....3) = 5.1 A). 

Comparison of energy minimized structures of c[His-Phe-Arg-Trp-Glu]-Val-Val-Gly-

NHt (Delt-15) based on these two different algorithms 

Both methods generated very similar structures. Nearly all the key dihedral 

angles from the sequence of His-Phe-Arg-Trp-Glu are statistically same (19 ° is the 

largest difference bet\veen these two calculations) respectively. As a result, there are two 

P-turas in the structures, in the same regions (type V: His-Phe-Arg-Trp, type IV: Phe-

Arg-Trp-Glu, respectively), generated by the two different algorithms. In addition, the 

distances between Ca of residues i and i + 3 also are very close in both p-tums, 5.5A 

(PRCG) versus 5.6 A (TNCG) for the sequence of His-Phe-Arg-Trp, 5.3 A (PRCG) 

versus 5.1 A (TNCG) for the sequence of Phe-Arg-Trp-Glu, as indicated in Table 45. 

In addition, there are indications, based on the distances (3.5 A and 3.7 A) of the 

functional groups in the side chains of Arg and Trp , that there are strong cation-7t 

interactions between the guanidino group of Arg and the indole ring of Trp in structures 

obtained using both PRCG and TNCG algorithms. 

Overall, there is virtually no difference between the structures generated by the 

two different algorithms. Hence, high convergence of structures was achieved in the 

modeling studies (Tables 45 and 46). 



Table 46. NMR data for Delt-21 (r[His-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2) in buffered water. 

Residue// AA ^Nll 8„ 8y 5fi K 

1 His 8.33 4.36 3.14 3.06 

2 DNal(2') 8.48 4.40 3.06 2.97 

3 Arg 7.54 3.64 0.87 0.50 0.07 -0,15 2.15 6.35 

4 Trp 7.94 4.43 3.30 3.14 

5 Ghi 7.53 4.31 2.07 1.96 2.42 

6 Val 7.81 3.98 1.93 0.80 

7 Val 8.18 3.95 1.94 0.81 

8 Gly 8.40 3.76 

Residue// 1 2 3 4 5 6 7 

JN„ (HZ) 5.3 5.8 6.9 7.6 7.6 7.7 7.6 

O vO 



Table 47. Dihedral angles for the energy lowest confomiations of Dclt-21 (r[His-DNal(2')-Arg-Trp-Glii]-Val-Val-

Gly-Nlh). 

Algorithm His DNal(2') Arg Trp Gill 

M' M' 't' M' M' M' 

PRCG -92.2 -0.2 -64.4 81.2 76.7 -52.2 -155.5 135.1 -161.3 92.4 

TNCG -85.4 -7.7 -65.7 86.3 73.5 -62.3 -146.0 116.7 -173.9 178.5 

Tabic 48. Distances of C„ between i to i + 3 residues in Delt-21. 

Algorithm His-Trp /)Nal(2')-Glu 

PRCG 5.8 6.5 

do(( + ij) 
TNCG 6.1 6.6 

do(( + ij) 
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Figure 10. Stereoviews of the energy minimized structures of Delt-21 (c[His-Z)NaI(2')-

Axg-Trp-Gluj-Val-Val-GIy-NHi) in buffered water. 

A. Algorithm: PRCG 

B. Algorithm: TNCG 
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Energy minimized structure of c[His-£>Nai(2')-Arg-Trp-Glu]-Val-Val-GIy-NH2 (DeIt-21) 

obtained using the PRCG algorithm (Figure lOA) 

Based on the calculation, there is a type-V p-tum involving His-£)NaI(2')-Arg-Trp 

(For Z)NaI(2'): h = "64.4 i|/2 = 81.2 for Arg: <|)3 = 76.7 v|/3 = -52.2 d«(,.,.3) = 5.8 

A) for the backbone of Delt-21. In addition, there also is a type FV p-tum involving 

DNal(2')-Arg-Trp-Glu (for Arg: ((»2 = 76.7 v|/2 = -52.2 for Trp: <j)3 = -155.5 \\iz = 

135.1 da(i.,-r3) = 6.5 A). These results are very similar to those obtained for Delt-15 

where Phe replaces DNal(2') in the structure which otherwise is the same. 

However, for the side chain groups, no cation-7r or tc-tc interactions are observed. 

This result is contrary to those obtained in Delt-15 where there are strong interactions 

involving the side chains of His, Arg, Trp. 

Energy minimized structure of Delt-21 obtained using the TNCG algorithm (Figure lOB) 

For the backbones conformation, there is a type-V P-tum involving His-DNal(2')-

Arg-Trp (for DNal(2'): = -65.7 \\f2 = 86.3 for Arg: (j)3 = 73.5 vj/3 = -62.3 da(i.j-3) 

= 6.6 A) based on the calculations. In addition, there also is a type IV p-tum involving 

DNal(2')-Arg-Trp-Glu (for Arg: ((>2 = 73.5°, vj/. = -62.3 for Trp: ^3 = -146.0 °, = 

116.7 da(j.,.^3) = 6.6 A). These results are very similar to those obtained for Delt-15 

where Phe replaced Z)Nal(2')-
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However, for the side chain groups, it is very hard to interpret whether there are 

any cation-:i or TI-TZ interactions, which are so obvious in the closely related analogue— 

Delt-15 where there are strong interactions involving the side chains of His, Arg, Trp. 

Comparison of the energy lowest conformations for c[His-DNal(2')-Arg-Trp-Glu]-Val-

Val-GIy-NHi (Delt-21) based on these two different algorithms 

Both methods generated very similar structures. Most of the key dihedral angles 

from the sequence of His-£>NaI(2') -Arg-Trp-Glu are statistically the same (18 ° is the 

largest difference between these two calculations) respectively, except for the vj/ angle for 

Glu (92.4 ° for PRCG; 178.5 ° for TNCG, Table 47) which is not essential for the 

backbone conformations inside the cychc structure. As a result, there are two p-tums in 

the structures, in the same regions (type V: His-Z)Nal(2')-Arg-Trp, type FV: Z)Nal(2')-

Arg-Trp-Glu, respectively), generated by the two different algorithms. In addition, the 

distances between Ca of residues i and i + 3 also are very close in both p-tums, 5.8 A 

(PRCG) versus 6.1 A (TNCG) for the sequence of His-DPhe-Arg-Trp, 6.5 A (PRCG) 

versus 6.6 A (TNCG) for the sequence of Z)Nal(2')-Arg-Trp-Glu, as indicated in Table 

48. All these conformational features are very similar to those obtained in Delt-15, where 

jDNal(2') in Delt-21 is replaced by Phe. 



Table 49. NMR data for Dclt-32B (r[p-Ala-His-DNal(2')-Arg-Trp-Glu]-VaI-Val-Gly-Nl l2) in 

buffered water. 

Residue// AA 8NH Su Sp 8Y 56 N... 

1 P-Ala 7.76 2.30 3.25 

2 His 8.25 4.40 2.87 

3 /)Nal(2') 8.58 4.49 3.14 2.95 

4 Arg 8.07 4.11 1.29 1.13 0.76 2.57 6.68 

5 Trp 8.16 3.93 3.12 

6 Glu 7.77 4.11 1.56 2.03 1.88 

7 Val 7.88 3.84 1.85 0.77 

8 Val 8.15 4.43 1.91 0.80 

9 Gly 8.41 3.76 

Residue// 2 3 4 5 6 7 8 

5.6 6.4 7.5 7.6 7.9 7.7 5.6 



Table 50. Dihedral angles for Ihe energy lowest confomiations of Delt-32B (c[p-Ala-His-/J)Nal(2')-Arg-Trp-Glii]-

Val-Val-Gly-NH2). 

Algorithm Mis DNal(2') Arg Trp Glu 

M' M' •I* M' M' 

PRCG -136.5 39.9 153.6 -115.7 -117.2 38.0 -170.5 159.7 -136.1 111.1 

TNCG -143.5 47.6 163.4 -126.4 -117.8 29.0 177.2 179,7 -129.1 126.2 

Table 51. Distances of C„ between i to i + 3 residues in Delt-32B. 

Algorithm His-Trp 

PRCG 6.1 

dn(i t (i) 

TNCG 6.2 
dn(i t (i) 
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Figure 11. Stereoviews of the energy minimized conformation for Delt-32B (c[p-AJa-

His-DNaI(2')-Arg-Trp-Glu]-Val-Val-GIy-NH2) in buffered water. 

A. Algorithm: PRCG 

B. Algorithm: TNCG 
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C. Overlap of the lowest energy conformations calculated for c[3-Ala-His-DNaI(2>Arg-

Trp-GIu]-Val-Val-Gly-NH2 (Delt-32B) by PRCG algorithm (green) and TNCG algorithm 

(red). 
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Energy minimized structure of c[P-Ala-His-Z)Nal(2')-Arg-Trp-Glu]-Val-VaI-Gly-NH2 

(Delt-32B) obtained using the PRCG algorithm (Figure 11 A) 

There is a highly distorted type-II' p-tum (theoretical: ^3 = 60 \(/2 = -120 (j)3 = -

80 \j/3 = 0 °) involving His-Z)Nal(2')-Arg-Trp (for £)Nal(2'): (p: = 153.6 \\t2 = -115.7 

for Arg: 63 = -117.2 v|/3 = 38.0 da(i.|+3) = 6.1 A), based on the calculations. Since it is 

highly distorted since 2 angles (<(>2; vj/3) are at the boundaries while another angle, (()2, is 

off the normal value, this p-tum also can be considered as a type-V or type-FV p-tum. 

If p-Ala can be counted as an a-amino acid, there also is a type V-II p-tum 

involving P-Ala-His-Z)Nal(2')-Arg (for His: v|/2 = 39.9 for £>Nal(2'): ({>3 = 153.6 °). The 

distance between the guanidino group of Arg and naphthyl ring of Z)NaI(2') is about 3.3 

A, indicating a strong cation-7r interaction. This strong interaction significantly affects 

the backbone conformation in this region, where there is a kink at the Z)Nal(2') position. 

Consequently, this cation-7t interaction contributes a key prerequisite for a type-VH p-

tum. 

Energy minimized stmcture of Delt-32B generated by TNCG algorithm (Figure 1 IB) 

There is a highly distorted type-EI' p-tum involving His-Z)Nal(2')-Arg-Trp (for 

DNal(2'): h = 163.4 vj/j = -126.4 for Arg: (t)3 = -117.8 °, v|/3 = 29.0 da(i-,^3) = 6.2 A), 

based on the calculation. However, it is highly distorted, since angle v|/3 is at the 

boundary while another angle, <j)2, is off the normal value. Hence, this p-mm also can be 

included as a type-IV p-tum. 
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If p-Ala can be counted as an a-amino acid, there also is a type-VII p-tum 

involving p-Ala-His-Z)Nal(2')-Arg (for His: vj/t = 47.6 for DNal(2'): <|»3 = 163.4 °). 

There is no clear indication whether there are any strong cation-:t or :Z-K 

interactions in the side chains, because the distances of the functional groups are off the 

regular range for groups to have strong interactions. Similar to the situation in Delt-2I, it 

will be hard to predict orientations of the side chains without the appropriate field 

parameters for modeling. 

Comparison of the energy lowest conformations for c[P-Ala-His-£)Nal(2')-Arg-Trp-Glu]-

Val-Val-Gly-NH2 (Delt-32B) based on these two different algorithms (Figure IIC) 

Both methods generated very similar structures, all the pharmacophores and the 

backbones can overlap very well (Figure 1IC). Nearly all of the key dihedral angles 

from the sequence of His-Z)Nal(2')-Arg-Trp-Glu are statistically the same (20 ° is the 

largest difference between these two calculations) respectively. As a result, there are two 

p-tums in the structures, in the same regions (type H': His-DNal(2')-Arg-Trp, type VII: p-

Ala-£)Nal(2')-Arg, respectively), generated by the two different algorithms. In addition, 

the distances between Ca of residues i and i + 3 also are almost the same, 6.1 A (PRCG) 

versus 6.2 A (TNCG) for the sequence of His-Z)Nal(2')-Arg-Trp, as indicated in Table 

51. These results indicate that the structure conformations obtained have very good 

convergence. 



Table 52. NMR data for Delt-38B (r[Gly-CPG-DNal(2')-Arg-Trp-Glu]-VaI-Val-Gly-NH2) in 

buffered water. 

Residue// AA SNII 8U 8n. Sy h N. 

1 Gly 8.29 3.69 

2 CPG 8.32 4.02 2.03 1.46 1.21 

3 DNal(2') 8.29 4.44 3.04 

4 Arg 7.96 3.84 1.24 0.82 0.41 0.20 2.30 6.49 

5 Trp 7.76 4.54 3.09 2.98 

6 Glu 7.71 4.08 1.44 2.11 1.94 

7 Val 7.87 3.72 1.74 0.67 

8 Val 8.00 3.85 1.83 0.74 

9 Gly 7.96 3.97 

Residue// 2 3 4 5 6 7 8 

Jn«(H7.) 8.2 5.9 8.1 7.6 6.8 7.2 7.5 



Tabic 53. Dihctlral angles for the energy lowest conformations of Deit-38B (r[Giy-CPG-/)Nal(2')-Arg-Trp-Glu]-Val-Val-

Gly-NUi). 

Algorithm Gly CFG /;Nal(2') Arg Trp 

4- M' ¥ 

PRCG -169.5 -112.7 -134.9 119.6 115.7 -49.4 -130.9 125,3 -109.2 120.1 

TNCG -152.3 -125.2 -129.1 112.0 135.0 -37.8 -141.0 121,0 -79.1 109.3 

Table 54. Distances of C„ between itoi + 3 residues in Delt-38B. 

Algorithm Gly-Arg CPG-Trp 

PRCG 5.9 5.3 

+ i J )  
TNCG 5.7 5.2 

+ i J )  
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Figxire 12. Stereoviews of the energy minimized conformations for Delt-38B (c\G\y-

CPG-Z)Nal(2')-Arg-Trp-Glu]-Val-Val-GIy-NH2) in buffered water. 

A. Algorithm: PRCG 

B. Algorithm: TNCG 
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C. Overlap of the lowest energy conformations calculated for c[CPG-His-DNal(2>Arg-

Trp-Glu]-Val-Val-Gly-NH2 (Delt-38B) by PRCG algorithm (green) and TNCG algorithm 

(red). 

V > 
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Energy minimized strucmre of c[Gly-CPG-Z)Nai(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 

(Delt-38B) obtained using the PRCG algorithm (Figure 12A) 

There is one highly distorted type-V (theoretical: (i>2 = -80 vj/T = 80 ({>3 = 80 

v|/2 = -80 °) p-tum involving Gly-CPG-£>Nal(2')-Arg [for CFG: <(>2 = -134.9 v^;2 = 119.6 

for Z)Nal(2'): (j)3 = 115.7 v|/3 = -49.4 da(i-i-3) = 5.9 A], based on the calculations. 

This p-tum also is at the boundaries of type-EI (theoretical: ({>2 = -60 v|/2 = 120 ((13 = 80 

¥3=0°) .  

There also is one type-IV p-tum involving CPG-Z)Nal(2')-Arg-Trp [forDNal(2'): 

(J)2 = 115.7 vj/2 = -49.4 for Arg: (j)3 = -130.9 v|/3 = 125.3 da(i-,^3) = 5.3 A], based on 

the calculations. This p-tum can be categorized as a highly distorted type-V (theoretical: 

^2 = 80 v|/2 = -80 ({>3 = -80 v|/3 = 80 °). 

