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ABSTRACT

Efforts to determine the bioactive conformations of peptide ligands
for membrane-bound proteins such as G-protein-coupled receptors
(GPCRs) have been particularly challenging due to the flexibility
of the ligands and the lack of 3D structural information (X-ray,
NMR, etc.) for integral membrane proteins. An approach to
determining these conformations by conformational constraint of
the backbone template (¢ and vy angles) and by topographical
constraint (%, x2, etc. constraint) is outlined. Special attention is
given to peptide neurotransmitter ligands that affect critical
behaviors (feeding, sexual, addiction, pain, etc.). It is demonstrated
that small changes in structure or a single torsional angle are
sufficient to dramatically modify complex behaviors.

Introduction

Recent advances in the design, synthesis, and conforma-
tion—topography/biological activity relationships, in con-
junction with advances arising from the human genome
project and rapid advances in methods to examine the
chemical basis of brain function and behavior, have
opened up a new dimension in chemistry. In particular,
through the design of ligands that affect behavior (learn-
ing, addictions, pain, etc.), including those that are
volitional (e.g., feeding, sexual, etc.), chemists can apply
chemical principles to examine relationships of chemical
structure and dynamics to various behaviors and help
address the classical mind—body (mind—brain) problem.
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Most simply stated, the problem is to determine to what
extent the mind’s functions (thought, volitional behavior,
etc.) can be accounted for by the chemical/physical
properties of the brain. In this brief report, we outline
some of the approaches we and others are taking to
address this problem. This will be discussed as determin-
ing the chemical—physical basis for information trans-
duction in biological systems (e.g., refs 1 and 2).

Our hypothesis is that the “information” possessed by
hormones, neurotransmitters, growth factors, and other
intercellular and intracellular chemical messengers that
are involved in information transduction and subsequent
behavior is directly related to their conformational, topo-
graphical, and dynamic properties. Some of these mol-
ecules are biogenic amines (e.g., epinephrine or amino
acids), but the vast majority are peptides. The approach
of designing ligands that are more potent and selective
for their receptors (mostly seven transmembrane G-
protein-coupled receptors, GPCRs) as a way of addressing
this problem will be discussed. It will be shown that
changing a few atoms, bonds, or torsional angles in a
ligand can have a major effect on the binding and
transduction properties with their receptors, and this in
turn can result in dramatically different behaviors. A
correlary hypothesis is that agonists and antagonists using
the same binding site will have different structure—bio-
logical activity relationships, and that the ligand—receptor
(acceptor) complexes will have different structures.

Most neuromodulators that affect behavior are peptides
and proteins, and one might reasonably ask, why peptides
and proteins? There are many ways to look at this
question, but it is interesting to note that the 20 amino
acids used to form proteins and peptides derived from
genes provide enormous chemical and structural diversity
(Table 1), as well as H-bond-accepting and -donating
properties, hydrophobicity, etc., and can incorporate the
rest of the elements of the periodic chart and other
chemical moieties into their structures. In addition, there
are astronomical numbers of possible structures for even
a small protein (Table 1). Indeed, there is not enough
matter in the known Universe to make even one molecule
each of all the possible molecules for a 100 amino acid
peptide/protein. Furthermore, a single peptide or protein
can assume different conformations (¢/v space) and
many topographies (different y angles, y space) (Table 1).
Thus, nature has chosen proteins and peptides to serve
as enzymes, catalysts, structural elements, mechanical
elements, receptors, information carriers, etc. The critical
insight of Ramachandran?®# was that the structures Nature
chooses (a-helix, 5-sheet, 5-turns, etc.) are the low-energy
secondary structures found in proteins. This and related
insights have served as the basis for peptide and protein
design and provide the opportunity to examine in detail
the structural and dynamic components of peptide mol-
ecules that affect information transduction and behavior.
We now outline some of the critical chemical consider-
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Table 1. Diversity of Peptides and Proteins

l. chemical diversity -

chemical constituents including acidic, basic, nucleophilic, electrophilic, aliphatic, aromatic,

heterocyclic, alcohol, thiol, sulfide functional groups plus; can incorporate the rest of the
elements and other molecules into their structures

1. structural diversity -

decapeptide, 201°— ~1 x 1013 structures

100-residue peptide, 20100— >101%0 structures

1. conformational diversity 1.

