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ACTING LIGANDS
A. Hybrid molecules as ligands
of two different receptors

with two adjacent binding
sites located on the same
macromolecule

There is in living organisms, human beings and societies a balance between these main two forces, between creative asymmetry, imagi-
nation, or revolution and cooperative symmetry gic or order, between Dionysios and Apollon

I. INTRODUCTION

During the study of the structure-activity relationships
(SARs) of a lead compound, the combination of two pharm-
racological entities in a single compound could be consid-
ered as a promising drug design strategy. Drugs containing
two pharmacophoric groups covalently bounded are called
twin drugs. Numerous terms have appeared recently in the
literature such as “dual, dimeric, bivalent, hybrid, mixed
or multiple” associated with the terms “ligands, inhibitors,
activators, modulators or antagonists.” Reviews discussing
the interest of designing multiple ligands have been pub-
lished during the last years.!~!% In this chapter, we will use
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mainly the term of twin drug and will focus on the com-
bination of only two (identical or non-identical) pharma-
cological entities (Figure 18.1). The multi-target approach
(more than two pharmacophores targeted) will be discussed
in another chapter (Chapter 28).

The association of two identical pharmacophoric enti-
ties will generate an “identical twin drug” which is equiva-
lent to a homodimer derivative. A compound, where two
different pharmacological entities are bounded, is called a
“non-identical twin drug” or heterodimer. The first design
strategy is equivalent to a duplication/dimerization process
of an active compound or lead. The aim of this approach is
the production of a more potent and/or more selective drug
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[. Introduction

compared to the single entity. The second strategy consists
of an association of two different pharmacophores. In this
case, the new compound will possess both initial pharma-
cological activities. This approach could be an advantage
when the two targeted enzymes or receptors are involved
in the same disease or disorder. The heterodimer drug will
produce a synergic effect by modulating simultaneously the
two biological targets.

The administration of twin drugs can be favorable com-
pared to the two separated drugs. The new entity will have
its own pharmacokinetic property (absorption, distribution
and metabolism) and pharmacodynamic property. These
properties will be more predictable compared to the admin-
istration of two separated drugs. This aspect represents the
main advantage of designing dual acting drugs in addition
to the beneficial therapeutic combination of the two active
principles. The twin drug must express both activities in
an appropriate balance: a stoichiometric association of
diazepam (2-20mg per day) with aspirin (200-2,000 mg
per day) would be nonsense. A twin drug where the two

Duplication

and — Identical twin drug

A = Active compound on biological target 1
B = Active compound on biological target 2

Association Non-identical
and on-identical

FIGURE 18.1 Identical and non-identical twin drugs.
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different pharmacophores are released after its adminis-
tration will be considered as a prodrug of the two differ-
ent entities (Chapter 38). The linker (e.g. polymethylene,
polyamine) or the covalent bond (e.g. amide, ester func-
tion) present in the twin drug should resist to the metabolic
process.

Combination of identical or non-identical pharmaco-
phores can be classified according to the connection modes
used between the two entities. The combination could be
achieved by the means a linker or not (single bond) or
according to an overlap mode. The linker group can be a
polymeric chain (usually a methylenic chain), an aro-
matic or an heteroaromatic ring and in some cases an non-
aromatic cycle. Pharmacophores can be overlapped when a
common structural motif (i.e. a ring or a chemical function)
is identified in the two different drugs. Three examples of
twin drugs are given in Figure 18.2. Duplication of aspirin
led to the identical twin drug diaspirin where the connec-
tion mode is a non-linker mode. Tacrine, an acetylcho-
linesterase (AChE) inhibitor, was dimerized by the mean of
a linker (polymethylenic chain) leading to bis-tacrine deriv-
atives.!!"! Salicyclic acid and paracetamol structure can be
merged (overlap mode) to give the non-identical twin drug
acetaminosalol.