The distance between the naphthyl ring and the guanidino group is 3.2 A. This 

indicates a strong cation-n interaction, which might enhance the secondary structure as 

can be seen in Figure 12A. 

Energy minimized structure of Delt-38B obtained using the TNCG algorithm (Figure 

12B) 

There are two type-IV p-tums based on the calculations, one involves Gly-CPG-

£)Nal(2')-Arg (for CPG: (j)2 = -129.1 v}/2 = 112.0 for Z)Nal(2'): h = 135.0 v|/3 = -49.4 

da(i.|^3) = 5.7 A). Obviously, this p-tum is a distorted type-V p-tum (theoretical: ((>2 = -
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80 \\i2 = 80 <|)3 = 80 vj/2 = -80 °). In addition, this p-tum also is at the boundaries of 

a type-II P-tura (theoretical: <|)2 = -60 \\f2 = 120 (|»3 = 80 vi/32 = 0 °). 

The other type-FV p-tum involves CPG-DNal(2')-Arg-Trp [for £>Nal(2'): <{>2 = 

135.0 v|/2 = -37.8 for Arg: (|)3 = -141.0 m;3 = 121.0 d<^(i...3) = 5.2 A]. This p-tum 

can be categorized as a highly distorted type-V (theoretical: <j»2 = 80 vj/2 = -80 <|)3 = -

80 = 80 °). 

The distance between the naphthyl ring of DNaI(2') and the N""-indole group of 

Trp is 3.3 A. This indicates a strong cation-7r interaction, which might enhance the 

secondary structure as can be seen in Figure I2B. 

Comparison of the energy lowest conformations for c[Gly-CPG-Z)NaI(2')-Arg-Trp-Glu]-

Val-Val-Gly-NHi (Delt-38B) based on these two different algorithms (Figure 12C). 

Both methods generated very similar energy minimized conformations, nearly all 

of the key dihedral angles from the sequence of Gly-CPG-DNal(2')-Arg-Trp are 

statistically the same (20 ° is the largest difference between these two calculations) 

respectively. As a result, there are two p-tums in the structures, in the same regions 

(distorted type V: Gly-CPG-DNal(2')-Arg; distorted type V or type-FV: CPG-Z)Nal(2')-

Arg-Trp, respectively), generated by the two different algorithms. In addition, the 

distances between Ca of residues i and i + 3 are almost the same, 5.9 A (PRCG) versus 

5.7 A (TNCG) for the sequence of Gly-CPG-Z)Nal(2')-Arg and 5.3 A (PRCG) versus 5.2 

A (TNCG) for the sequence of CPG-£>Nal(2')-Arg-Trp as indicated in Table 54. As can 

be seen in Figure 12C, both conformations overlap very well, except the naphthyl group 
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in the side chain of Z)Nal(2'). There is an obvious strong cation-7i interaction between the 

guanidino group of Arg and the naphthyl group of DNal(2') for the lowest energy 

conformation generated by the PRCG algorithm, while a strong cation-7i interaction 

exists between the N""-indole group of Trp and the naphthyl group of £)Nal(2') for the 

lowest energy conformation generated by the TNCG algorithm. As has been seen earlier, 

such a discrepancy in side chain orientations cannot be solved without appropriate field 

parameters. Other than the difference in the orientation of naphthyl ring, all the other 

evidence indicates that the structure conformations obtained have very good 

convergence. 
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discussions 

Activities of Somatostatin Analogues at Frog Skin Assays 

In Tables 20-25, we list the agonist activities of several Somatostatin chimeric 

analogues that we have made. The starting compound, which can be viewed as CTOP 

(Table 23), has weak agonist activity (EC50 = 10 M), about 300 fold less potent than a-

MSH in the same assay. Interestingly, the chimeric peptide, H-£)Phe-c[Cys-His-Z)Phe-

Arg-Trp-Pen]-Thr-NH2 (GH-15, Table 20) has the same potency (EC50 = 10 " M) as 

CTOP. The bioactivity is very similar to the tetrapeptide Ac-His-DPhe-Arg-Trp-NHz, 

which has a reported EC50 of 2 x 10'^ M. Hence, it remained to be determined whether 

the constraint resulted from a disulfide bond can improve the bioactivity for Somatostatin 

chimeric analogues. 

Surprisingly, a 10-fold increase in agonist potency for GH-15 can be obtained by 

replacing the Pen residue in GH-15 with a Cys residue— H-£)Phe-c[Cys-His-DPhe-Arg-

Trp-Cys]-Thr-NH2 (GH-l lb, Table 20), and a further 30-fold increase in potency is 

obtained by replacing the Cys^ in GH-l lb by a homocysteine (Hey) residue— H-£)Phe-

c[Hcy-His-DPhe-Arg-Trp-Cys]-Thr-NH2 (GH-4d, Table 20). Analogue GH-4d is now 

essentially equipotent to a-MSH. It is interesting to note that replacement of the 

exocyclic moieties in the highly potent and prolonged acting cyclic agonist analogue Ac-

Nle-c[Asp^, DPhe', Lys'°]a-MSH(4-10)-NH2 (MT-II), by the exocyclic moieties of 

CTOP (i.e., Ac-Nle by H-Z)Phe at the N-terminal, and carboxyamide by Thr-NH2) gives 
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compound H-Z)Phe-c[Asp-His-£)Phe-Arg-Tq)-Lys]-Thr-NH2 (GH-5a, Table 20), which 

has about the same potency as GH-4d. Fine tuning of the cyclic bridge compound should 

further increase the potency of GH-5a. Finally, it should be noted that none of the new 

analogues with a disulfide bridge have substantial prolonged activity, though the lactam 

bridged analogues GH-5a and MT-EI do. 

Agonist Analogues Derived from Chimeric Somatostatin 

A. Ring Size 

It has been reported that the ring size^^'^ can change the potency for a-MSH 

analogues. For example, MT-II (Ac-Nle-c[Asp-His-£)Phe-Arg-Trp-Dpr]-NH2) with a 23 

membered-ring is about 70 times more potent than its 20-membered ring counterpart— 

Ac-Nle-c[Asp-His-Z)Phe-Arg-Trp-Dpr]-NH2, where a,P-diaminopropanic acid (Dpr) 

replaced Lys in position 10 of MT-EI.^^ Such a dramatic change was attributed to a 

change in the active conformation and changes in the orientation of functional groups in 

side chains which are essential for hgand-receptor binding."^ 

In our current study, it was discovered that the ring sizes of the designed chimeric 

Somatostatin analogues also could have significant impacts on the bioactivities. H-DPhe-

c(Asp-His-Z)Phe-Arg-Trp-Lys)-Thr-NH2 (GH-5a), with the same ring component as MT-

II, displayed a similar potency (EC50 = 1 x 10"'° M) as that of MT-II. In order to 

systematically investigate the impact on bioactivities from the ring sizes, it was decided 
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to replace this lactam bridge with a disulfide bridge because the readily commercial 

availability of cysteine analogues. 

By changing Asp^ to Hey and Lys'° to Cys in GH-5a, H-£)Phe-c[Hcy-His-£)Phe-

Axg-Trp-Cys]-NH2 (GH-4d) with a 21-membered ring is nearly half as potent as GH-5a. 

However, by replacing Asp^ to Cys and Lys'° to Hey in GH-5a, the resulted H-DPhe-

c[Cys-His-£>Phe-Arg-Trp-Hcy]-NH2 (GH-13) showed a much weaker potency (EC50 = 1 

X 10"^ M) which is about 5000 less potent as GH-4d, though both analogues (GH-4d and 

GH-13) have a 21-membered ring system with a disulfide bridge. 

The dramatic change in the bioactivities between GH-4d and GH-13 could have 

resulted from the position shift of the disulfide bond between these two molecules, 

because this physical difference (Hey—Cys in GH-4d versus Cys—Hey in GH-13) of 

these two molecules is the only difference in the structures of the two molecules. Such a 

difference in structure might result in a significantly active conformational change for the 

ligands. Our hypothesis is that the highly polarizable sulfur atoms might interact with 

one or some of the fimctionalized side chains through long pair electrons and tc (S-tt) 

interactions' which subsequently alter the orientations of side chain groups of the 

ligands which are essential for binding. Once the orientations of side chains are changed, 

the backbone conformation could be changed. As a result, the conformations for the 

corresponding ligands are changed accordingly. Such a hypothesis needs to be confirmed 

by conformational analysis via NMR and modeling in the fiiture. 

Further reducing the size of the ring in GH-4d by replacing Hcy^ to Cys, led to H-

Z)Phe-c[Cys-His-£)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-Ilb) which has a 20-membered 
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ring. GH-l lb displayed a reduced potency (EC50 = 10'® M) which is about 50 times less 

potent than GH-4d. 

Based on the above discussion, it is apparent that the ring size of the cyclized a-

MSH analogues plays a significant part in the potency. Such a direct impact might be 

derived from the side chain orientation and the conformational change of the designed 

molecules. Hence, the ligand-receptor interaction is affected. 

B. Configuration of amino acids at the bridge 

It has been revealed that the configurations of amino acid residues are very 

important for the potency of designed analogues.^^'"® Such changes in potency might be 

derived directly from reduction of enzyme degradation and/or from the conformational 

changes including either loss or enhancement of secondary structures, such as p-tums and 

y-tums. Earlier studies of a-MSH analogues have found that £)Phe replacement at 

position 7 of a-MSH enhanced the P-II' turn structure, and that such an enhancement 

dramatically improve the potency and also prolonged the bioactivity relative to the parent 

compound, a-MSH."^'"*^'"'"'^" On the other hand, replacing (Z.) configuration at other 

positions (excluding position 7) in MT-EI or SHU-9119 led to analogues with dramatic 

decrease of bioactivity. 

This present study has provided additional evidence that changes in the 

configuration at certain amino acids result in dramatic changes in bioactivity for a-MSH 

analogues. Changing the naturally occurred His^ with an L configuration in H-£)Phe-
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c[Cys-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-1 lb, EC50 = 10 M) to the non-natural D 

configuration (DHis) to give H-Z)Phe-c[Cys-DHis-DPhe-Arg-Trp-Cys]-Thr-NH2 (GH-

6a) provides a less potent ligand with an EC50 of 3 x 10"^ M. On the other hand, when the 

L configuration of Cys'° of GH-1 lb was replaced by £>-Cys to give H-Z)Phe-c[Cys-His-

Z)Phe-Arg-Trp-DCys]-Thr-NH2 (GH-14a) which had an increased potency by almost 2 

orders of magnitude with an EC50 of 10"'° M. Such a result clearly demonstrates that 

configuration changes in the core sequence or even the peripheral structure, such the 

Cys^~Z)Cys'" bridge in GH-1 lb, can change the conformations of the resulted ligands. 

Further experiments are needed to understand how the configuration changes in different 

positions of the designed ligands, such as position 6 of Z)His in GH-6a and position 10 of 

DCys in GH-14a, lead to the changes in conformations for these ligands. 

C. Bulky side chain groups at position 7 

In the past, we have demonstrated that position 7 is important for agonist or 

antagonist activity. When a D-amino acid with a bulky side chain group which is 

properly substituted at position 7, the resulting a-MSH analogues display some 

selectivities and potent antagonist activity at certain MCRs.^° For example, Ac-Nle-

c[Asp-His-£)Nal(2')^-Arg-Trp-Lys]-NH2 (SHU-9119), with a bulky 2'-naphthyl side 

chain group at position 7, is a potent antagonist at both mMCR3 and /7iMCR4, while it is 

a potent agonist at both the mMClR and the /wMC5R. Interestingly, if the bulky side 

chain is not properly oriented, complete different results are obtained. For a-MSH 
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analogue SHU-9119, if the D-2'-naphthylalanine residue was replaced by D-l'-

naphthylalanine residue, the corresponding a-MSH analogue, Ac-Nle-c[Asp-His-

DNal(r)-Arg-Trp-Lys]-NH2, is an agonist at all mMCRs.^° 

In our present study, we also found that incorporation of substituted phenylalanine 

derivatives at position 7 affect the potency and bioactivity of a-MSH analogues. 

Substituting the para-hydrogen of DPhe^with a chlorine in H-DPhe-c[Cys-His-DPhe(p-

Cl)-Arg-Trp-Cys]-Thr-NH2 (GH-llb) gave the analogue H-DPhe-c[Cys-His-DPhe(p-Cl)-

Arg-Trp-Cys]-Thr-NH2 (GH-6b) which showed reduced potency (EC50 = 3 x 10"^ M) 

compared with its parent compound (GH-1 lb, EC50 = 10~® M). However, after replacing 

DPhe^ with /)Nal(r), which has a more bulky aromatic side chain than phenyl H-DPhe-

c[Cys-His-Z)Nal(r)-Axg-Trp-Cys]-Thr-NH2 (GH-6d) which was 3 orders of magnitude 

less active than its parent compound (GH-I lb). As a result, GH-6d (EC50 = 10"^ M) is 

virtually inactive in Rana Pipiens frog skin bioassay. 

In addition, with an increase in the size of the para-substitution of DPhe^ from 

chlorine to iodine to give H-Z)Phe-c[Cys-His-Z)Phe(p-r)-Arg-Trp-Cys]-Thr-NH2 (GH-4b) 

showed antagonist activity with a moderate IC50 (10'^ M). Such a result is consistent with 

our previous finding that Ac-Nle-c[Asp-His-Z)Phe-Arg-Trp-Lys]-NH2 (MT-II) is an 

agonist, while £)Phe(p-I)' incorporated Ac-Nle-c[Asp-His-Z)Phe(/7-I)-Arg-Trp-Lys]-NH2 

becomes an antagonist.^® 

Furthermore, replacing the Z)Phe^ of H-£>Phe-c[Cys-His-£>Phe(/9-Cl)-Arg-Trp-

Cys]-Thr-NH2 (GH-1 lb) with a constrained cyclic amino acid DTic, to give H-Z)Phe-

c[Cys-His-Z)Tic-Arg-Trp-Cys]-Thr-NH2 (GH-4c), gave an antagonist with weak potency 



133 

(ICso =10"^ M). This finding is quite different than our previous finding for superpotent 

agonist Ac-Nle-c[Asp-His-£)Phe-Arg-Trp-Lys]-NH2 (MT-H) derived analogue with DT\c 

at position 7, Ac-Nle-c[Asp-His-Z)Tic-Arg-Trp-Lys]-NH2, which has no bioactivity. 

Interestingly, when Z)Trp was incorporated in position 7, most of the analogues 

showed weak antagonist activity. This will be addressed in the coming section on— 

Antagonist. 

D. Bulky side chain groups at residues other than position 7 

The replacement of amino acid residues at positions other than position 7 with 

bulky side chain amino acids have not been closely investigated until recently. 

Modification of His*^ in Ac-Nle-c[Asp-His-Z)Nal(2')-Arg-Trp-Lys]-NH2(SHU-9119) with 

methyl substituted imidazole rings, hydrogen bonding deprived thiazole ring or 

tryptophan all yielded analogues with similar profiles as SHU-9119 in Rana Pipiens frog 

skin MCIR bioassay.^' Modifications at positions 8 or 9 also generated interesting 

results. However, modification of either 5 or 10 positions by increasing the steric 

hindrance of side chains have not been implemented just because the side chain 

constrained Asp or Lys currently are not readily available. 