¢l space; each amino acid residue and various segments can occupy a-helical, or 3-sheet,

or -turn or extended structures in conformational space
2. x space; for each amino acid (except gly, which can be a b-amino acid in ¢/y space), each
x angle generally has three low-energy conformations: g(—), g(+), and trans

V. dynamic diversity -

Table 2. Favorable Properties of Conformationally
Constrained Bioactive Peptides

example
property reference
1. are more potent in binding affinity than 18
native peptide and often smaller
2. are more receptor (acceptor) selective 19
3. are stable against proteolytic enzymes 20
4. can penetrate membrane barriers better 20
5. are more efficacious in biological systems 21
6. X-ray crystal structure & NMR solution 22
structure obtained more readily
7. “biologically active” conformation can be 15, 16,
proposed 22,23

ations and associated biological observations that allow
us to demonstrate that small structural, conformational,
and dynamic changes in peptides can change behaviors.

Peptide and Protein Design

During the past 25 years, there has been enormous
progress in the de novo design of peptides and proteins,
and several excellent reviews have appeared. This has
been critical for peptide ligand design, because most
bioactive peptide are conformationally flexible. A working
hypothesis that we and others have investigated is that
conformationally constrained peptides and peptidomi-
metics, with greatly restricted conformations (e.g., see refs
5-16), can provide critical insights into the preferred
“biologically active” conformations” and provide other
unique biophysical and biological properties (Table 2).
Success in de novo design of peptide and protein second-
ary structure templates with desired biological activities
is considerable and has led in turn to some success in
peptide mimetic de novo design of structural moieties
related to a-helices and S-turns (e.g., refs 7—10, and 14).

x Space—Topographical Design

Much less has been done to design bioactive peptides and
proteins so that side chain groups of key amino acid
residues have particular y torsional angles (y*, x?, etc.). Side
chain groups for amino acid residues in peptides prefer
torsional angles about the C,—Cs bond in an amino acid
residue (the y* angle) of —60° [g(—)], +180° [trans], and
+60° [g(+)]) (Figure 1). The energy differences between
the different preferred conformations are small (generally
less than 1 kcal/mol), and the energy barriers between
the different gauche conformations are small (<10 kcal/
mol). Hence, the topographical features of peptide ligands
or protein surfaces, in which the side chains of three or
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peptides and proteins can readily change conformations and topographies at
ambient temperatures

H Fh H
oc \$/ H oc \$/H 0c A "
H NH“Ph n NH\H Ph \%H
Xy = -60° X =-180° ¥ = +60°
GAUCHE (-) TRANS GAUCHE (+)

FIGURE 1. Three low-energy gauche conformations about ! in
an a-amino acid.

four residues are critical for binding and/or information
transduction, can be quite different for a particular
peptide backbone structure. (Note that each R group will
be directed toward the N-terminal of the peptide back-
bone for gauche(—), toward the C-terminal for trans, and
over the peptide bond for gauche(+) (Figure 1). Thus, for
three residues, there are 27 different topographical ar-
rangements of the R groups in y space on a single
backbone template.) If these three residues are all critical
pharmacophore elements for molecular recognition and
transduction, only one will give the highest potency and
efficacy. But which one? In the past 15+ years, we have
systematically investigated approaches that would ener-
getically distinguish the different side chain gauche con-
formations and thus allow design in y space.”?