Non-identical twin drugs are also named dual acting
drugs or hybrids because of the different pharmacologi-
cal responses targeted by the two pharmacophoric moie-
ties. The design of dual acting drugs, called the symbiotic
approach,'® can be realized accordingly to two strategies
(Figure 18.3). The first strategy combines two non-identical

FIGURE 18.2 Combination modes for
twin drugs.
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selective pharmacophores into a hybrid molecule as illus-
trated by the sulfonamidic derivative. The associative
synthesis of a chlorobenzenesulfonamide with an indole
derivative through a methylenic linker generates a dual
B-blocker and diuretic agent.'* The two pharmacological
entities could be easily identified in the conjugated deriva-
tive. A biphenyl motif was used to merge an angiotensin
IT receptor (AT;) antagonist and an endothelin-1 receptor
(ET,) antagonist.'”> Structural elements of initial selec-
tive ligands are still recognizable in the hybrid molecule.
The second strategy starts with a lead compound found to
exhibit already both activities. A rational optimization will
lead to an intrinsically dual acting drug such as the hista-
mine (H;) and platelet activating factor (PAF) antagonist
benzocycloheptapyridinylene piperidine.'® In this case, it
is impossible to attribute the structural features of the mol-
ecule responsible of each biological activity. The degree of
pharmacophore overlap is correlated with the molecular
size of the twin drug and the structure complexity. With a
low molecular weight, it would be difficult to clearly iden-
tify the structural elements necessary for both activities.
For the last 20 years drug design strategies were driven
by the traditional concept: one disease—one target—one ligand
approach. Identification of a biological target responsible
of a disease has led to the design of potent and selective
ligands or inhibitors. But in most cases, diseases involve
multiple and complex systems where more than one biolog-
ical target must be modulated. Some studies'” have shown
that simultaneous and moderate inhibition or activation of
several targets is more efficient than the use of selective
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and potent drug. During the last years, combinatorial ther-
apy (cocktail of several drugs) has been used intensively to
treat diseases, such as cancer and AIDS. Thus, the devel-
opment and the use of ligands that could modulate simul-
taneously multiple biological targets represent a promising
approach for the treatment of complex disorders. This topic
will be reviewed in details in Chapter 28.

In the present chapter, examples will be reported in
details to illustrate the “twin drug approach” (i.e. combina-
tion of only two pharmacophores). The design of twin drugs
will be classified into two differents parts (Figure 18.4).
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I[I. Homodimer and Symmetrical Ligands

Homodimer and symmetrical ligands will be discussed in
a first time. Homodimer ligands result from the dimeriza-
tion of a single pharmacophoric unit whereas symmetrical
drug could be obtained after an optimization process start-
ing from an initial symmetrical active compound. The sec-
ond part will focus on heterodimer ligands and dual acting
drugs. Heterodimer ligands are prepared by association of
two biologically active moieties for different biological tar-
gets. Dual acting drugs possess intrinsically two biological
activities that could not be correlated with structural fea-
tures. Such derivatives are obtained after optimization of
a lead compound that possess initially both activities. The
binding mode of identical and non-identical twin drugs with
macromolecular structures will also be discussed in the last
part. Several examples will be presented where design of
twin drugs has been guided by crystallographic and molec-
ular modeling studies.

II. HOMODIMER AND SYMMETRICAL
LIGANDS

Dimerization of a biologically active molecule represents
an alternative approach in the optimization process of a lead
compound. Generally, the duplication of the pharmacophore
leads to an equivalent or more active derivative which
exhibits different selectivity profile and pharmacokinetic
properties. Enzyme inhibition will be improved when using
homodimer inhibitors. Antagonists and agonists of specific
receptors could be transformed respectively into agonists
and antagonists of another receptor subtype. Several exam-
ples will be reported and discussed below.