The studies reported here have shown that methyl substituted His*^ H-£)Phe-c[Cys-

His-DPhe-Arg-Trp-Cysj-Thr-NHa (GH-1 lb) at position 3 of imidazole ring led to H-

Z)Phe-c[Cys-His(3-Me)-£>Phe-Arg-Trp-Cys]-Thr-NH2 (GH-6c) with a weak bioactivity 
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(ECso = 10^ M) compared with that of GH-l lb (ECso = 10"® M). There was no indication 

that GH-6c possessed any antagonist activity in the assay performed. 

It was believed that Arg^ is very critical for bioactivity. Replacement of Arg^ of 

GH-l lb with an ornithine led to H-£)Phe-c[Cys-His-Z)Phe-Om-Trp-Cys]-Thr-NH2 (GH-

3a) which showed a 10 fold weaker potency with an EC50 of 10"' M. Interestingly, when 

Cys"^ in GH-l lb was replaced by p,p-dimethyl substituted cysteine (Pen) to give H-

Z)Phe-c[Pen-His-£>Phe-Om-Trp-Cys]-Thr-NH2 (GH-3b), the analogue was inactive and 

became an weak antagonist. This made us realize that modification of the degree of 

steric hindrance in the disulfide bridge might shed some lights on our understanding of 

structure-activity relationships for a-MSH analogues. 

Thus, it was decided to modify H-£>Phe-c[Cys-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 

(GH-l lb) for this purpose. Cys'° was then replaced by Pen resulting in H-£)Phe-c[Cys-

His-Z)Phe-Arg-Trp-Pen]-Thr-NH2 (GH-l5) which showed a 10 fold weaker agonist 

activity (EC50 = 10'^ M) compared with the parent compound (GH-l lb). 

All the examples discussed above with either end of the bridges incorporated with 

bulky/substituted side chain amino acids led to analogues with decreased agonist 

bioactivity. In addition, the agonist activity of H-£)Phe-c[Pen-His-DPhe-Om-Trp-Cys]-

Thr-NH2 (GH-3b) is lost and it became a weak antagonist. Whether such a conclusion 

can be generalized remains to be answered in the future. 
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Antagonist Analogues Derived from Chimeric Somatostatin—Bulky Side chain groups at 

positions of 5, 6 and 7 

Previous study^° has shown that bulky side chain groups, if properly oriented, in 

position 7 of constrained a-MSH derivatives, such as Ac-Nle-c[Asp-His-£)NaI(2')-Arg-

Trp-Lys]-NH2 (SHU-9119), could display antagonist activity at both mMC3R and 

mMC4R. Further modification^' of positions 6 with substituted His(l-Me) led to Ac-Nle-

c[Asp-His(l-Me)-Z)Nal(2')-Arg-Trp-Lys]-NH2 (WY-012) the most potent mMC5R 

antagonist (pA2 = 7.1) reported so far, while substituted His^ with His(3-Me) did not 

change much of the profile of SHU-9119. In addition, replacing His*^ in Ac-Nle-c[Asp-

His-DPhe-Arg-Trp-Lys]-NH2 (MT-II) with other amino acids, including the hydrophobic 

and neutral residue Ala, the acidic residue Glu and the basic residue Lys, led to 

analogues^"*with the broad losses of activities at all receptors bioassayed (AMC3R, 

/2MC4R and /zMCSR) with the greatest loss at AMC3R. These data have shown that these 

positions are key residues for a-MSH analogues in relation to potency, selectivity and 

antagonist activity. Hence, modification of these positions became our primary approach 

to investigate possible antagonist platforms for a-MSH analogues. 

We have found that it is also possible to obtain for Rana Pipiens frog 

melanocortin I receptor (MCIR) antagonists starting with CTOP. As discussed earlier, 

the Pen^ substituted analogue H-Z)Phe-c[Pen-His-Z)Phe-Om-Trp-Cys]-Thr-NH2 (GH-3b, 

Table 22) was a weak antagonist with no agonist activity. We realized that increasing the 
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steric hindrance of appropriate side chain groups might give antagonist activity for a-

MSH derivatives. 

As can be seen in Table 23, we found that H-Z)Phe-c[Cys-Tyr-DTrp-Arg-Thr-

Pen]-Thr-NH2 (CTAP)—the Om^ modified version of CTOP with an Arg^ residue acted 

as an weak antagonist [IC50 = 10^"^^ in the Rana Pipiens frog skin MCIR 

bioassay. It is striking to note that such a small modification (primary amino group to a 

guanidino group) of a potent |i opioid receptor antagonist leads to a weak MCIR 

antagonist. Replacement of the Thr^ residue in CTAP by a Ser residue, a less hindered 

and more hydrophilic residue, led to H-Z)Phe-c[Cys-Tyr-DTrp-Arg-Ser-Pen]-Thr-NH2 

(GH-21, Table 23) which showed the same antagonist activity (IC50 = 10"^ M) as CTAP. 

Interestingly, when the Thr' residue in CTAP was replaced by a larger but hydrophobic 

amino acid Trp to give H-DPhe-c[Cys-Tyr-DTrp-Arg-Trp-Pen]-Thr-NH2 (GH-22), an 

antagonist equipotent to CTAP was obtained. 

Further replacement of the Tyr residue in GH-22 by a Phe residue led to H-DPhe-

c[Cys-Phe-DTrp-Arg-Trp-Pen]-Thr-NH2 (GH-19) whose antagonist potency (IC50 = 10"^ 

M) was essentially the same as GH-22. By changing the L configuration of Trp^ in GH-

19 to a £> configuration to give H-£)Phe-c[Cys-Phe-DTrp-Arg-Z)Trp-Pen]-Thr-NH2 (GH-

20), an improved antagonist activity was obtained. 

In addition, the Tyr^ of CTAP was replaced by a sterically hindered residue 

Phe(/7-I). This led to H-DPhe-c[Cys-Phe(p-I)-£)Trp-Arg-Thr-Pen]-Thr-NH2 (GH-18) 

which had slightly improved potency (IC50 = 10'^ M). 
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Furthermore, replacing the Pen'° of GH-18 with a Cys residue, which has a less 

hindered side chain groups, led to H-Z)Phe-c[Cys-Phe(p-I)-£)Trp-Arg-Thr-Cys]-Thr-NH2 

(GH-16) which displayed almost the same antagonist activity (IC50 = 10^"^^" M) as 

GH-18. This demonstrated that steric hindrance at position 10 for CTAP analogues 

might not be important in terms of antagonist activity in the Rana Pipiens frog skin 

MCIR bioassay. 

Activities of Somatostatin Analogues at Mouse Melanocortin Receptors 

In the past, all a-MSH analogues designed in our laboratory have been based on 

the a-MSH sequence and various constrained analogues such as Ac-Nle-c[Asp-His-

DPhe-Arg-Trp-Lysj-NHi (MT-H). Most of these reported analogues, containing the core 

sequence—His-DPhe-Arg-Trp,"'"'^'''^' displayed potent activities in the Rana Pipiens frog 

skin MClR and lizard skin MCIR assays. Later, after other subtypes of MCRs were 

discovered, these analogues displayed high potency at all receptors. High selectivities 

were not realized until modification of the DPhe^ in the core sequence (His-DPhe-Arg-

Trp) of MT-n by the more sterically hindered DNal(2') to give Ac-Nle-c[Asp-His-

£)Nal(2')-Arg-Trp-Lys]-NH2 (SHU-9119), a very potent antagonist at both /wMC3R and 

mMC4R and agonist at /wMClR and /mMC5R.^° Since this discovery, we speculated that 

further modification of the core sequence at other positions (6, 8 and 9) might afford 

more selective Ugands for the various MCRs. Recently, it was discovered that 

modification of His^ with side chain substitution in SHU-9119 led to the first /«MC5R 



138 

antagonist (pAi = 7.1), Ac-Nle-c[Asp-His(3-Me)-Z)Nal(2')-Arg-Trp-Lys]-NH2(WY012), 

which is an antagonist at both /wMC3R (pAi = 9.5) and mMC4R (pA2 = 9.8), and an 

agonist at only mMClR (EC50 = 0.39 nM).^' This suggested that position 6 be critical for 

ligands to have antagonist activity at the /mMC5R. 

Further modification of this lead compound at Trp^ with a more bulky and 

hydrophobic amino acid Nal(2') led to Ac-Nle-c[Asp-His(l-Me)-Z)Nal(2')-Arg-NaI(2')-

Lys]-NH2 (WY012), which had almost the same bioactivity profile (mMClR; EC50 = 

0.54 nM; mMC3R: pAj = 9.0; mMC4R; pAz =10.3; /nMC5R: pAj = 7.2).^' 

Interestingly, modification of Arg^ in MT-II with the bulky, hydrophobic amino 

acid Nal(2') led to Ac-Nle-c[Asp-His-DPhe-DNal(2')-Trp-Lys]-NH2, which was less 

potent than MT-II at all /nMCRs (/wMClR: EC50 = 1-78 nM; mMC3R: EC50 = 37.9 nM; 

/7jMC4R: ECso = 916 nM; mMC5R: EC50 = 3.73 nM). However, this ligand became 

much more selective at the mMClR where it is about 20 times more potent than at the 

mMC3R and 500 more potent than at the mMC4R. Interestingly, it is now very potent at 

the /7iMC5R. 

Hence, these studies have revealed that positions 6 to 9 in the core sequence of 

His-£>Phe/£>Nal(2')-Arg-Trp are all important for selectivities to the various mMCRs. 

On the other hand, positions at 5 and 10 have not been studied well due to the lack 

of commercial availability of side chain constrained aspartic acid, glutamic acid, 

ornithine and lysine amino acid analogues. 

This current study was undertaken to further examine structure-activity 

relationships by constraining a-MSH ligands fiirther with smaller ring sizes and varying 
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the substitutions at positions 5 through 8 and position 10, so as to characterize the 

substructural components of these ligands which are responsible for agonist and 

antagonist properties at the MCRs. 

A. mMClR 

As shown in Table 25, variation of disulfide bridge yielded ligands with EC50S in 

nanomolar range, except for H-£>Phe-c[Cys-His-£>Phe-Arg-Trp-Z)Cys]-Thr-NH2 (GH-

14a) whose EC50 (around 0.2 nM) is almost the same as in Rana Pipiens frog skin MCIR 

assay. Where the DCys'° of GH-14a was substituted with a Cys residue, the resulting 

ligand H-DPhe-c[Cys-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-I lb) showed a decreased 

potency (EC50 = 1-46 nM), which is about 10 fold better than in the Rana Pipiens frog 

skin MCIR assay (EC50 = 10'^ M). Further replacing Cys'° with either a more bulky 

Pen or with a Hey, which has an extra carbon in the side chain, gave the ligands H-DPhe-

c[Cys-His-DPhe-Arg-Trp-Pen]-Thr-NH2 (GH-15) and H-£>Phe-c[Cys-His-Z)Phe-Arg-

Trp-Hcyj-Thr-NHi (GH-13) respectively, both of which showed similar activities at 

/wMClR (EC50 for GH-15 is around 7 nM while for GH-13 it is about 5 nM). However, 

GH-13 was much more potent at the /nMClR than in the Rana Pipiens frog skin bioassay 

where the EC50 is only 1 jiM, while GH-1 lb, GH-14a and GH-15 all had similar 

potencies in these two bioassays. Such a jump in the potency for GH-13 might be 

associated with the ring size since GH-1 lb, GH-14a and GH-15 each has a 20-membered 

ring, while the ring size was 21 for GH-13. 
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Interestingly, when changing the disulfide bridge back to a lactam bridge with a 

23 membered ring, GH-15 showed the highest potency with an EC50 = 4.65 x 10'" M. 

Modification at position 7 containing a Cys-Cys disulfide bond, H-DPhe-c[Cys-

His-DNal( r)-Arg-Trp-Cys]-Thr-NH2 (GH-6d) with DNal(r) at position 7 gave over a 10 

fold loss in potency (EC50 = 2.2 x 10'® M) than the parent ligand H-Z)Phe-c[Cys-His-

£)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-l lb). However, GH-6b with Z)Phe(p-Cl)' showed 

improved bioactivity (EC50 = 3.7 x 10"'° M) at the mMClR. Since both DNal(r) and 

£'Phe(^-Cl) are substituted for Z)Phe, the results suggest that that x-space topography in 

the 7 position be important for ligand bioactivity, as discovered earlier when 

modifications were made on the phenyl ring of DPhe^ in MT-II analogues.^" 

When D-Tic, a constrained version of £)Phe was substituted at position 7 to give 

H-£)Phe-c[Cys-His-£)Phe-Om-Trp-Cys]-Thr-NH2 (GH-4c), the analogue had weak 

antagonist activity in Rana Pipiens frog skin assay, but was inactive in the mMClR 

assay. 

It is worth mentioning that the bioactivity for H-Z)Phe-c[Cys-His-Z)Nal(r)-Arg-

Trp-Cys]-Thr-NH2 (GH-6d) was about 500 times more potent in the mMClR assay than 

in the Rana Pipiens frog skin assay. While other ligands did not generate such a large 

difference (H-Z)Phe-c[Cys-His-DPheO'-Cl)-Axg-Trp-Cys]-Thr-NH2 (GH-6b): 90 times; 

H-Z5Phe-c[Cys-His-DPhe-Arg-Trp-Cys]-Thr-NH2 (GH-l lb): 8 times). This might 

suggest that residue 7 be critical for potency at MClRs in different species. 
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Modification of position 8 (Arg) in GH-l lb by an Orn residue led to H-DPhe-

c[Cys-His-Z)Phe-Ora-Trp-Cys]-Thr-NH2 (GH-3a) which showed agonist activity with an 

EC50 of 4.7 X 10"® M, 30 time less potent than the parent ligand GH-l lb. 

However, another analogue, H-DPhe-c[Pen-His-DPhe-Om-Trp-Cys]-Thr-NH2 

(GH-3b) with a Pen—Cys disulfide bridge and Om at position 8. displayed weak agonist 

activity in the /wMClR assay (EC50 = 4.9 x 10"^ M) and weak antagonist activity at the 

Rana Pipiens frog skin bioassay. 

As stated early, our studies have demonstrated the importance of position 6 for a-

MSH bioactivities. Substitution of His^ imidazole side chain N-3 with a methyl group 

led to H-Z)Phe-c[Cys-His(3-Me)-DPhe-Arg-Trp-Cys]-Thr-NH2 (GH-6c), which showed 

a 5 fold improvement in agonist activity (EC50 = 3.5 x 10'® M) compared with GH-l lb. 

Interestingly, this ligand (GH-6c) was a very weak agonist in the Rana Pipiens frog skin 

bioassay (EC50 = 10'^ M). 