Success has depended on several considerations: (1)
side chain groups must be constrained to the preferred
side chain conformations of natural amino acids; (2) the
constraint must be compatible with backbone conforma-
tions (a-helix, etc.); and (3) the constraint must be
compatible with efficient binding kinetics. These are
critical issues because the constrained amino acid residues
must not significantly interfere with the conformation of
the constrained template, with binding of the ligand to
its receptor, or with the dynamic processes and confor-
mational changes that accompany ligand—receptor inter-
action and information transduction. We have been able
to meet these requirements and have had considerable
success utilizing such topographically constrained amino
acids as 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid
(Tic) (Figure 2), and we have designed and developed
asymmetric synthesis for several others (Figure 2). By
incorporating these into bioactive peptides, we have found
that ' and »? torsional angles of key pharmacophore
amino acids are as critically important as the template
for potent and selective bioactivity.? This complete
discrimination provides a new tool for examining peptide
ligand—receptor/acceptor molecular recognition and in-
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FIGURE 2. Structures of several topographically (y) constrained amino acids prepared by asymmetric synthesis (references are to key

synthetic methods).

formation transduction. Indeed, a single change in a
torsional angle or in a covalent bond attachment can have
a profound effect on animal behavior, thus providing a
way to examine the chemical origins of behaviors.

Use of Topographical Constraint in the De
Novo_Design of Non-Peptide Peptide Mimetic
Agonist Ligands for the & Opioid Receptor

The modulation of pain and addiction involves opioid
receptors. Thus far, three opioid receptors have been
cloned: the u, 6, and « receptors. The putative natural
ligands for these receptors are the endomorphins (u),
enkephalins (0), and dynorphins («). Opioid ligands used
to treat severe pain, such as morphine and codeine,
interact with the u receptor and have severe side effects,
including respiratory depression, severe constipation, and
high addiction potential. A promising alternative would
be a potent 6 opioid ligand.

Using the cyclic conformational constraint strategy
discussed above, we designed the cyclic enkephalin
analogue H-Tyr-c[DPen-Gly-Phe-DPen]-OH (c[DPen?,-
DPen®]enkephalin, DPDPE),'® which is highly 6 receptor
selective. In addition to its potent analgesia, DPDPE does
not inhibit transit through the gut (no constipation), does

not cause respiratory depression, has a low addiction
potential, and may reverse aspects of addiction. Its
solution conformation has been determined by NMR?
and its crystal structure by X-ray crystallography.? It was
found that its two key pharmacophore moieties, the side
chain groups of Phe* and of Tyr?, were flexible and could
exist in all three gauche conformations. Thus, we exam-
ined which gauche conformations were required for 6
opioid receptor binding affinity and selectivity. For the
Phe* residue, we used all four isomers of -methylphen-
ylalanine (2S,3S; 2R,3R; 2S,3R; 2R,3S) and concluded from
their biological activities and conformations that the
preferred Phe* side chain conformation for 6 receptor
recognition was gauche(—). However, the results with
p-methyltyrosine analogues were equivocal, and thus we
designed the amino acid -methyl-2',6'-dimethyltyrosine
(TMT) and developed an asymmetric synthesis for all four
isomers (Figure 2) and a force field to calculate the
preferred y* and x? conformations for TMT (Figure 3).2*
We also experimentally determined the validity of the
force field by examining the barriers to rotation about the
C.—Cjs bond (x*) using dynamic NMR.2 Barriers to rotation
of 15—20 kcal/mol were determined for various deriva-
tives, comparable to the force field calculations of about
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FIGURE 3. xYy? plots for L- and p-tyrosine and for the four isomers of 5-methyl-2',6'-dimethyltyrosine (TMT). Adapted from ref 24.

Table 3. Binding Affinities for [TMTY]DPDPE Analogues?
binding 1Cso (NM)

peptide vs [BH]CTOP (u) vs [BH[p-CIPhe4]DPDPE (9) selectivity (u/0)
DPDPE 609 1.6 380
[(2S,3S)-TMTLDPDPE 722 211 3.4
[(2S,3R)]-TMT]DPDPE 4270 5.0 850
[(2R,3R)-TMTL]DPDPE 77 100 3500 22

[(2R,3S)-TMT]DPDPE 0% at 10 uM

a Data adapted from ref 27.