Lobelanine

Dicumarol
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A. Symmetry in nature

Nature is efficient in producing compounds with a high degree
of symmetry which allows to reduce information and com-
plexity levels.'® Natural symmetry is observed for the assem-
bly of macromolecules (oligomers)'" like for HIV protease,
hemoglobin and insulin. The aggregation of insulin mono-
mers to hexamers in presence of zinc affords a macromolecu-
lar complex with high degree of symmetry (C3 symmetry).?
DNA, by means of its symmetrical double-stranded structure,
determines the cell’s morphology and function. These well-
organized macromolecular systems constitute binding sites
for smaller molecules including water and ions. Symmetrical
natural compounds present generally a C2 symmetry axis
(Figure 18.5) like the alkaloids lobelanine (treatment for drug
addicts), sparteine (Grave’s disease treatment) or isochon-
drodendrine, and the anticoagulant dicumarol and antisper-
matogenic gossypol.>!*> Some examples of C3 symmetrical
compounds are known. Valinomycin,?® a cyclic peptide lac-
tone antibiotic, is a highly selective K * -carrier. It consists
of a cyclic trimer containing L-valine, D-a-hydroxyisovaleric
acid (Hyi), p-valine and L-lactate. The C3 symmetrical agent
enterobactin is a cyclic lactonic N-acylated serine trimer.

B. Homodimers as receptors ligands

Identical twin drugs have shown increasing potencies and/
or modified selectivity profiles as receptor ligands, when
compared to their corresponding single drug. Several recep-
tors of biogenic amines (catecholamines), quaternary ammoni-
ums (acetylcholine, PAF-acether), and peptides (angiotensin,
endothelin) belong to the well-known class of G-protein-
coupled receptors (GPCR). They present one subunit with

Gossypol

FIGURE 18.5 Natural compounds presenting a C, symmetry axis.



seven transmembrane spanning domains, three extracellular
and three intracellular loops, which are coupled to G-proteins.
Duplication of drugs within this series of ligands has been
efficient in several cases.
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Piperidine-based dimer ligands were prepared and eval-
uated®* for their inhibiting activity for dopamine (DA) and
serotonin (5-HT) transporters (Figure 18.6). Two trans-
piperidine units were linked by a pentamethylene spacer to

Cl Cl

Homodimer ligand

DAT: K, = 39nM
SERT: K, = 7nM

On-

Bis-oxprenolol

FIGURE 18.6 Duplication of monoamine receptors ligands.
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I[I. Homodimer and Symmetrical Ligands

give a homodimer ligand. The dimerization process showed
an increase of activity on both DA transporter (DAT) and
5-HT transporter (SERT). Several 3, selective adrenorecep-
tor antagonists have been designed by duplication of the
well-known oxprenolol.” The phenyloxypropanolamine
pharmacophore was dimerized with a methylene linker to
lead to the symmetrical bis-oxprenolol. According to the
length of the linker, selective 3, or 3; antagonists could be
obtained.

Methoctramine, a selective M, antagonist, is an useful
probe for characterizing muscarinic acetylcholine recep-
tor (mAChR) subtypes. The selectivity toward M, recep-
tors was improved by modifying the terminal moiety of
methoctramine.?® The replacement of the 2-methoxybenzyl
group by the hydrophobic moiety of pirenzepine leads to a
very potent M2 antagonist whereas pirenzepine is known as
a selective M, antagonist (Figure 18.7). The duplication of
pirenzepine pharmacophore leads to a new antagonist with
a different selectivity profile. Recently, studies*’?® have
shown that the length of the polymethylene chain of methoc-
tramine polyamine derivatives could be important to convert
muscarinic antagonist into selective nicotinic antagonist.
Thus, starting from a common pattern, symmetrical twin
drugs acting as antagonists at different receptors, have been
designed. Epibatidine, an alkaloid known for its high affinity
to nicotinic acetylcholine receptors (nAChRs) was dimer-
ized.? The bivalent ligands obtained were evaluated on dif-
ferent nAChR subtypes and showed nanomolar binding
affinities. These derivatives are weak partial agonists on a
specific nAChR subtype whereas epibatidine is a full agonist.