B. /«MC3R 

As shown in Table 25, the potency of H-Z)Phe-c[Cys-His-Z)Phe-Arg-Trp-Cys]-

Thr-NH? (GH-llb) at the /nMC3R (EC50 ~ 3 nM) was about the same as at the mMClR 

(EC50 ~ 1.5 nM). In addition, for ligand H-Z)Phe-c[Cys-His-£)Phe-Arg-Trp-Z)Cys]-Thr-

NH2 (GH-l4a), the bioactivities are similar (EC50 = 2.3 nM at both mMClR and 

/wMC3R). The only difference between these two ligands (GH-l lb and GH-14a) is the 

configuration at position 10. Hence, it seems that changes in configuration (Z) or L) at 

position 10 are not critical for the mMClR or the /wMC3R. 



142 

On the other hand, H-DPhe-c[Cys-His-DPhe-Arg-Trp-Pen]-Thr-NH2 (GH-15) 

with a Pen at position 10 is about 10 fold less potent at the /nMC3R than at the /nMClR. 

In addition, it was found that H-Z)Phe-c[Cys-His-DPhe-Arg-Trp-Hcy]-Thr-NH2 (GH-13) 

with a Hey at the position 10 is almost 10 fold less potent at the /«MC3R than at the 

mMClR. Hence, increases in steric hindrance or hydrophobicity (Pen'° in GH-15 versus 

Cys'° in GH-l lb) or flexibility (Hcy'° in GH-13 versus Cys'° in GH-1 lb) of position 10 

might help improve selectivities at the /nMC 1R. 

Modification of position 7 in H-DPhe-c[Cys-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 

(GH-1 lb) with various residues did not provide results of any particular interest. GH-

1 lb, H-£)Phe-c[Cys-His- Z)Nal(r)^-Arg-Trp-Cys]-Thr-NH2 (GH-6d) and H-DPhe-c[Cys-

His-DTic'-Arg-Trp-Cys]-Thr-NH2 (GH-4c) did not show any significant differences in 

potency at the mMC3R versus the /wMClR. However, H-£)Phe-c[Cys-His-£)Phe(/7-Cl) -

Arg-Trp-Cys]-Thr-NH2 (GH-6b) with a DPhe(p-Cl) at position 7 is 20 fold less potent at 

the mMC3R than at the mMClR. That suggests that the topographical arrangement of 

substituents at position 7 is important for ligands' selectivities at the mMClR and the 

mMC3R. 

Modification of the position 8 Arg showed some interesting results. Replacement 

of Arg^ in H-DPhe-c[Cys-His-£)Phe-Arg-Trp-Cys]-Thr-NH2(GH-l lb) by an Om residue 

led to H-£)Phe-c[Cys-His-DPhe-Om-Trp-Cys]-Thr-NH2 (GH-3a) with a loss of more 

than 200 fold in potency at the /wMC3R. Hence Arg at position 8 is very important for 

the wMC3R. On the other hand, for GH-1 lb with an Arg at position 8, its potency at the 

/?zMC3R was virtually the same as that at the /wMClR, while GH-3a is about 15 fold less 
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potent at the mMC3R than at the /nMClR. Thus, it can be concluded that the residue at 

position 8 in these Somatostatin based chimeric ligands might play a role, to some extent, 

for the selectivities between the /nMClR and the mMC3R. 

As can be seen in Table 28, modification at position 6 also had some small effects 

on potency at the mMCSR. Replacement of His^ in H-£)Phe-c[Cys-His-Z)Phe-Arg-Trp-

Cys]-Thr-NH2 (GH-1 lb) by a His(3-Me) led to H-Z)Phe-c[Cys-His(3-Me)-DPhe-Arg-

Trp-Cys]-Thr-NH2 (GH-6c, EC50 = 3.12 x 10"^ M) with a loss of about 10 fold in 

potency. However, the potency at the wMClR (EC50 = 35 nM) for GH-6c is virtually the 

same as that at the wMC3R. 

C. mMC4R 

As shown in Tables 26-29, there were virtually no differences in potencies at the 

/HMC3R and /MMC4R for all the analogues tested. This suggests that new strategies be 

needed to design selective ligands for these two receptors. 

D. ;nMC5R 

As shown in Table 25, H-£)Phe-c[Asp-Eiis-DPhe-Arg-Trp-Lys]-Thr-NH2(GH-5a) 

with a 23-memberd ring and a lactam bridge had almost the same potency at the /nMClR 

(EC50 = 4.6 X 10"'' M) as at the /nMC5R (EC50 = 7.4 x 10'" M). When this 23 membered 

ring lactam was replaced by a more constrained 20-membered ring disulfide derivative 

H-Z)Phe-c[Cys-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2(GH-l lb), whose potency (EC50 = 1.2 

X 10"'° M) was almost the same as GH-5a at the /mMC5R. However, GH-1 lb is more 



144 

potent (at least 10 fold) at /wMC5R than at all other /nMCRs (EC50 = 1-5, 3.0 and 1.4 nM 

at mMCIR, /nMC3R and /nMC4R, respectively). Also notable, this ligand is more than 

80 fold more potent at the mMCIR than that at Rana Pipiens frog MCIR (EC50 =1x10"'' 

M). Replacing Cys'° in GH-11 with a Hey led to GH-13 with a 21-membered ring which 

is more flexible than GH-1 lb. As a result, GH-13 is about 20 fold less potent (EC50 = 2.2 

X 10"^ M) than GH-1 lb at the mMC5R, though these two ligands have comparable 

activity at the mMCIR (EC50 = 1-5 nM for GH-1 lb and 5.1 for GH-13). Furthermore 

replacing Cys'° in GH-1 lb with a.DCys led to H-£)Phe-c[Cys-His-/)Phe-Arg-Trp-Z)Cys]-

Thr-NH2 (GH-14a), which had virtually the same EC50 as that of GH-1 lb at mMC5R. 

Moreover, when Cys'° was replaced by a highly constrained Pen (P,P-

dimethylcysteine), the resulting analogue, H-DPhe-c[Cys-His-Z)Phe-Arg-Trp-Pen]-Thr-

NH2 (GH-15) was as potent (EC50 = 1.4 x 10"'° M) as GH-1 lb at the mMC5R. However, 

the biggest difference between GH-15 and all other ligands in Table 25 is that the former 

is highly selective for the mMC5R. The potency of GH-15 was 50 times greater at the 

mMC5R than at the mMCIR, while it was 500 times more potent at the mMC5R than at 

the mMC3R. hi addition, GH-15 was more than 2 orders of magnitude more potent at the 

mMC5R than at the mMC4R. Furthermore, GH-15 was at least 750 times more potent at 

the mMC5R than at the Rana Pipiens frog MCIR. Thus, GH-15 is one of the best lead 

compounds for the mMC5R we have identified so far. It also suggests that hydrophobic 

and sterically hindered residues at position 10 be a key for ligand selectivity for the 

mMC5R. This opens an avenue to design more potent and selective ligands for the 

mMC5R. 
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As can be seen in Table 26, modification at position 7 did not lead to any ligands 

with improved potency or selectivity for the /wMC5R. H-DPhe-c[Cys-His-Z)Nal(r)-Arg-

Trp-Cys]-Thr-NH2(GH-6d) with a DNal(r) at position 7 lost about 40 fold in potency 

compared with GH-llb at the /wMC5R. While, H-DPhe-c[Cys-His-Z)Tic-Arg-Trp-Cys]-

Thr-NHj (GH-4c) with a Z)Tic at position 7 was not active at any mMCRs. para-Chlovo 

substimtion of Z>Phe^ in GH-1 lb led to H-DPhe-c[Cys-His-Z)Phe(/7-Cl)-Arg-Trp-Cys]-

Thr-NH2 (GH-6b) which showed only a small increase in potency at the /nMC5R (EC50 

= 1.1 X 10"'° M). In addition, GH-6b showed low selectivity (~ 65 fold more potent) at 

the mMC5R (EC50 = 1.1 x 10"'° M) versus the mMC3R (EC50 = 7.3 x 10"'' M). 

Further replacing Arg® in GH-l lb with an Om led to H-Z)Phe-c[Cys-His-DPhe-

Om^-Trp-Cys]-Thr-NH2 (GH-3a, EC50 = 8.5 x 10"' M) with a 70 fold loss of potency. 

However, its selectivity at the /nMC5R versus the /nMC3R (EC50 = 6.6. x 10'^ M) was 

about 80 fold, while selectivity at the /nMC5R versus /nMC4R (EC50 = 1.8 x 10"^ M) was 

more than 20 fold. These selectivities are much better than its counterpart GH-1 lb that 

has an Arg at position 8. Hence, the lower potency of GH-3a was compensated for by 

higher selectivity. Replacing Arg® with other amino acids might provide another route to 

discover selective /nMC5R ligands versus mMC3R and /wMC4R. 

With an Om at position 8, modification of Cys^ of GH-3a with a Pen led to H-

Z)Phe-c[Pen-His-Z)Phe-Om^-Trp-Cys]-Thr-NH2 (GH-3b) which had a lower potency 

(EC50 = 8.5 x 10"' M) at the /nMC5R. Selectivity for the /7iMC5R versus all other 

mMCRs was lost too. In contrast, H-Z)Phe-c[Cys-His-DPhe-0m®-Trp-Pen]-Thr-NH2 

(GH-15) with a Pen at position 10 and a Cys at position 5 was very selective at the 
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;wMC5R with high potency. The great discrepancies in selectivities between GH15 and 

GH-3b lie mainly in the switch of a constrained disulfide bond, namely, a Cys-Pen versus 

a Pen-Cys bridge. Further experiments are needed to prove whether such a correlation of 

selectivity based on the direction of the constrained disulfide bridge can be generalized. 

Modification of His at position 7 in GH-1 lb with substitution at position 3 of side 

chain imidazole ring led to H-DPhe-c[Cys-His(3-Me)-DPhe-Arg-Trp-Cys]-Thr-NH2 

(GH-6c), which lost about 4 fold agonist activity compared with that of GH-l lb at the 

/wMC5R. However, GH-6c was relatively more selective for the mMC5R versus all the 

other mMCRs. GH-6c is about 60 fold more potent at /wMC5R than at either the mMC IR 

or the /nMC3R, while it is about 16 fold more potent at the mMC5R than at the mMC4R. 

Compared with zmother leading /nMC5R selective agonist, GH-I5 discussed earlier, these 

two ligands may possess similar active conformations even though the steric restriction 

sites are different, GH-6c with a 3'-methyl imidazole ring in His^ and GH-15 with a bulky 

Pen at position 10. Further experiments are needed to elucidate the conformational 

similarities and the structure-activity relationships. 

Activities and Conformations of Deltorphin-II Analogues at the Xenopus Frog 

MCIR 

Ring size of chimeric Delt-II analogues 
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Previous studies have revealed that the ring sizes of cyclic a-MSH analogues 

have a significant impact on the potency of these analogues."^ For example, MT-II has a 

23-membered ring structiire which was cyclized with a lactam bridge between Asp' and 

Lys'". When, Lys'° (with 4 CH2 units) was replaced by 2,3-diaminopropainic acid (Dpr, 

with only 1 CH2 unit), the resulting analogue Ac-Nle'^-cfAsp^, Z)Phe', Dpr'°]a-MSH(4-

10)-NH2 has a 20-membered ring. Compared with MT-II, this more restricted analogue 

lost about 80 fold potency in the Rana Pipiens frog skin bioassay and it also was 15 times 

less potent in the lizard skin bioassay.^^ 

Interestingly, modification of the ring in SHU-9119 by changing the direction of 

lactam bridge through switching Asp^ and Lys'° to give Ac-Nle"*-c[Lys^, DNal(2')^, 

Asp'°] a-MSH(4-10)-NH2 changed potencies at some of the receptors bioassayed.'"^ 

Hence the direction of lactam bridge might play some roles in the bioactive 

conformations of the resulting ligands, and thus, affect the bioactivities of the cyclic a-

MSH ligands. 

These findings led us to further investigate how ring sizes and orientation of the 

lactam bridge would affect the bioactivity of the resulting a-MSH analogues at other 

MCRs, and initially we decided to use the Xenopus frog MCIR for an assay. 

The chimeric a-MSH ligand c[His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-I5, 

Table 29) which has a 17-membered ring. This ring size is much smaller compared with 

that in MT-II (a 23-membered ring). Delt-15 exhibited no detectable bioactivity (EC50 < 

I|iM) in the Xenopus frog skin assay. When the ring size of Delt-15 was expanded to 20 

members by inserting a Gly in front of His^, the resulting ligand c[Gly-His-Phe-Arg-Trp-
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Glu]-Val-Val-Gly-NH2 (DeIt-07, Table 30) showed weak potency (EC50 = 5.2 |iM) in the 

Xenopus frog skin assay. This improvement encouraged us to further expand the ring 

size by 2 CHt units with the insertion of a y-Abu in Delt-15. The analogue obtained, c[y-

Abu-His-Phe-Arg-Tqj-Gluj-Val-Val-GIy-NHa (Delt-25B), displayed similar potency 

(EC50 = 2.7 fiM, Table 31) as Delt-07. However, further expansion of ring size by 2 CH2 

units via substituting of the y-Abu with a 6-Ahx led to a 24-membered analogue c[6-Ahx-

His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-26), which essentially lost all the 

bioactivity. These results indicated that the ring size of the designed ligands could affect 

the bioassay results. From the ring size of 17 to 22, potency of the corresponding ligands 

increased, while the ring size was further expanded to 24, the trend was reversed, as Delt-

26 had no bioactivity. 

Interestingly, c[His-Z)Phe-Arg-Trp-Glu]-VaI-Val-Gly-NH2 (Delt-17, EC50 = 825 

nM), has a 17-membered ring. Expansion of the ring to 20 members by the insertion of 

Gly led to c[GIy-His-£)Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-11) (EC50 = 935 nM), 

which was slightly less potent than DeIt-17. Replacing Gly with P-Ala led to c[P-Ala-

His-Z)Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-28B) with a 21-membered ring, which 

showed dramatic improvement in potency (EC50 = 31 nM) compared with Delt-Il. 

Further expansion of the ring size to 22 by replacing p-Ala with y-Abu gave c[y-Abu-Hjs-

DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-29B). It lost 10 fold of potency (EC50 = 313 

nM) compared with Delt-28B. This result was a surprise to us, initially we had thought 

that further expansion of the ring size in Delt-11 would continue the trend to improve 

potency. 
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On the other hand, when 6-Ahx was inserted into the ring to give c[6-Ahx-His-

DPhe-Arg-Trp-GluJ-Vai-Val-Gly-NH? (Delt-30B), it gained more than 10 fold of 

potency (EC50 = 23 nM). 

The overall zigzag behavior in the potency for this series of compounds is 

probably caused by conformational changes in these ligands since no other functional 

groups were introduced in these analogues (Delt-11, Delt-28B, Delt-29B and Delt-30B). 

The only difference among these ligands lies in the number of CH2 units. As 

demonstrated here, a change in a single CH2 unit could result in more than a 10 fold 

difference in potencies for these analogues. 

When DNal(2') was used in position 7, c[Gly-His-£)Nal(2')-Arg-Trp-Glu]-Val-

Val-GIy-NH2 (Delt-21) with a 17-membered ring had nanomolar potency (EC50 = 60 nM, 

Table 29). Insertion of a Gly led to an equipotent ligand, c[Gly-His-Z)Nal(2')-Arg-Trp-

Gluj-Val-Val-Gly-NH? (Delt-13, EC50 = 60 nM, Table 32). Additional insertion of one 

CH2 unit by replacing Gly with P-Ala led to c[P-Ala-His-DNal(2')-Arg-Trp-Glu]-Val-

Val-Gly-NH2 (Delt-32B), which had an EC50 of 2 nM. The increment in potency (about 

30 fold) from a 20-membered ring to a 21-membered ring also was seen between Delt-11 

and Delt-28B when Gly in Delt-11 is replaced by P-Ala in Delt-28B. The only difference 

between these two pairs (Delt-11, Delt-28B and Delt-13, Delt-32B) of ligands is aZ)Phe 

(Delt-11, Delt-28B) versus a£)Nal(2') in position 7 (Delt-13, Delt-32B). 