17—18 kcal/mol. We incorporated all four isomers into
DPDPE and studied their binding (Table 3) and biological
activities?”?® and their conformations in solution using
NMR and computational chemistry.?” Only the [(2S,3R)-
TMT!]DPDPE analogue had high binding affinity and
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9% at 10 uM na

selectivity for the 6 opioid receptor. Interestingly, the
(2S,3S)-isomer (Table 3) binds moderately well to the u
opioid receptor but is not selective. Clearly, the 6 and u
receptors have quite different topographical requirements
for the key Tyr! pharmacophore. The NMR and compu-



Peptide and Peptidomimetic Ligands That Affect Behavior Hruby

Aromatic Pharmacophore

N Pharmacophore /
Me

Hydrophobic
groups

[(25,3R)-TMT'|DPDPE

R provides constraint
and hydrophobicity

OH
e ;
g NN

First generation of
non-peptide ligands

10a R=H,

10b R =CHg,

10c R =tBu,

10d R=Ph,

10e R =CgHsPh

11 R =tBuPh (SL-3111)

FIGURE 4. Schematic representation of the consideration in the de novo design of a non-peptide peptide mimetic from a constrained peptide.

Table 4. Binding Affinity of De Novo Designed 1,4-Piperazine-Substituted Non-Peptide Ligands to é and g Opioid
Receptors?

binding I1Csp (NM)

compound [FHIDAMGO (u) [BH]p-CIPhe*[DPDPE] (8) selectivity (u/0)
[(2S,3R)-TMTLDPDPE 4300 5.0 860
analogue 1 (R =H) 8100 6400 1.3
analogue 2 (R = 'Bu) 2100 420 5.0
analogue 3 (R = Ph) 500 34 15
analogue 4 (R = p-t-BuPh) 17 000 8.4 2000
analogue 5 (OH — OMe) >8000 1800 >4
[p-OMe Tyrl]DPDPE 11 000 230 48
DPDPE 610 1.6 380

a Analogues are substituted-1,4-piperazines whose structures are shown in Figure 4. Adapted from ref 30.

tational studies clearly showed that the four DPDPE
analogues have the same conformation in the 13-
membered ring but differ in the topography of the Tyr!
moiety, with the (2S,3R)-TMT! analogue having a trans
conformation.?” We concluded that for molecular recogni-
tion for an agonist, the Tyr residue had to have a trans y!
angle. Especially intriguing was the observation that
[(2S,3S)-TMT*|DPDPE is a u receptor antagonist.?”?8 Thus,
a simple change in y* for Tyr! from trans in the (2S,3R)-
Tyrl-containing analogue, to g(—) in the (2S,3S)-Tyr!-
containing analogue, can convert an agonist to an an-
tagonist at the u opioid receptor, changing an animal
behavior from not feeling pain to feeling it.?

De Novo Design of a Non-Peptide o Receptor
Agonist from a Peptide Lead

We next sought to design a non-peptide ligand for the ¢
opioid receptor on the basis of the above conformationally
and topographically constrained peptide lead. Extensive
computation studies were carried out on [(2S,3R)-TMT?]-
DPDPE to determine the three-dimensional disposition
of the key pharmacophore units.?® In addition, we recog-
nized the need for a hydrophobic patch with steric bulk
for 6 vs u opioid receptor selectivity, as demonstrated by
the need for the four methyl groups on the two DPen
residues in DPDPE? (Figure 4). We explored a variety of
“simple” non-peptide scaffolds on which we could place
the key pharmacophore units. Several scaffolds were

found, and we chose to examine the 1,4-piperazine
scaffold. Figure 4 gives a summary of the design consid-
erations in going from peptide pharmacophore to the non-
peptide pharmacophore using a 1,4-piperazine.® The R
groups examined ranged from hydrogen to p-tert-bu-
tylphenyl, and a straightforward convergent synthetic
methodology was designed. Table 4 gives the binding
affinities of selected analogues. Clearly, analogue 4 is
highly potent and o selective, validating our design
approach. Using site-specific mutagenesis, it was shown
that peptide and non-peptide agonist ligands bind dif-
ferently to the 6 opioid receptor. Would our designed
ligand 4 (Table 4) behave as a peptide or a non-peptide?
Binding was examined on wild-type and mutagenized 6
opioid receptors,® and 4 was found to bind in a manner
similar to the binding of peptides. This could be further
tested since it had been shown that O-methylation of the
phenol OH pharmacophore in a non-peptide led to a
potent, much more o receptor selective ligand,® while
O-methylation of the Tyr! in DPDPE, and the —OH group
on 4, led to a 150-fold loss in binding affinity for DPDPE
at the ¢ opioid receptor, and to a 200-fold drop in binding
affinity for the o opioid receptor for 5 (Table 4).%° Clearly,
compound 5 is behaving like the peptide on which its
design was based and not like a non-peptide. Nonetheless,
it must be emphasized that we cannot state with certainty
that the non-peptide mimetic binds to the receptor
precisely as the peptide does since we have no structural
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(X-ray or NMR) proof. We can only state that they have
the same structure—activity relationships, which implies
similar structural interactions.