Several studies have previously reported that dimerization
of peptidergic receptor ligands can result in an increase in
affinity, potency, and/or metabolic resistance.>*? The design
of non-peptidergic antagonists of bradykinin B, receptor,
potential therapeutic agents in the treatment of inflamma-
tion and pain, led to a symmetrical bis-phosphonium salt*3
(Figure 18.8). The 10 A-distance between the two positive
charges is in good agreement with that found between gua-
nidinium cations of Arg (1) and Arg (9) of bradykinin.

In the case of enkephalines, dimerization has shown
better analgetic properties when compared to their mono-
meric counterparts (Figure 18.9). The increase in potency

+
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H3N*-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-CO,

Bradykinin

FIGURE 18.8 Bradykinin antagonists.
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and the selectivity profile depends on the length of the
methylenic chain.** Dimerization of the oxymorphamine
pharmacophore led to a bivalent ligand which showed
a greater potency to opioid receptors than the monomer
unit. The spacer length was important for the & receptors
selectivity.>> In another example, the design of a bridged
opioid dimer led to a k-selective opioid receptor antago-
nist such as norbinaltorphimine.’®3” In this case, the two
identical morphonic units were linked by the mean of a
pyrrole ring.

The potent calcium channel antagonist (blocker) nitren-
dipine is an effective antihypertensive agent used for the
treatment of cardiovascular diseases. The design of symmet-
rical bis-1,4-dihydropyridine derivatives (BDHP) (Figure
18.10) showed an increase of the binding activity of about 10
times.* The length of the linker seems to have no significant
contribution on the level on binding activity suggesting that
the second 1,4-dihydropyridine moiety does not interact
with another binding site.

Melatonin is responsible for the regulation of mam-
malian circadian rhythms and reproductive functions.
This neurohormone acts on two different melatonin recep-
tors (MT), namely MT; and MT,. These receptors are
present in different parts of the body (brain, kidney, etc.)
and their physiological roles are not well known. Selective
MT ligands (agonists and antagonists) are useful tools for
the characterization of MT. Selective MT; ligands were
designed (Figure 18.11) starting from the non-selective
agonist agomelatine.”® Two agomelatine moieties were
linked by a polymethylenic chain with variable length. A
selective MT, ligand was obtained which behaved as an
antagonist. In this case, dimerization of a non-selective MT
agonist led to a selective MT, antagonist.

The synthesis and design of homodimeric ligands was
also achieved in the search of new peroxisome proliferator-
activated receptor (PPAR) agonists. PPARs belong to the
superfamily of nuclear hormone receptors (steroid, thy-
roid and retinoid receptors) and act as transcription fac-
tors of specific genes. PPAR« activators (agonists) such as
fibrates are used to lower triglycerides and to moderately
raise HDL-cholesterol level. Patients with type 2 diabetes
are treated with PPAR~ activators (glitazones) in order to

b

+
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FIGURE 18.9 Twin drugs for opoid receptors.
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FIGURE 18.10 Other symmetrical receptor ligands.
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HNJ\ HNJ\ /U\ NH decrease glucose and insulin levels. More recently, PPARS

—> agonists have showed an important increase of HDL-
O o_~_0O cholesterol level associated with a decrease of triglyc-
OO OO OO erides. The design of combined triple agonists represent

a therapeutic interest for diabetic patients. Duplication

Agomelatine Bis-agomelatine of non-selective PPAR agonists led to a PPARq, ~ and §
MT;: K = 0.06nM MT;: K; = 0.50nM agonist with a different profile compared to the monomer
MT,/ MT,: 4 MT,/ MT,: 224

derivative.** The monomer was dimerized according an
overlap mode by using the biphenyl moiety as the linker
FIGURE 18.11 Melatonin receptor ligands. (Figure 18.12).
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FIGURE 18.12 PPARs ligands.

C. Homodimers as enzyme inhibitors

The symmetrical arrangement of enzymes into homodim-
ers or tetramers defines the active site of the enzyme in a
highly symmetrical fashion. Thus, symmetrical inhibitors
will correspond generally to the binding site of the enzyme.