A fiuther increase by one CH2 unit led to c[7-Abu-His-DNal(2')-Arg-Trp-Glu]-

VaI-Val-Gly-NH2 (Delt-33B) with y-Abu at position 5. Delt-33B which had a 22-

membered ring was about 10 fold less potent than Delt-32B. The loss in potency from a 
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20-membered ring to a 21-membered ring also was seen between Delt-28B and Delt-29B 

where P-Ala in Delt-28B is replaced by y-Abu in Delt-29B. The only difference between 

these two pairs (Delt-28B, Delt-29B and Deit-32B, Delt-33B) of ligands is DPhe (Delt-

2SB, Delt-29B) versus £>Nal(2') in position 7 (Delt-32B, Delt-33B). 

From the above discussion, one could suggests that the ring sizes of these 

chimeric Deltorphin II ligands affect the bioactivities of the resulting analogues 

significantly regardless of the amino acids used at position 7 [either Z)Phe or Z)Nal(2')]. 

It seems apparent that these cyclized chimeric Deltorphin analogues with different ring 

sizes have different bioactive conformations. Hence, the ring size plays a significant role 

in the potency of these cyclized chimeric Deltorphin-II analogues. 

Position 7 in the chimeric Deltorphin-U/a-MSH analogues 

Position 7 of a-MSH has been well studied in the past.^°'"^''"°'^"'^ It has been 

shown that this position is one of the most critical residues in the core sequence His-Phe'-

Arg-Trp. Earlier, it has been demonstrated that the change from Phe to DPhe led to more 

potent and stable a-MSH ligands."^''""''""* Such an improvement was attributed to the 

enhancement of a P-tum structure in the core sequence of His-Phe-Arg-Trp, also the D 

configuration of phenylalanine is much less susceptible to enzymatic degradation. Later, 

the introduction of £>Nal(2') led to the discovery of the first generation of melanocortin 

antagonist, SHU-9119.^° In the present study, we investigated how changes in these 

residues would affect the bioassay results. 
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Among the 17-membered ring structured a-MSH/Deltorphin chimeric 

derivatives, c[His-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-15) with a Phe' showed 

no detectable bioactivity (EC50 >10 fiM) in Xenopus frog skin assay. When Phe was 

replaced by DPhe to give c[His-£)Phe-Arg-Trp-Glu]-Val-Val-GIy-NH2 (Delt-17), it 

displayed weak potency at the same receptor with an EC50 around I foM. Further 

replacement of Z)Phe^ with a £>Nal(2') led to c[His-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-

NHT (DeU-21) with an increased potency (EC50 = 60 nM. Hence, for the cyclic 17-

membered ring chimeric Deltorphin-U analogues, the potencies increase stepwise when 

the residue at position 7 changes from Phe to £)Phe, and to Z)Nal(2'). 

For 20-membered ring structures with a Gly insertion at position 5 to give c[Gly-

His-DPhe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-07, Phe at position 7), which had a 

weak potency with an EC50 around 5 |iM. The replacement of Phe' with DPhe led to 

c[Gly-His-£>Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (DeIt-11), which showed an enhanced 

potency in the Xenopus frog skin assay (EC50 = 510 nM). Further replacement of Z)Phe' 

by DNal(2') led to c[Gly-His-£)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-13), which 

showed a further 9 fold increase in potency (EC50 = 60 nM). As can be seen from these 

bioassay results, for the 20-membered cyclic chimeric Deltorphin-II analogues, the 

potencies increase stepwise when the residue at position 7 changes from Phe to Z)Phe, 

and to DNal(2')- Hence, the pattern of the change in bioactivities for 20-membered ring 

Deltorphin analogues is very close to that of the 17-membered ring counterparts. 

Interestingly, the insertion of Gly did not change the ligands' bioactivities to any 

significant extent. For example, the potency of the Gly inserted ligand GH-07 (EC50 = 5 
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mM) is only slightly better than the potency of its parent ligand GH-17 (EC50 = 8 fiM). 

In addition, the potency of the Gly inserted analogue GH-13 (EC50 = 60 nM) is the same 

as that of its parent analogue GH-21 (EC50 = 50 nM). 

Hence, the ring expansion from 17 to 20 is not important for improving the 

potencies for the analogues. However, the bioassay results obtained above clearly 

demonstrate that the position 7 is very important for improvement in the potencies of 

these analogues. 

The 22-membered ring structured a-MSH/Deltorphin analogues with a 7-Abu at 

position 5, c[7-Abu-His-Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2(Delt-25B),, displayed a 

weak potency (EC50 = 2700 nM). When Phe was replaced by a jDPhe in position 7, the 

activity of c[7-Abu-His-£>Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-29B) improved 

about 9-fold (EC50 = 313 nM). Further replacing DPhe with a Z)Nal(2') which has a 

much more bulky side chain led to c[7-Abu-His-Z)Nal(2')-Arg-Trp-Glu]-VaI-Val-Gly-

NH2(Delt-33B) led to fiirther lO-fold increase in potency to an EC50 of 23 nM. These 

bioassay results for the 22-membered ring structured chimeric Deltorphin n analogues 

together with the earlier discussed results from 17 and 20-membered ring-structured 

analogues unambiguously demonstrate that the ring size is not an important factor for 

improving the bioactivity for these analogues. For example, for analogues with a 

DNal(2') at position 7, Delt-21 (17-merabered ring, EC50 = 60 nM), Delt-13 (20-

membered ring with a Gly insertion, EC50 = 60 nM), and Delt-33B (22-membered ring 

with a 7-Abu insertion, EC50 = 23 nM) have very similar potencies in the Xenopus frog 

assay. 
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Interestingly, as can be seen from the results presented above, the potencies of 

these 22-membered ring-structured ligands increase systematically from EC50S of 2700 

nM (Delt-25B) to 313 nM (Delt-29B) to 23 nM (Delt-33B) when the residues at position 

7 change from Phe (Delt-25B) to DPhe (Delt-29B) to DNaI(2') (Delt-33B). Hence, the 

pattern of the change in bioactivities for 22-membered ring structured chimeric 

Deltorphin II analogues is similar to previous series of ligands with 17 and 20-membered 

rings. 

All these examples clearly showed that the change of phenylalanine's 

configuration in position 7 from (5) to (/?) led to improved bioactivities around 10-fold 

regardless of the ring size (17, 20 and 22). Further replacement of DPhe with a £)Nal(2') 

at position 7 led to another 10-fold increment in bioactivities in all three different ring 

sizes presented above. These examples also demonstrate that the ring sizes (17, 20 and 

22) do not have any significant impact on the potencies for these specific ligands. 

However, this second rule does not apply to the ligands with 21-membered ring, as 

discussed in the previous section, c[y-Ala-His-Z)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 

(Delt-32B with a 21-membered ring, EC50 = 2 nM) is the most potent a-MSH/Deltorphin 

chimeric analogue among all the ligands tested. 

In addition, increasing the sterically hindered side chain groups in position 7, such 

as naphthyl ring in Z)Nal(2') versus phenyl ring in £>Phe, led to much improved potency. 

Apparently the steric bulkiness of the side chain groups has led to structural changes 

favorable for receptor binding. If such a conclusion can be generalized, these discoveries 

will help us rationally design better ligands. Hence, incorporation of DNal(2') and other 
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amino acid residues with sterically hindered side chain groups into these Deltorphin 

derivatives might shed some light on the understanding of binding behavior between 

these chimeric a-MSH/Deltorphin chimeric derivatives and MCRs. 

Position 6 in the chimeric Deltorphin-EI/a-MSH analogues 

Among all the residues of the core sequence, His-Phe-Arg-Trp, of a-MSH, His at 

position 6 is not well studied for its structure-activity relationships. Recently, it was 

found that modification of imidazole ring could lead to /nMC5R selective antagonists. 

For example, substitution with methyl group at position 1 of imidazole ring,"' led to first 

generation mMC5R antagonist, Ac-Nle-c[Asp-His(l-Me)-Z)Nal(2')-Arg-Trp-Lys]-NH2 

(WY012), with a modest pA2 of 7.1. However, similar modification at position 3' of 

imidazole with a methyl group substitution did not change the profile in terms of either 

selectivities or potencies. As a result, Ac-Nle-c[Asp-His(3-Me)-DNal(2')-Arg-Trp-Lys]-

NHt was a potent agonist at the /nMC5R (ECso = 3.7 nM). Interestingly, replacing His^ 

with Trp, the later of which has a much bulky aromatic side chain—indole ring, led to a 

partial agonist.^' 

All these results demonstrated that certain substitution at position 6, if properly 

placed, could lead to changes in the bioactivity profile for the designed ligands. 

Most recently, following this hypothesis, it has been realized that incorporation of 

proline in position 6 might help further examine the importance of His*^, since proline not 

only will dramatically enhance the constraint at position 6, but also might provide an 
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additional turn structure (type VH). For example, the a-MSH derivative—Ac-Nle-

c[Asp-Pro-iDNal(2')-Arg-Trp-Lys]-NH2 (PG-901) was a highly selective and potent 

MC5R agonist.^" 

In the current study, we further investigated how position 6 could affect the 

bioactivity of Deltorphin based a-MSH ligands. 

For the 17-membered ring c[His-/)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-

21, EC50 = 60 nM), replacement of His^ with a Pro led to c[Pro-Z)Nal(2')-Arg-Trp-Glu]-

VaI-Val-GIy-NH2 (Delt-22) which was nearly inactive. However, Delt-22 exhibited 

some antagonist activity (IC50 = 900 nM) when 500 pM a-MSH was present. This 

demonstrates that incorporation of Pro at position 6 changed the bioactivity profile of the 

17-membered ring ligand from agonist to antagonist, at least for the Xenopus frog MCIR. 

For 20-membered ring structured c[Gly-His-DPhe-Arg-Trp-Glu]-Val-VaI-Gly-

NHt (Delt-11, EC50 = 510 nM), a similar replacement at position 6 with a Pro led to 

c[Gly-Pro-Z)Phe-Arg-Trp-GIu]-Val-Val-Gly-NH2(Delt-12), which exhibited no 

bioactivity by itself in the Xenopus MCIR assay, but instead showed very weak 

antagonist activity at high concentration (IC50 = 10 jiM) in the presence of 500 pM of a-

MSH. Based on these results, the change of bioactivity for Delt-12 is very close to the 

change for Delt-22. Therefore, if such a pattern is valid, it is possible that a change of 

His^ into Pro in other Deltorphin derivatives of this series would give similar results. 

Indeed, when Pro replaced His^ in c[Gly-His-Z)Nal(2')-Arg-Trp-Glu]-Val-Val-

Gly-NH? (Delt-13, EC50 = 60 nM) to give c[Gly-Pro-DNal(2')-Axg-Trp-Glu]-Val-Val-
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Gly-NHz (Delt-14), the analogue which lost all of its agonist activity, but it exhibited 

mild antagonist activity at (IC50 = 700 nM) in the presence of 500 pM of a-MSH. 

Hence, it is very interesting that the replacement of His^ with a Pro always led to 

a loss of agonist activity, and instead some antagonist activity against 500 pM a-MSH. It 

is very encouraging to discover that c[Gly-Pro-Z)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 

(Delt-14) has an IC50 value lower than micro molar (nM) range. These results certainly 

will direct us to better understand how a-MSH ligands interact with MCRs. 

In addition to the replacement of His^ with a Pro, substitution of the side chain in 

His^ also was considered as another way to study the importance of His^ in this series of 

a-MSH/Deltorphin chimeric analogues. As a result, substitution of 3' position in the side 

chain of His^ with a Bom group (benzyloxymethyl) led to c[Gly-His(3-Bom)-£)Phe-Arg-

Trp-Glu]-Val-Val-Gly-NH2 (Delt-35B), which completely lost agonist activity, but 

showed weak antagonist activity in the Xenopus frog skin bioassay (IC50 = 1 ^M) in the 

presence of 500 pM of a-MSH. 

In addition to the changes made above for His^, further modifications of this 

residue also were investigated. Among all the possibilities we examined, (5)-

cyclopentylglycine (CPG) became our choice for a few reasons. First, the cyclopentyl 

ring in CPG is saturated while imidazole ring in His is aromatic; second, the cyclopentyl 

group in CPG is neutral while imidazole group is a Bronstd acid or Lewis base; third, the 

cyclopentyl group in CPG is not a hydrogen bond donor or acceptor, while the imidazole 

group of His is a strong hydrogen-bond donor and acceptor; last but certainly not the 

least, CPG is much more constrained in xi-space compared with His in that P-position in 
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CPG was substituted while there is a free CH2 in the p-position of His. We envisioned 

that these differences would lead to the CPG incorporated a-MSH analogues having 

different conformations than His-containing counterparts. Additionally, the binding 

behavior to the receptors also would be different if His*^ was involved in the binding 

through either hydrogen bonding or any kind of n stacking. 

c[Gly-CPG-Z)Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-36B), where CPG 

replaced His^ in Delt-11, lost all agonist activity (Table 32). This result is similar to that 

of c[Gly-His(3-Bom)-DPhe-Arg-Trp-Glu]-Val-VaI-Gly-NH2 (Delt-35B) where position 

3' in the side chain of His® was substituted with a Bom group as discussed earlier. 

However, Delt-36B did not show any detectable antagonist activity in the presence of 500 

pM of a-MSH. Hence, the His position plays an important role for this series of ligands 

if they are to have any activities. 

c[Gly-CPG-DNal(2')-Arg-Trp-Glu]-VaI-Val-Gly-NH2 (Delt-38B), where CPG 

replaced His'' in DeIt-13, has a Z)NaI(2') at position 7 instead of Z)Phe in Delt-11, lost 

more than 15-fold agonist activity (EC50 > 1 However, it displayed moderate 

competitive inhibition (IC50 = 100 nM) against 500 pM of a-MSH, while Delt-35B had 

no competitive inhibition. 

Based on the results, modification of His^ with Pro, substitution of a His side 

chain with 3'-Bom and with CPG led to dramatic decreases in agonist activity. In most of 

the cases, agonist activity diminished to undetectable level. Hence, His*" is critical for the 

agonist activity in the Xenopus skin assay. On the other hand, most of these position 6 

modified analogues exhibited somehow weak to mild competitive inhibition against 500 
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pM a-MSH. Among them, CPG incorporated Delt-38B was the most potent (IC50 = 100 

nM). 
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Table 55. Summary of secondary structures for chimeric Deltorphin-II analogues. 