Use of Topographical in the Design of Peptide
Ll%ands that Modulate Feeding, Sexual, and
Other Behaviors

The human genome project presents many opportunities
for design of specific ligands that interact with receptors
to modulate behaviors. Treatment of diseases related to
these behaviors will involve multidisciplinary interactions
and social inputs from law, religion, and cultural institu-
tions. In this section we briefly discuss how topographical
and other chemical considerations can lead to the design
of peptide ligands that can greatly affect/modify such
behaviors.

The proopiomelanocortin gene produces several pep-
tides with diverse biological activities including a-mel-
anocyte stimulating hormone (a-MSH, pigment cells,
pigmentation), adrenocorticotropic hormone (ACTH, ad-
renal gland, fear—flight, stress response), y-MSH, -en-
dorphin (pain modulation),®? etc. Only recently have their
receptors been cloned and their structures determined (for
a review see®). Five receptors have been found: melano-
cortin 1 receptor (MC1R, pigmentation), MC2R (adrenal
gland), MC3R (brain and other tissues), MC4R (primarily
brain), and MC5R (found throughout the body and brain).
The functions of the first two receptors are well established
for pigment and adrenal cells, but the functions of the
others were not known. This provides an enormous
opportunity for design of novel agonist and antagonist
ligands with selectivity for these receptors, and for dis-
covery of novel mechanisms of bioactivity, as discussed
below.

o-MSH (Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-
Lys-Pro-Val-NH,) studies go back to the early 1960s. By
the late 1970s, it had been determined that the structure
Met-Glu-His-Phe-Arg-Trp-Gly contained the biological
activity for pigmentation, and then it was found that the
sequence His-Phe-Arg-Trp- could mimic all the bioactivi-
ties at the pigment cell. Efforts to obtain biostable (half-
life of a-MSH in serum is minutes) and prolonged-acting
analogues met their first success with the introduction of
a p-Phe’ for L-Phe’” and Nle* for Met* of the native
hormone to give Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-
Trp-Gly-Pro-Val-NH, (NDP-a-MSH),3* which has been
widely used worldwide for in vitro and in vivo biological
activity studies. It was proposed?* that the conformational
origin of the superior biological properties of [Nle,"DPhe’]a-
MSH was a f3-turn. Pseudoisosteric cyclization (Met*---
Gly® = c[Cys*:+-Cys!?]) was developed to stabilize this
B-turn. Ac-c[Cys* Cys*?la-MSH was found to be superac-
tive in the classical frog skin bioassay.®® Subsequent NMR
studies, molecular modeling, computational calculations,
and molecular dynamics simulations led to the design of
truncated cyclic lactam analogues such as Ac-Nle-c[Asp-
His-DPhe-Arg-Trp-Lys]-NH, (Ac-Nle*-c[Asp®,DPhe’,Lys]a-
MSH(4—10)-NH,).!® The analogue was superpotent, had
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Table 5. Biological Activities of f-MeTrp® Analogues
of MT-11 in Frog Skin Bioassays

frog
skin preferred
bioassay xL¢side chain
ICso  prolonged® conformations
compound (nM)2 activity (NMR)
o-MSH 0.10 - nd
MT-11d 0.10 +++ H-t f-t
R-t W-t
[(2S,3S)B-MeTrp°]MT-I11 0.44 - H-t f-t
R-t W-g(-)
[(2S,3R)B-MeTrpIMT-11  28.6 + H-t f-t
R-t W-g(+)
[(2R,3S)B-MeTrp°]MT-I1 0.060 ++ H-t f-g(+)
R-t w-(g+)
[(2R,3R18-MeTrp°]MT-II 0.33 +++ H-g(+) f-t