Code Ring Size ECso (nM) Sequence P-tum type 

Delt-07 20 5200 
Gly-His-Phe-Axg vn 

Delt-07 20 5200 
His-Phe-Arg-T rp IV" 

Delt-09 20 294 
Gly-His-DPhe-Arg rv (close toV) 

Delt-09 20 294 
His-£>Phe-Arg-T rp rv (close to V) 

Delt-13 20 60 
Gly-His-Z)NaI(2')-Arg IV (close to V or VTI) 

Delt-13 20 60 
His-£)NaI(2')-Arg-T rp NA* 

DeIt-15 17 >10000 
His-Phe-Arg-T rp V 

DeIt-15 17 >10000 
Phe-Arg-Trp-Glu IV 

Delt-21 17 60 
His-Z)Nal(2')-Arg-Trp V 

Delt-21 17 60 
Z)NaI(2')-Arg-Trp-Glu rv (close to V) 

Delt-32 21 2 
P-Ala-His-£)Nal(2')-Arg vn (close to V) 

Delt-32 21 2 
His-Z)Nal(2')-Arg-Trp U' 

Delt-38 20 Antagonist 
Gly-CPG-DNal(2')-Arg V 

Delt-38 20 Antagonist 
CPG-Z)Nal(2')-Arg-Trp rv (close to V) 

*: Not available, the distance between Ca of His and Trp is over 7 A by either 

algorithm (PRCG or TNCG). 

**: Not close to any of the known type of p-tum. 
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Conformations and Activities 

Studies of the relationships between conformations and bioactivities have not 

been studied in detail the past for melanotropin analogues. A few models have been 

reported using different methods. Some of them were purely based on theoretical 

calculations utilizing results from structure-activity studies to guide the choice of 

structures examined.^By using quenched dynamic simulations with the 

CHARMM^^ program, type [V p-tums were found involving sequences from position 6 

to 9 (His-Z)/Z, Phe-Arg-Trp).^'"''^''"'^ A superpotent a-MSH analogue Ac-Nle-c[Asp-His-

£)Phe-Arg-Trp-Lys]-NH2 (MT-II) was subsequently designed based on the theoretical 

modeling results. 

On the other hand, other modeling results were based on partial NMR analysis, 

such as TOCSY, DQF-COSY, and followed by computer modeling."^ '^^"'"^ Earlier, it 

was suggested that there be a p-II turn for the core sequence of His-Phe-Arg-Trp and a P-

ir ttim for the sequence of His-Z)Phe-Arg-Trp, and peptides which incorporated these 

sequences were assumed to have such structural features in this region.'*^"'"'"''''®''"*' 

However, recently this assumption has been challenged. For a-MSH analogues without 

an Asp at position 5, it was reported, based on calculation, that there was a type II P-tum 

for the sequence His-DPhe-Arg-Trp.'^^ On the other hand, for a-MSH analogues having 

the sequence of Asp-His-Z)Phe-Arg-Trp-Lys, it was reported, by calculation, that there 

was a P-I turn among the sequence of Asp-His-DPhe-Arg,'"''''^^ while it also was 

reported, by calculation, that there was a prevalent p-II turn for the sequence Asp-His-
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Z)Phe-Arg."^''"' Regardless of the significance of these different results of 

conformational studies, it is of the utmost importance that the conformational studies of 

a-MSH analogues should be further examined. We believe that the spatial information 

about the 3 dimensional structures is critical in understanding the structural features of 

bioactive ligands. Such spatial information could be obtained by interpreting ROESY 

NMR data, which can be used to restrain conformation during modeling. 

For the 17-membered ring structure ligands Delt-15 (c[His-Phe-Arg-Trp-Glu]-

Val-Val-Gly-NHz) andDelt-2I (c[His-£>Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2), their 

only difference in structure is in position 7 where Delt-15 has a Phe, while Delt-21 has a 

£)Nal(2'). There is a type-V P-tum involving His-Phe-Arg-Trp in Delt-15, and also for 

Delt-21 which has a His-Z)Nal(2')-Arg-Trp sequence. In addition, there is a type-IV p-

tum involving Phe-Arg-Trp-Glu in Delt-15, and a type-IV p-tum for £>Nal(2')-Arg-Trp-

Glu in Delt-21. However, the two type-IV p-tums are different. The type-IV p-tum in 

Delt-15 (from PRCG algorithm; for Arg; (j)2 = 164.3 \\i2 = -44.3 for Trp: ({>3 = -127.8 

vj/3 = 2.1 dci(i-i+3) = 5.3 A; from TNCG algorithm: for Axg: (j)2 = 151.5 °, v|/2 = -43.3 for 

Trp: (})3 = -116.0 11/3 = 2.0 da(j-i+3) = 5.1 A) is different from the type-IV p-tum in Delt-

21 (for PRCG algorithm: for Arg: (j>2 = 76.7 °, \[i2 = -52.2 for Trp: (j)3 = -155.5 °, v|/3 = 

135.1 da(i.i^3) = 6.5 A; for TNCG algorithm: for Arg: (j)2 = 73.5°, v|/2 = -62.3 for Trp: 

(()3 = -146.0 v|/3 = 116.7 da(i.i.r3) = 6.6 A) where it is a highly distorted type-V P-tum 

(theoretical: <{>2 = 80 vj/2 = -80 for Trp: ^2 = -80 °, v(/3 = 80 °). Such a difference in 

backbone conformation could significantly alter the orientation of pharmacophores. In 
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DeIt-15 (Figure 9), the side chains of His, Trp and Arg are clustered together while the 

phenyl ring of the Phe is far from them. However, in Delt-21, the side chains of His, 

Z)Nal(2') and Arg are closely arranged in space while the indole ring of Trp is different 

depending on the algorithm used (Figure 10). Probably that is the main reason to explain 

the differences in the bioactivities (Delt-15 is inactive, EC50 = 60 nM for DeIt-21, Table 

29) for these two ligands. 

For the 20-membered ring structured Delt-07 (c[Gly-His-Phe-Arg-Trp-Glu]-Val-

Val-Gly-NH2), Delt-09 (c[Gly-His-DPhe-Axg-Trp-Glu]-VaI-Val-Gly-NH2) and Delt-13 

(c[Gly-His-Z)Nal(2')-Arg-Trp-Glu]-Val-VaI-Gly-NH2), their bioactivities increased 

gradually with a steady 10 fold increment from 5200 nM (EC50) for Delt-07 with a Phe', 

to 510 nM (EC50) for Delt-09 with a Z)Phe^, and finally to 60 nM for Delt-13 with a 

DNal(2')l 

All three ligands differ only in position 7, where Phe for Delt-07, DPhe for Delt-

09 and Z)Nal(2') for Delt-13. For Delt-07, there is a type-Vn p-tum involving Gly-His-

Phe-Axg (PRCG algorithm: vj/2 = 14.5 °, ^3 = 172.6 da(j.,.r3) = 6.5 A; TNCG algorithm: 

vj/2 = -4.5 (t)3 = -163.2 d<i(i.j+3) = 5.9 A) and a type-IV p-tum involving His-Phe-Arg-

Trp (PRCG algorithm: 62 = 172.6 °, \|/2 = 106.3 for Arg: (|»3 = -118.8 °, vi/3 = 70.3 da(i. 

,.^3) = 6.0 A; TNCG algorithm: da(i.j+3) > 7.0 A). Similar for Delt-17, this type-IV p-tum 

cannot be related with any other types since the major angles related to this p-tum are far 

off the normal values suitable for other types of p-tum. The very low bioactivity of Delt-

07 was probably attributed to this type-IV p-tum, as is for Delt-15 discussed above. For 

Delt-09, with a Z)Phe replacing Phe at position 7 in Delt-07, the conformations changed 
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again. There is a type FV p-tum involving the sequence of Gly-His-DPhe-Arg (PRCG 

algorithm: (|)2 = -150.3 \\f2 = 36.1 <|)3 = 163.3 v|/3 = -145.7 da(j.i.r3) = 6.7 A; TNCG 

algorithm: <()2 = -133.3 vj/; = 29.6 (j)3 = 150.7 v{/3 = -117.7 da(i-j-3) = 6.6 A). This 

type-IV p-tum is very close the type-V p-tum and far different than the type-VII p-tum in 

Delt-07, while the former is very close the type-V turn in Delt-17. In addition, there is 

another type-FV p-tum involving His-DPhe-Arg-Trp (PRCG algorithm: (|)2 = 163.3 \]/2 = 

-145.7 (j)3 = 109.8 v|/3 = 51.3 da(i.j^3) = 6.8 A; TNCG algorithm: ^2 = 150.7 v|/2 = -

117.7 (j)3 = -116.1 v|i3 = 43.6 da(i-,.u3) = 6.0 A) which is a highly distorted type-V p-

tum. The type-IV p-tum in the same region (His-Phe-Arg-Trp) of Delt-07 is not close to 

any other types. Compared with the type-IV p-tums in Delt-15 and Delt-17, this 

conformational change (type FV for His-Phe-Arg-Trp in Delt-07 to highly distorted type 

V for His-£)Phe-Arg-Trp in Delt-09) was the major factor contributing to the difference 

(~20 fold) in the bioactivities between these two ligands. As for Delt-13, there is a type-

IV p-tum involving Gly-His-DNal(2')-Arg (PRCG algorithm: ((>2 = -84.5 vj/2 = 46.7 (j)3 

= 164.2 n/3 = -118.5 d<i(j.i+3) = 5.5 A; TNCG algorithm: (}»2 = -158.6 \|/2 = 72.9 ({>3 = 

147.3 v}/3 = -147.3 da(i-i^3) = 6.9 A). This type-FV p-tum is closely associated with 

either type-V or type-VII p-tums. Unfortimately, there is no p-tum involving the 

sequence of His-Z)Nal(2')-Arg-Trp because the distance between Ca of His and Trp was 

over 7 A. Though the major angles involved fit for a distorted type-V p-tum. However, 

the conformational similarity between Delt-09 and Delt-13 (Table 38 and Table 41) 

should lead to similar bioactivities because the key pharmacophores except position 7 
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[DPhe versus Z)NaI(2')] are exactly the same. Meanwhile, replacement of the Z)Phe at 

position 7 of a-MSH/Deltorphin chimeric analogues generally led to enhanced 

bioactivities (Table 31). Hence, it is no surprise that potency of Delt-13 (ECso = 60 nM) 

increased 5 fold over Delt-09 (EC50 = 294). 

Furthermore, it is very interesting to find that the EC50 values for Delt-13 are the 

same as that for Delt-21 since the only difference in these two structures is the Gly in 

Delt-13. The explanation is that the insertion of Gly likely did not change the 

pharmacophores' orientation in the space for these two ligands. However, further 

experiments are needed to decipher this puzzle when the appropriate field parameters are 

available in the future. 

In order to fiirther understand the conformation-activity relationships for this 

series of ligands, further modifications were implemented by modification at His^ and 

ring expansion. Replacement of His*^ of Delt-13 with a CPG led to another 20-membered 

ring structured ligand—Delt-38B (EC50 > 1 (iM), which lost agonist activity significantly 

compared with Delt-13 (EC50 = 60 nM). 

Though Delt-38B did not exhibit potent agonist activity, it displayed moderate 

competitive binding (IC50 =100 nM) against a-MSH at Xenopus MCIR. Indeed, this 

competitive binding is the best among all the ligands in this series. Conformational 

analysis has revealed that the backbone conformation is similar to other ligands, such as 

Delt-13 and Delt-21, which have good binding at Xenopus MCIR. There is a type-V P-

tum involving Gly-CPG-Z)Nal(2')-Arg and a type-IV (distorted V) turn involving CPG-

£)Nal(2')-Axg-Trp. The conformational analysis by two difference algorithms, PRCG and 
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TNCG, has resulted in conformations with high convergency, though there is only one 

difference—the orientation of naphthyl group in the space. Analysis by PRCG revealed 

that there is a strong cation-:c interaction between guanidino group of Arg and naphthyl 

group of DNalCZ') and the side chains of CPG, Trp and Val formed a hydrophobic 

surface, while analysis by TNCG revealed that there is a strong cation-:: interaction 

between naphthyl group ofZ)Nal(2') and N""-indole group of Trp with arginine side chain 

wide open forming a hydrophilic surface and a hydrophobic surface by side chains of 

CPG, Nal(2'), Trp and Val. Hence, the major difference between the conformation by 

these two algorithms is how the naphthyl group orients its side chain groups in the space, 

by interacting with either guanidino or indole group. Further experiments should be able 

to find the answer when the appropriate field parameters for cation-7c stacking are 

available in the future. In addition, the hydrophobic surface is the common structural 

feature generated by the two algorithms. Such a strong hydrophobic surface is not seen 

in any other structures analyzed in this series. It led us to believe that this surface might 

be very important for ligands to have antagonistic activity. Consequently, all the spatial 

arrangements of all the functional groups in x-space might be crucial for the competitive 

binding at Xenopus fi-og MCIR. This will direct us to design other potent antagonists for 

the MCIR. 

Further modification of Delt-13, c[Gly-His-DNal(2')-Arg-Trp-Glu]-Val-Val-Gly-

NH:, by expanding the ring size to 21 through replacement of Gly^ with a P-Ala led to 

c[(3-Ala-His-£)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-32B), which exhibited a 30 

fold increase in agonist activity compared with Delt-13. Conformational analysis by both 



166 

PRCG and TNCG algorithms revealed that there is a P-Vn turn at the sequence of (3-AJa-

His-Z)NaI(2')-Arg. Interestingly, this type-VTI P-tum is very close to a distorted type-V 

P-tum. the later of which is available in other potent ligands, such as Delt-13 and Delt-21. 

Hence, this suggests that this type-V p-tum be a prerequisite for chimeric Deltorphin 

ligands to display high potency at Xenopus frog MCIR. In addition, there is a type-II' P-

tum involving His-Z)Nal(2')-Arg-Trp. This type-II' P-tum is unique in this series of 

chimeric Deltorphin analogues. While other potent analogues, such as Delt-13 and Delt-

21, have a type-IV or a highly distorted V p-tum immediately following a type-V P-tum. 

Hence, the conformational change from V to 11' led to the most potent ligand, Delt-32B, 

in our designed chimeric Deltorphin analogues. This also is the first time that we clearly 

demonstrated the importance of type-II' p-tum, by conformational analysis based on 

NMR data and modeling, in the design of potent a-MSH analogues. 

In summary, for all the potent agonists discovered in this series [Delt-13 (ECso = 

60 nM), Delt-21 (EC50 = 60 nM) and Delt-32B (EC50 = 2 nM)], their structures have 

revealed that the type-V p-tum tum is a common feature. It suggests that this type of p-

tiun for Deltorphin derived chimeric a-MSH ligands be a prerequisite for their 

bioactivity. In addition, a type-V following this type-V p-tum is needed for high 

potency, as demonstrated in the case for Delt-15 where a type-IV p-tum, which is not 

close any other types of P-tum, did not have any bioactivity. Furthermore, a type-II' P-

tum following the type-V p-tum might further improve the potency as demonstrated in 

Delt-32B. Moreover, a hydrophobic surface involving CPG (Figure 5), Trp and Val 
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residues was seen in Delt-38B, the most potent competitive binding antagonist against a-

MSH in this series. Finally, a clustered arrangement of side chains for Z)NaI(2'), Arg, 

Trp is seen in most of the conformations obtained. Such a clustered feature can be 

enhanced by strong cation-7r interactionsbetween these groups. We believe that 

this type of cation-n interaction enhances the secondary structures of the backbone and 

plays a significant role for melanotropins binding at MCRs. 

Activities and Conformations of Delt-32B and Deit-38B at AMCRs 

Based on the bioassay results from Xenopus frog MC1R, the most potent agonist 

(Delt-32B) and the analogue with the most competitive binding against a-MSH were 

chosen for further assay in AMCRs. 

Delt-32B (ECso = 2 nM at Xenopus frog MCIR) exhibited potent activity at 

/zMC3R (ECso = 5.8 nM) which is comparable with its activity at Xenopus frog MCIR. It 

displayed equipotent bioactivity at the AMCIR (EC50 = 75 nM) and AMC4R (EC50 = 77 

nM). Hence, Delt-32B displayed some selectivity (—12 fold) at the AMC3R versus 

/zMClR or AMC4R. This selectivity might arise from its type-V P-tum involving p-AIa-

His-Z)Nal(2')-Arg, because this type of turn has not found in other types of a-MSH 

analogues which did not display selectivity at /iMC3R. 

Delt-38B (IC50 = 100 nM dX Xenopus frog MCIR) exhibited much higher potency 

at AMCIR (IC50 = 12 nM) and at /zMC3R (IC50 = 44 nM), while it had much lower 

competitive binding at /iMC4R (IC50 = 1300 nM). We believe that the CPG*^ plays 
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played some role for the selectivity (almost 100 fold increase at the /zMClR versus the 

/zMC4R), since such a dramatic selectivity was not seen in Delt-32B. In addition, as can 

be seen in Figure 12, it is highly possible that having a hydrophilic surface (Arg) 

separated from hydrophobic area [formed by cyclopentyl of CPG, indole of Trp, 

isopropyl of Val, with/without naphthyl of DNal(2')] can alter the bioactivity profile for 

Delt-38B. Further experiments are needed to further elaborate the selectivities and 

antagonist activities at AMCRs. 

In addition, the much higher potency displayed at AMCRs than at the Xenopus 

f rog MCIR clearly raises the question whether the bioassay results in frog MCIR should 

be used as the standard for considering their activity at human melanocortin receptors. 

In summary, a type-V |3-tum followed by a type-EI' {3-tum could be the major 

contribution to hgand, such as Delt-32B, exhibiting selectivities at AMC3R. This is the 

first time a /iMClR antagonist (Delt-38B) has been discovered, and Delt-38B also is 

highly selective for the AMCIR and the /iMC3R. Further experiments are needed to 

elaborate their activities of Delt-32B and Delt-38B at the AMC5R. 

The results obtained above are very encouraging and will direct us to ftuther 

explore how steric hindrance, hydrogen bond, aromaticity, hydrophobicity or 

hydrophilicity in the position 6 will affect the bioactivity of the resulted ligands, how the 

ring sizes (from 16 and up) and orientation of the key pharmacophores in the core 

sequence of His-Phe-Arg-Trp will affect the bioactivities and conformations, and how to 

design more selective and potent agonists and antagonists at /iMCRs, typically at 

/zMClR, which are believed to be associated with skin cancer—melanoma. 
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Hence, it is important to study the position 6 by incorporatiing constrained and 

hydrophobic amino acids, such as rerr-leucine. Amino acids with aromatic and 

hydrophobic side chains at position 6 also might help us to understand whether 

aromaticity is important in the binding and receptor selectivities. In addition, 

configurations of residue 6 should be studied because the configurations at this position 

might enhance secondary structures which have great impact, as we have discovered in 

our current discoveries, in the binding and possiblely the receptor selectivities. 

Additionally, it is necessary to study positions 8 and 9, the roles of which have 

not been understood well. It would be premature for us to incorporate constrained 

residues at these two positions without knowing the roles of these two positions. 

However, screenings of these two positions by amino acid residues with basic, acidic, 

aromatic and/or long aliphatic side chains could help us to understand whether cationic 

side chains at position 8 or aromatic side chains at position 9 are keys to bindings at 

different receptors. Once the roles of positions 8 and 9 are discovered, corresponding 

constrained amino acids should be introduced in order to study the selectivities, and 

potencies as well. 

Furthermore, for Deltrophin/a-MSH chimeras, no study has made regarding the 

importance of the tail (Val-Val-Gly-NH2) which has interesting simalities to the tail of a-

MSH. It will be very interesting to study how the tail will affect the bioactivity by 

modifying its hydrophobicity/hydrophilicity and steric hindrance such as incorporation of 

rm-leucine, P-methyl-Thr (P-hydroxy-Val) or even Pen (P-SH-Val). 
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Finally, it is very important to study how AMCIR antagonists interact with 

melanoma cells; a possible relation between the two is necessary to be established. That 

will definitely help us to understand more about melanoma and eventually find ways to 

treat melanoma patients. 
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summary 

This dissertation reports the synthesis of 44 a-melanotropin (a-MSH) analogues 

by de novo design, synthesis and bioassays at different MCRs, from frog skins to mice to 

humans. Two scaffolds were selected to design these novel chimeric a-MSH analogues 

via two different hybrid approaches. 

A. Somatostatin/Opioid 

By adopting the modified peripheral structure (H-Z)Phe-Cys Cys-Thr-NH2) of 

Somatostatin analogues—Sandostatin®, CTOP and CTAP, and the core sequence of a-

MSH, 25 ligands have been designed and synthesized. These ligands have the following 

pattern: H-Z)Phe-c(XXX-YYY-ZZZ-Arg-Trp-AAA)-Thr-NH2 {XXX and AAA = Cys, 

Z)Cys, Pen, Z)Pen; YYY = His, His(l-Me), His(3-Me); ZZZ = Phe and side chain halogen 

substituted Phe, £)Phe, Z)Nal(r) and Z)Nal(2')}. All these ligands have been bioassayed 

at Rana Pipiens frog MCIR and mouse MCRs (including wMClR, /nMC3R, mMC4R 

and mMC5R). 

In the Rana Pipiens frog MCIR assay, some of the ligands, such as H-Z)Phe-

c[Cys-His-£)Phe(PI)-Arg-Trp-Cys]-Thr-NH2 (GH-4b) and H-£>Phe-c[Cys-His-Z)Tic-Arg-

Trp-Cysj-Thr-NH? (GH-4c), displayed no binding activity, while others, such as H-

DPhe-c[Cys-His-£>Phe-Arg-Trp-DCys]-Thr-NH2 (GH-14a) exhibited agonist activity 

with a potency the same as a-MSH with an EC50 of 0.1 nM. It is interesting to note that 

change of the S-S bridges often lead to dramatic changes in bioactivity. For example, H-

Z)Phe-c[Hcy-His-Z)Phe-Arg-Trp-Cys]-Thr-NH2 (GH-4d) was only half potent as a-MSH 
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(EC50 = 0.3 nNI), when the S-S bridge was switched around, H-DPhe-c[Cys-His-Z)Phe-

Axg-Trp-Hcy]-Thr-NH2 (GH-13) lost 5000 fold of activity (EC50 = 1 |xM)compared with 

GH-4d. 

We were also able to develop antagonists at Rana Pipiens frog MCIR based on 

CTAP. However, most of the ligands only displayed weak antagonist activity with IC50S 

around 1 |a,M. 

In the mouse melanocortin receptors assay, the activities ranged from O.l niM to 

nearly picomolar EC50S, while none of the ligands tested possess any antagonist activity. 

Most of the ligands tested displayed only modest selectivities at different mMCRs. 

However, by modifying the S-S bridge to give H-DPhe-c[Cys-His-Z)Phe-Arg-Trp-Pen]-

Thr-NH2 (GH-15) great selectivities from 50 to 500 fold at the /wMC5R CEC50 = 0.14 

nM) versus the other mMCRs were discovered. To our knowledge, this is one of the 

most selective and potent agonists found so far for the /wMC5R. In addition, by 

modification of the His*^ with a substituent in the side chain, His(3-Me), to give H-DPhe-

c[Cys-His(3-Me)-DPhe-Arg-Trp-Cys]-Thr-NH2 (GH-6c), an analogue which also 

displayed some selectivities (ranged from 15 to 50 fold) at mMC5R, though the 

selectivities were not as good as those for GH-15. Recent discoveries also unveiled that 

position 5 (His) is crucial for binding at the MC5R selectively.^^ 

B. Deltorphin-H/a-MSH 

By incorporating the hydrophobic tail of Deltorphin-II (Glu-Val-Val-Gly-NHi) 

and core sequence of a-MSH—His-Z)Phe-Arg-Trp, 19 chimeric a-MSH ligands with the 
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general sequence c[XXX-YYY-ZZZ-Arg-Trp-GIu]-Val-Val-GIy-NH2 {XXX = nothing, 

Gly, P-Ala, y-Abu, 6-Ahx; YYY = His, His(3-Bom), (5)-cyclopentyIglycine (CPG); ZZZ 

= Phe, £)Phe; £>Nal(2')}, were designed and synthesized. All these ligands were 

bioassayed at the Xenopus frog MCIR using a fast high-throughput screening method. 

The agonist activities for this series ranged from no activity to nM (EC50) activity, for 

example, c[Gly-CPG-Z)Phe-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-36B) displayed no 

binding stXenoptis frog MCIR, while c[P-Ala-His-Z)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-

NH2 (Delt-32B) exhibited potent bioactivity with an EC50 of 2 nM. By modification of 

His*" with substitution of side chain (imidazole ring), or replacement of His*" with a 

proline or CPG, we were able to generate weak antagonists in the Xenopus frog MCIR 

assay. CPG incorporated c[CPG-His-Z)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-

38B) was the most potent antagonist (IC50 = lOOnM) among all this series of ligands. 

In the meantime, 7 of the synthesized ligands were analyzed by NMR, followed 

by modeling with MacroModel 6.5 for conformational analysis. It was interesting to find 

that all the highly active ligands, c[Gly-His-Z)Nal(2')-Arg-Trp-Glu]-VaI-Val-Gly-NH2 

(Delt-13), c[His-Z)Nal(2')-Arg-Trp-GIu]-Val-Val-Gly-NH2 (Delt-21), and c:[P-Ala-His-

Z)Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-32B), possess a distorted type-V p-tum 

followed by a distorted type-V or type-U' (Delt-32B) p-tum or in their lowest energy 

conformations. It is noteworthy to point out that the most potent antagonist among all the 

ligands bioassayed, c[Gly-CPG-£>Nal(2')-Arg-Trp-Glu]-Val-Val-Gly-NH2 (Delt-38B) 

also possess these features in its lowest energy conformation. 
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Two ligands, Delt-32B (the most potent agonist) and Delt-38B (the most potent 

antagonist), were selected for bioassay at the AMCRs. Delt-32B displayed potent agonist 

activity at all receptors with some selectivity for the AMC3R. These activities were less 

potent than in the Xenopiis frog MCIR assay. On the other hand, Delt-38B exhibited 

greater antagonist activity at all receptors. All of their activities were much higher than 

expected at ^QXenopus frog MCIR. In addition, Delt-38B was also highly selective for 

/zMClR and AMC3R. This is the first potent AMClR antagonist having been found. 

These results provide strong supporting evidence for our hypothesis that ligand 

scaffolds for different G-protein coupled receptors (GPCRs) can be used to design 

ligands for other GPCRs. Certainly, these results will direct us to design much more 

selective and potent ligands at different human melanocortin receptors. Indeed, it is our 

highest priority to find AMCIR selective and potent antagonists which could possible 

deliver a potential cure for melanoma, and other bioactive melanotropin ligands at other 

/JMCRS which are closely associated with some epidemic diseases, such as obesity 

syndrome. 
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appendix 

Bioassays at Rana Pipiens Frog MCIR 

(Experiments performed in Dr. Hadley's lab at the University of Arizona) 

The frogs, Rana Pipiens, were obtained from Nasco, Fort Atkinson, WI. Animals 

were killed by decapitation and the skins from each animal were prepared for photo 

reflectance measurements following the methods of Shizume, Lemer & Fitzpatrick'"*^, 

Wright & Lemer'"*^ and Huntington & Hadley'"*^. Skins were placed in 50 mL beakers 

containing amphibian Ringer(NaCl, 111 mmol/L; NaHCOs, 2 mmol/L; KCl, 2 mmol/L; 

CaCI:, 1 mmol/L) at pH 7.3-7.5 for a 2 hrs pre-experimental equilibration period. During 

this time there was a slow perinuclear aggregation of melanosomes within melanophores 

which resulted in the skins becoming quite light in color. The skins were then placed in 

control or experimental solutions, and after a number of fresh changes of the respective 

solutions, 20 mL of solution were allowed to remain in each beaker to cover the skins. 

Reflectance measurements were obtained from the outer surface of the skin and 

involved color changes, lightening (melanosome aggregation) or darkening (melanosome 

dispersion), resulting from intracellular melanin granule movements within integumental 

dermal melanophores in response to hormonal or pharmacological stimulation. The 

initial mean reflectance value for each group of skins was taken as the basal (zero) value, 

and succeeding average values were recorded as the percent change (or response) above 
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or below the initial reading. Each value represented the mean (± S.E.M., of selected 

values) response of the skins under each experimental condition. 

In each experiment, the melanotropins were added at time zero. At various times 

thereafter the skins were transferred to fresh Ringer without the melanotropins. In most 

experiments, a control group of skins was maintained in Ringer without melanotropin. 

The noradrenaline and melatonin used in these studies were obtained from Sigma 

Chemical Company, St Louis, MO. 

Bioassays vdXenopus Frog MCIR 

(Experiments performed by Kurt Carlson and Joseph Mark Quillan in Department of 

Pharmaceutical Chemistry at the University of California San Francisco) 

Cyclic-AMP (cAMP) and Concentration-Response Measurements 

Cell Cultures Human embryonic kidney (HEK-293) cells were maintained in 

modified Eagle's medium (DMEM/H-16/F-12) with 10% fetal calf serum (FBS), 100 

U/mL penicillin "G" and 100 )J.g/mL streptomycin (P/S; Gemini). The African green 

monkey kidney COS-7 cells were maintained in DME H-12 with 4.5 g/L-glucose, 0.584 

g/L glutamine, and 2.5 g/L NaHCOs, 10% FBS and P/S. Murine adrenocortical Y1 cells 

were maintained in Ham's F-IO medium (Gibco), 15% horse serum (Hyclone), 2.5% 

FBS, and P/S. 
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Transformations and Stable Cell Lines Transformations were performed 

using cDNA containing the human MCI receptor (pcDNAI/NEO.hMCl), MC3 (pcCMV 

hNIC3), or MC4 (pcCMV.hMC4) receptors. Transient transfection (8 x lO'' ceils per 600 

mL in 70% Ca~"/Mg""^-free phosphate-buffered saline (0.14 g/L KH2PO4, 1.51 g/L 

Na2HP04 7H2O, 0.14 g/L KCI, 5.6 g/L NaCl, pH 7.2), plus 20 |j,g of test cDNA in 0.4 cm 

cuvettes using a Gene Pulsar transfection apparatus (450 V, 960 fiF; BioRad, Hercules, 

CA). After transfection, cells were transferred to culture medium and plated to 

confluency in 12-well tissue culture plates (Falcon), washed with fresh medium 3 hrs 

later, and allowed to incubate an additional 48 hr before use. 