R-t w-g(+)

a Adapted from ref 38. b Prolonged activity: —, not prolonged;
+++, highly prolonged (irreversible); +, modestly prolonged
(minutes); ++, quite prolonged (hours). ¢ H = His®; f = DPhe’; R
= Arg8;, W = Trp® or f-MeTrp® isomer; t = trans (180°); g(—) =
gauche(—) (—60°); g(+) = gauche(+) (+60°) for an L-amino acid.
d MT-11 = Ac—Nle?-c[Asp5,DPhe’,Lysi%la-MSH(4—10)-NH,.

further increased stability to proteolytic breakdown, and
showed prolonged biological activity (hours to days in
vitro and in vivo) (Table 5). The discovery of these cyclic
conformationally constrained analogues of a-MSH pro-
vided a unique opportunity to examine the effect of
topographical change on a variety of biological effects.

Topographical Basis for Prolonged Biological
Activities

A particularly interesting biological characteristic of NDP-
o-MSH (MT-1) and of Ac—Nle*-c[Asp®,DPhe’,Lys']a-MSH-
(4—10)-NH, (MT-I1) is their prolonged activities. When the
ligand is removed from the bathing fluid of the frog skin
(or other tissue), the skin remains dark for hours. In vivo,
a single dose leads to skin darkening for weeks.% The effect
is Ca?t dependent, but efforts to explain the effect
biochemically have failed. Generally, stimulation of a
c-AMP-dependent process via a GPCR leads to down-
regulation by receptor internalization. We have demon-
strated that when these ligands interact with the MC1R,
receptor internalization occurs,®” but nonetheless pro-
longed bioactivity continues.

To obtain structural insight into the mechanism re-
sponsible for this prolonged activity, we have explored the
use of topographically constrained amino acids. The Trp®
residue, a key residue for recognition of the MC1R, was
chosen, and the four isomers (2S,3S; 2S,3R; 2R,3R; 2R,3S)
of f-MeTrp® were incorporated into Ac-Nle*-[Asp®,DPhe’,-
Lys!lo-MSH(4—10)-NH,.%® First, note (Table 5, Figure 5)
that there is no correlation between potency and pro-
longed biological activity. Most interesting are the topo-
graphical requirements for prolongation. At the frog
MCIR, a Trp® g(—) conformation (determined by NMR)
is incompatible with prolonged biological activity, and a
g(+) conformation for Trp® is preferred. Interestingly,
when His® has a gauche(+) conformation, prolongation
is enhanced. In the human MC1R, similar differentiations
are seen, but in this case the [(2S,3S)-5-Me-TrpIMT-II
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FIGURE 5. Prolonged biological activities of the four diasterioiso-
mers of the potent a-melanotropin analogue Ac-Nle-c[Asp®,DPhe’ -
MeTrp® Lyst%a-MSH-(4—10)-NH, in the frog skin (R. pipiens)
bioassay. The 2R, 3R, etc. designation refers to the absolute
configuration of the S-MeTrp amino acid in the cyclic peptide
analogue. Adapted from ref 38.

analogue is the most prolonged acting.*® Clearly, different
MC1Rs have different topographical requirements for
bioactivity. This provides a powerful tool for examining
the mechanism of prolonged biological activity without
down-regulation.