HEK-293 cells were stably transfected with the human MCI, MC3, and MC4 

receptors by electroporating 20 jig of plasmid cDNA (8 x 10^ cells per 800 ^L in 100% 

Ca~*/Mg"~-free phosphate-buffered saline in 0.4 cm cuvettes at 400 V, and 960 fiF. After 

six days stable MC clonal cell lines were selected by addition of400 (ig/mL G-418 

(GENETICIN; GIBCO/BRL) to the medium. 

Cyclic-AMP and Concentration-Response Measurements Concentration-

Response Measurements were made mXenopus fibroblasts, COS-7, HEX-293, and Y1 

cells by quantifying changes in cAMP levels, an [S-^Hl-cAMP kit from Amersham 

essentially as described with MC receptors, plated to confluency in 12-well tissue culture 

plates, were rinsed for 1 hr with 70% (v/v) L-15 medium containing 0.5% bovine serum 

albumin, and again for 5 min with added 0.5 mM 3-isobutyl-l-methyIxanthine (IBMX). 

After a 30 min exposure to test ligands, in presence of IB MX, cells were rinsed twice 

with ice-cold 70% phosphate-buffered saline (0.07 g/L CaCh, 0.07 g/L MgCl2.6H20, 
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0.14 g/L KH2PO4, 1.51 g/L Na2EIP04.7H20, 0.14 g/L KCl, 5.6 g/L NaCl, pH 7.4), and 

intracellular cAMP extracted with 1 mL of 60% (v/v) ethanol. Cellular debris was 

separated from extracted samples by centrifugation, 400 (iL aliquots of the supernatant 

lyophilized, and total cAMP content quantified, cAMP measurements in COS-7, HEK-

293 and Y1 cells were conducted in similar manner from 96-weIl plates after a 10 min 

exposure to test compounds (no EBMX was used), and the reaction was then stopped with 

100% ethanol, bringing the final concentration to 60:40 (v/v) ethanoL/medium. 

Concentration-response curves were measured in melanophores by quantifying 

the change in absorbance at 630 nm through a monolayer of cells using a BT2000 

Microplate Reader (Fisher Biotech, Pittsburgh, PA, USA) after treatment with test 

compounds, and curves were fit using a logistic equation as described elsewhere. Briefly, 

initial absorbance (Ai) was measured upon addition of test compounds after 90 min 

pretreatment with carrier alone [7 parts L-15 medium in 3 parts distilled-deionized H2O 

containing 0.5% (w/w) bovine serum albumin], or carried plus 1 nM melatonin, to 

initialize tests from either the dispersed state (high absorbance) or an aggregated state 

(low absorbance), respectively. Test compounds were allowed to react with 

melanophores for 90 mins, or as otherwise specified, and the absorbance measured again. 

This second absorbance reading (Af) was used to calculate the percent of initial 

absorbance (%Ai) using the equation %Ai = 100(Af/AO-

Rapid Measurements of Intracellular Calcium Using a Fluorescence Plate Reader. 



179 

Tissue Culture and Stable Cell Lines HEK293 cells (ATCC, Rockville, MD, 

USA) were maintained in Dulbecco's modified Eagle medium (DMEM)/F-12/H16 

(UCSF Cell Culture Facility, San Francisco, CA, USA) and CHO cells (ATCC) were 

maintained in Ham's F-I2 medium (UCSF Cell Cultiu-e Facility). Both media were 

supplemented with 50 jig/mL streptomycin, 50 U/mL penicillin and 10% fetal bovine 

serum (Sigma Chemical, St. Louis, MO, USA) and were incubated at 37 °C. Stable cell 

lines of HEK293 cells were prepared as described elsewhere.*^^"'"*^ using cDNA 

containing the human melanocortin receptor subtype 4 (pcCMV/hMC4); murine ja-opiate 

receptor (pRcCMV/}j.OR); and the human dopamine D2L receptor (pcDNA/hD2L). 

Stable HEK293 clonal cell lines were maintained in medium containing 200 (ig/mL of G-

418 (Bethesda, MD, USA). Stable cell lines of CHO cells were prepared by co-

transfecting pSG5 (Stratagene, La Jolla, CA, USA) containing an insert for the full-length 

coding sequence of the human M(C)1 receptor together with pRSVneo (Stratagene), as 

described elsewhere.'^*' Stably transfected cell lines were selected with 400 (ig/mL of G-

418 and maintained at 200 \isJvaL. The CHO-Ml cell line used in this study contained 

100 &nol of Ml receptor per mg of total protein. 

Calcium Measurements Calcium measurements on CHO and HEK293 cells 

were made using a FLUOstar® 97 Fluorometer (BMG LabTechnologies, Durham, NC, 

USA) equipped with dual injectors. Gain was calibrated to ensure consistency between 

wells and set to 80% of resting baseline intensity. The instrumental linearity, precision 

and cross-talk were calibrated over the range of measured fluorescence intensities using 
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salt forms of Calcium Green-1 and Oregon Green 488 BAPTA-1 (Molecular Probes, 

Eugene, OR, USA) dissolved in Krebs-HEPES buffer (118 mM NaCl, 4.7 mM KCl, 1.2 

mM MgSOj, 1.2 mM BCH2PO4, 4.2 mM NaHCOs, 11.7 mM £)-Glucose, 1.3 mM CaCb, 

10 mM HEPES, pH 7.4). HEK293 and CHO cells were prepared for calcium 

measurements as described in Table 56. 

Table 56. Procedure for preparing HEK293 and CHO Cells for Calcium Measurements. 

1 
Cells were trypsinized and immediately quenched with culture medium 
containing 10% fetal bovine serum, pelleted and then rinsed twice. 

2 

Pelleted cells were resuspended in fresh medium, allowed to recover under 5% 
C02 at 37 °C for 1 h, rinsed twice with Krebs-HEPES buffer and then loaded 
with 3 jaM Calcium Green-1/AM or Oregon Green 488 BAPTA-l/AM for 30 
min in the same buffer containing 1% (wt/vol) Pluronic F-127 (Sigma 
Chemical), and, where indicated, with 0.25 mM sulfinpyrazone (Sigma 
Chemical). 

J 

After loading, cells were rinsed three times with Krebs-HEPES buffer 
containing 0.5% (wt/vol) bovine serum albumin (BSA) (Sigma Chemical), 
diluted to approximately 200,000 cells/mL and distributed evenly (ca. 30,000 
cells/well) into an opaque, white 96-well plate (Coming Costal, Cambridge, 
MA, USA) 

4 

Buffer alone or buffer containing test compounds, was injected sequentially 
into separate wells and the fluorescence intensity monitored at 1-sec intervals 
using an excitation wavelength of 485 nm (bandwidth 20 nm) and emissions 
filter of 538 (bandwidth 25 nm). 

5 Five baseline measurements were taken at 1-sec intervals before each injection. 

At the end of each experiment, fluorescence intensities were calibrated for 

determination of intracellular calcium concentration ([Ca"^]j) values by permeabilizing 

cells with 1% Triton® X-100 (Sigma Chemical) to release all the dye (Fmax) and 
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subsequently chelating with 10 mM EGTA (Fmin)- Calcium concentration was calculated 

using Equation 1. 

[Ca""], = ̂ d(F-Fm,ny(Frrax-Fmm) [Eq. 1] 

An equilibrium dissociation constant (/Td) of 190 and 170 nM was used for 

Calcium Green 1 and Oregon Green 488 BAP A-1, respectively. 

Bioassays at Mouse Meianocortin Receptors (miVICRs) 

(Experiments performed by Carrie Haskell-Luevano at the Vollum Institute in Oregon 

Health Science University) 

A. Galactosidase Bioassay 

Cell Culture and Transfection. HEK-293 cells were maintained in 

Dulbecco's modified Eagle's medium with 10% fetal calf serum and seeded I day prior to 

transfection at 1 to 2 ^ 10^ cells/100 mm dish. Meianocortin receptor cDNA subcloned 

into the /7CDNA3 expression vector (Invitrogen) was transfected (20 (j.g) using the 

calcium phosphate method.'^' Stable receptor populations were generated using G418 

selection (I g/mL) for subsequent bioassay analysis. 

Galactosidase Bioassay. Cells stably expressing wild-type receptors were 

transfected with 4 (ig of CRE/p-galactosidase reporter gene as previously described. 

Briefly, 5 000 to 15 000 post-transfection cells were plated into 96-well Primeria plates 
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(Falcon) and incubated overnight. At 48 h post-transfection, the cells were stimulated 

with compound or peptide at concentrations indicated, or forskolin (10"* M), in assay 

medium (DMEM containing 0.1 mg/mL BSA and 0.1 mM isobutybnethybcanthine) for 6 

h. The assay media was aspirated, and 50 L of lysis buffer (250 mM Tris-HCl pH = 8.0 

and 0.1% Triton X-100) was added. The plates were stored at -80 °C overnight. The 

plates containing the cells lysates were thawed the following day. Aliquots of 10 jj.L were 

taken from each well and transferred to another 96-well plate for relative protein 

determination. The 40 of phosphate-buffered saline with 0.5% BSA was added to 

each well. Subsequently, 150 |iL of substrate buffer (60 mM sodium phosphate, 1 mM 

MgCb, 10 mM KCl, 5 mM P-mercaptoethanol, 200 mg of ONPG) was added to each 

well, and the plates were incubated at 37 °C. The sample absorbance, OD405, was 

measured using a 96-well plate reader (Molecular Devices). The relative protein was 

determined by adding 200 |iL of 1:5 dilution BioRad G250 protein dyeiwater to the 10 

{J.L cell lysate sample taken previously, and the OD595 was measured on a 96-well plate 

reader (Molecular Devices). Data points were normalized both to the relative protein 

content and nonreceptor dependent forskolin stimulation. Data analysis and EC50 values 

were determined using nonlinear regression analysis with the PRISM program (v2.0, 

GraphPad Inc.). 

B. cAMP Bioassay 

Materials. Recombinant bacterial 3-galactosidase, o-nitrophenyl-P-D-

galactopyranoside (ONPG), Triton X-100, and bovine serum albumin (BSA) were from 
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Sigma Chemical (St. Louis, MO, USA). Lopofectin reagents, DMEM, Opti-MEM, and 

newborn calf serum (NCS) were from Giobo BRL (Grand Island, NY, USA). G250 

protein reagent concentrate, 2-mercaptoethanol, Dowex, and Alumina matrix were from 

BioRad (Hercules, CA, USA). cAMP radioimmunoassay (RIA) kits were purchased 

from Biomedical Technologies Inc. (Stoughton, MA, USA). [8-^H]Adenine (888 

GBq/mmoI) was from Amersham (Arlington Heights, IL). Melanocortin peptides were 

from BaChem (Torrance, CA). The 96-well plate spectrophotometer used for monitoring 

P-galactosidase activity was from Molecular Devices (Suimyvale, CA). 

Construction of pCRE/^-galactosidase. A series of concatemers of the 

synthetic oligonucleotide 5'-GAATTCGACGTCACAGTATGACGGCCATGG-3' 

containing the CRE (underlined) was obtained by self-annealing and ligation. A tandem 

tetramer obtained in this way was cloned upstream of a fragment (-93 to +152) of the 

human vasoactive intestinal peptide gene promoter. The resulting promoter was used to 

direct the expression of the P-galactosidase (P-gal) gene from Escherichia coli. With the 

original CRE in the VIP fragment (-86 to -70), a total of five CREs are found in the 

synthetic promoter. 

Cell Culture. If not specifically indicated, all cells were maintained in DMEM 

plus 10% NCS and 1% pen/strep in a 37 °C incubator wdth 5% CO2. 

Transfection. Stably transfected cell populations expressing mouse MCl-R, 

MC3-R, MC4-R and MC5-R were produced using lipofectin reagents and G418 selection 

at 400 ng/mL for 2 weeks. Both receptors were expressed using the pcDNA Neo 
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expression vector (Invitrogen). Transient transfection of pCRE/p-gal plasmids was 

performed as follows. Cells at 40 to 60% confluence in a 6-cm plate (approximately 1.5 

million cells) were washed once with Opti-MEM and maintained in 1 mL of Opti-MEM 

until a lipofectin/DNA complex was ready. To prepare the lipofectin/DNA mixture, 3 p.g 

of pCRE/p-gal DNA and 20 mL of lipofectin reagent were diluted separately in 0.5 mL 

of Opti-MEM each and then mixed. After incubating at RT for 15 to 20 mins, the 

mixture (1 mL) was added to the 6-cm plate. The medium was mixed by gentle swirling. 

Five to 24 hrs later, Opti-MEM was replaced with normal medium, and all the cells were 

split into a 96-well plate. Similar results could also be obtained using a calcium 

phosphate transfection protocol. Two days later, the cells were stimulated with normal 

hormone in incubation medium [DMEM + 0.1 mg/raL of BSA + O.l mM of 

isobutylmethylxanthine (for Gs-coupled receptors only)] for 6 hrs. P-Galactosidase 

enzyme assays were performed according to Feigner et a/. with modifications. Briefly, 

the medium was aspirated and 50 ^L of lysis buffer (250 mM Tris-HCl, pH 8.0, 0.1% 

Triton X-100) was added. The lysis was enhanced by one round of freeze and thaw. 

When the lysates were thawed, lO-fiL aliquots were taken from each well and transferred 

to another 96-well plate for protein determination. To the remainder of the lysates, 40 fiL 

of phosphate-buffered saline with 0.5% BSA was added, followed by the addition of 150 

fiL of substrate buffer (60 mM sodium phosphate, 1 mM MgCh, 10 mM KCl, 5 niM p-

mercaptoethanol, 200 mg/mL ONPG). The plate was incubated at 37 °C for 1 hr and 

absorbance at 405 nm was measured in a 96-well plate reader. A series of twofold 

dilutions starting from 20 ng of recombinant P-galactosidase were carried along in 
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parallel in each experiment to convert OD405 to a known quantity of P-galactosidase 

protein. The relative protein content in lOmL of lysate was determined using BioRad 

G250 Dye. To each well, 150 |iL of deionized, distilled H2O and 40 of dye 

concentrate were added and OD595 was measured in a 96-weIl plate reader. 

Radioimmunoassay. Cells at confluence in a 24-well plate (about 1.5 x 10^ 

cells/well) were treated with hormone in incubation medium for 30 mins. cAMP was 

extracted with 60% ethanol at 4 °C for an hour. Extracts were vacuum dried in a Savant 

Speed Vac concentrator. cAMP RIA kits were used in all RIA assays. Nonacetylated 

samples were used following the manufacture's instructions. 

Adenylyl cyclase assay. Adenylyl cyclase assays were carried out essentially 

following the method of Salomon.Briefly, cells at confluence in 24-weIl plates (2.5 

X 10^ cells/well) were labeled with [^HJadenine for 1 hr (5 (iCi/well). Cells were then 

stimulated with hormones in incubation medium for 30 mins. Cell lyses were prepared 

by treatment with 2.5% PCA at 4 °C for 30 mins. Supematants of a KOH precipitation 

were subjected to Dowex 50 and alumina chromatography to purify [^H]-cAMP. Results 

are calculated as percentage conversion of [""HJadenine to [^H]-cAMP. 

Data analysis. All data points are the means of triplicate determinations if 

not defined otherwise, and bars indicate standard deviation. Data were plotted using 

Prism fi-om GraphPad (San Diego, CA, USA). Curves were fitted and EC50 values were 

determined by nonlinear regression analysis. 
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