Development of Melanocortin Receptor
Antagonists

A universal antagonist for the MC1R has not been re-
ported, but potent antagonists for the frog skin system
have been obtained.*’ In one example, substituting the
p-hydrogen in DPhe’ with most halogens led to potent
agonists,*® but the p-iodo-DPhe’ analogue was a potent
antagonist in the frog skin bioassay and at the mammalian
MC4R and MC3R (with weak residual partial agonist
activity) and a potent agonist at the MC5R and MCI1R.
Remarkably, the compound was a more potent antagonist
at the MC4R than agouti, an endogenous MCR antagonist
protein. We next investigated other bulky aromatic amino
acids in the 7 position of MT-Il (Table 6), including 2'-
naphthylalanine and 1'-naphthylalanine (Figure 6). It was
found that the p-2'-analogue Ac-Nle*-c[Asp® DNal(2')-
Lys9la-MSH(4—10)-NH, (SHU-9119) was a potent an-
tagonist at the MC4R and MC3R with 8—10-fold selectivity
for the MC4R, but the p-1'-analogue was a potent agonist
at both receptors (Table 6). Thus, very subtle changes in
topographical structure (1' to 2' naphthyl) change a potent
melanotropin agonist to a potent antagonist. Subse-
quently, we*! and Kask et al.*? used the p-Nal(2') substitu-
tion to create more MC4R-selective antagonists, with Ac-
Nle*-c[Asp®,(3-Me)Hisé,DNal(2"),’Lys'°la-MSH(4—10)-

e

CH,
CH,

H2N C02H

HN" ~COLH

2'-Naphthylalanine [Nal(2")] 1-Naphthylalanine [Nal(1')]
FIGURE 6. Structure of naphthylalanine analogues.

NH, being about 80-fold selective® and Ac-c[Cys?,
Nle,*Arg®,DNal(2'),"Cys*]a-MSH(3—11)-NH, being about
20-fold selective.*?

Use of Potent and Stable Topograp[hically _
Modified Melanotropin Analogues To Examine
Novel Behavioral Effects

The availability of potent, biologically stable melanotropin
agonists and antagonists allowed examination of the
biological roles of the new melanocortin receptors. Here
we will discuss behavioral effects, namely feeding behavior
and sexual behavior. In collaborative efforts, a number of
other critical biological activities have been discovered,
including (1) differential central and peripheral effects on
heart rate and blood pressure by a-MSH and y-MSH,
respectively;*® (2) the antipyretic role of melanotropin
receptors associated with endotoxin-enduced fever;* and
(3) the role of melanotropins in exocrine gland functions,*®
and several others.

Melanotropins are primary regulators of feeding be-
havior. This was demonstrated by the ability of the
antagonist SHU-9119 to block decreased feeding caused
by MT-11%¢ in normal and obese animals (and by the use
of MC4R knockout animals). Long-term administration of
a melanocortin 4 antagonist led to a long-term increase
of eating and obesity in rats.*” It is remarkable that a minor
change in a naphthylalanine analogue, a single bond
isomer, can have such different effects on behavior.

In the course of investigating the effects of Ac-Nle?*-
c[Asp®,DPhe’,Lys'®la-MSH(4—10)-NH, (MT-II) on pigmen-
tation in humans, it was discovered that MT-Il had
important effects on sexual behavior and erectile function.
A placebo-controlled double blind crossover study in men
with psychogenic erectile dysfunction demonstrated* that
MT-II, at very low doses, could induce erectile function*®
and that the melanotropin agonist also increases sexual
desire.

These effects of melanotropin agonists and antagonists
on volitional behavior in animals and humans suggest that
neuropeptide ligands and their receptors strongly modu-

Table 6. Biological Activities of Selected Analogues of Ac-Nle*-c[Asp®,DPhe’,Lys'°la-MSH(4—10)-NH, (MT-11)2

ECso (M) or pA;

compound mMCI1R mMC3R mMC4R mMC5R
Ac-Nle-c[AspS,DPhe’,Lys0la-MSH(4—10)NH, (MTI1) 0.037 0.011 0.083 0.17
Ac-Nle#-c[AspS,DNal(2')7,Lys?]o-MSH(4—10)-NH; (SHU 9119) 0.64 pA; 9.5 pA; 10.4 2.31
Ac-Nle*-c[Asp®,DNal(1')7,Lys'%la-MSH(4—10)-NH; 0.037 0.65 0.65 0.25
Ac-Nle-c[Asp5,Nal(2)7, Lysl%o-MSH(4—10)-NH, 37 5.4 2.0 2.1
Ac-Nle*-c[Asp®,DPhe(pl)?,Lys'%a-MSH(4—10)NH; 9.0 - pA2 9.5 -

a Adapted from refs 40 and 41. ® Human MCL1R.
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late critical behaviors, and they suggest possible avenues
for the treatment and cure of many diseases and disorders
related to human behavior.*®

Conclusions and Discussion

The studies reported here suggest that conformational and
topographical constraint of flexible bioactive peptides can
considerably improve on nature in providing ligands that
are more potent, receptor selective, stable, and bioavail-
able than the endogenous peptides. The ability of these
ligands to modulate and control critical bodily functions
such as heart rate, blood pressure, and immune response,
and critical behaviors such as feeding, addictive behaviors,
sexual behavior, pain, learning, and many others suggests
their enormous potential. However, this research raises
important issues about the mind—body problem. For
example, to what extent do volitional behaviors such as
addictive behavior have a chemical basis, and to what
extent can chemical design be used to modulate these
behaviors? In view of the complexities of the biological
systems, how is it that minor changes in structure (a single
torsional angle of a side chain group, or a simple isomeric
change) can have such dramatic effects on behavior?®

A few rather modest conclusions can be suggested at
this time.

1. Backbone conformational constraint (¢, 1 constraint)
and topographical constraint (y constraint) of side chain
groups critical to molecular recognition and information
transduction provide a useful approach to develop peptide
and peptide mimetic ligands that have superior binding,
information transduction, receptor/acceptor selectivity,
stability, and bioavailability properties relative to those
of the native ligand.

2. Structural chemistry can examine in great detail the
stereostructural requirements for intracellular communi-
cation and information transduction in complex biological
systems.

3. Small changes in torsional angles, or simple isomer
differences, can have profound effects on molecular
recognition, information transduction, and behavioral
responses.

4. Simple chemical principles can provide tools that
can be used by biologists, psychologists, and medical
doctors to probe the underlying mechanisms of diseases
related to behavioral disorders.

5. Though one must be cautious in interpreting the
considerable behavior changes that can result from mod-
est stereostructure changes in peptide ligands, it seems
clear that chemical design provides a very important
method for obtaining ligands that can affect many be-
haviors. There is a need for chemists to make society fully
aware of the novel chemical methods for affecting behav-
ior that are being developed.

In summary, peptide and peptide mimetic ligands can
provide very useful chemical and biological insights for
understanding the functions of genes that are discovered
in the human genome projects, for examining the under-
lying chemical mechanisms for biological processes, and
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for the development of new medicines and diagnostics.
It is an exciting time for chemists to make critical
contributions to the understanding of life processes.
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A reviewer raised a question about whether y angle values will
be as important in larger peptides as they seem to be in the
smaller peptide ligands examined here. The answer is unclear,
but based on first principles it is likely to be so in any case where
a specific “epitope”, whether continuous or discontinuous in
sequence, is critical for intermolecular interactions that lead to
biological activities. Since such noncovalent interactions seem
to be universally used in biological systems, y angles will be of
critical importance to most biological functions.

Two reviewers have raised the issue about how and whether
exploring the shape of the ligand that binds to a GPCR provides
any insight into behavior. From a reductionist point of view, there
are indeed many difficulties in such a “simple” explanation.
However, such a view seems too limiting. Of course, behavior
cannot be understood without recognizing the importance of the
entire system (ligand, receptor, intercellular machinery, cell,
synapses, etc.), but a more interdisciplinary perspective is needed.
What this work suggests is that behavioral responses in humans
are an emergent property of the entire system, such that their
manifestation can be dramatically changed by very modest
changes in structure and topography of the ligand. This insight
provides a very useful approach to developing ligands (drugs)
that can modify undesirable behaviors. However, it also gives
pause when one considers that we cannot predict what changes
in structure will lead to what changes in behavior. Indeed, it is
likely that some such changes will lead to behaviors that are
unexpected and unacceptable. Thus, we have an ethical respon-
sibility to freely admit that we cannot guarantee that we will
obtain only beneficial ligands. Most importantly, we have to be
eternally vigilant for undesirable ligands.
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