HIV reverse transcriptase (HIV RT) and protease (HIV
PR) are essential for the maturation and production of
infectious viral particles. A combined inhibition of HIV RT
and HIV PR is capable of reducing the viral load in blood
patients.*! These enzymes, which exist respectively as an
heterodimer and an homodimer for HIV RT and HIV PR,
are well characterized: more than 170 structures of HIV PR
and its complexes with various inhibitors have been solved
by protein crystallography techniques.*>** Thus, a dipalmi-
toylated derivative of 2,7-naphthalene disulfonic acid dem-
onstrated a micromolar activity for both HIV-1 and HIV-2
RT (Figure 18.13).** Symmetrical nature of HIV PR was
used in the search of novel anti-HIV drugs that would
embody the predicted characteristic of the active site.
The design of inhibitors of HIV PR has led to symmetri-
cal compounds, which can be divided into two groups:
(a) pseudosymmetrical compounds, like derivatives A
74,704% and L 700,417 which contain asymmetric atoms
in close proximity to the inhibitor two-fold axis; (b) fully
C2-symmetrical inhibitors like the cyclic urea ¢ and the
diol derivatives ’ (Figure 18.13).

The protein kinase C (PKC) enzyme family plays a piv-
otal role in the signal transduction pathways of hormones,
neurotransmitters and other endogenous substances. The 11
PKC isoenzymes identified are involved in the activation
of many cellular functions. PKCs possess a C-terminal
catalytic region with a serine/threonine kinase function
and N-terminal regulatory region. The regulatory region is

subdivided into an activator binding domain C1 and a Ca>"
binding domain C2. Selectivity and classification of PKC
isoenzyme are based on the structural and functional differ-
ences of this regulatory domain. During the search of potent
activators of PKC, homodimer ligands were prepared and
evaluated.*® Dimer ligands showed a 200-fold higher affin-
ity for PKCa than the monomer unit (Figure 18.14). The
spacer optimal length was 14 carbon atoms. These bivalent
ligands seem to interact with both Cla and Cl1b activator
binding domain of PKCa or with the C1 domains of two
adjacent PKCa. Dequalinium (DECA) analogs with longer
and saturated linkers exhibited enhanced potency for inhi-
bition of PKCa. The presence of a two-point contact on
the enzyme by DECA analogs explain the potency and the
selectivity of such compounds.*’

Matrix metalloproteinases (MMPs) represent impor-
tant targets for the development of new potential anticancer
agents. MMP-2, MMP-9 and MMP-14 in particular play
a significant role in metastatic tumor dispersion and angio-
genesis. Potent and selective inhibitors of MMPs would be
very useful in tumors study. Duplication of a monomeric
MMP inhibitor was achieved (Figure 18.15) based on
the observation that the Cbz aminoethyl side chain could
be exposed to the solvent environment.’® The addition of
another drug entity would allow to interact with an adjacent
active site or with other MMPs proteins. Two inhibitor enti-
ties were linked by the mean of a flexible spacer that could
potentially interact with some enzyme regions. Whereas
the new dimeric compound showed a lower activity and a
similar selectivity compared to the monomer, it appeared to
generate less cytotoxicity effects on cells.

Inhibitors of factor Xa (FXa), a serine protease involved
in the cascade coagulation, would allow to control the coag-
ulation process and bleeding problems. Discovery of orally
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FIGURE 18.13 HIV reverse transcriptase and protease inhibitors.
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FIGURE 18.15 MMPs inhibitors.
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active non-peptidic inhibitors of FXa present a therapeu-
tic interest. Recently, a potent and selective FXa inhibitor
(Figure 18.16) was reported, the bisamidinobenzylidenecy-
cloheptanone (BABCH).>! This symmetrical derivative was
designed from non-peptidic inhibitors and showed a potent
and selective (compared to thrombin and trypsin) inhibitory
activity on FXa.’> The replacement of the cycloheptanone
central scaffold of the BABCH derivative by a substi-
tuted pyridine core led to potent and more selective FXa
inhibitors. Inhibitors of enzymes involved in the polyamine
metabolic pathway have been designed as potential
antitumor and antiparasitic agents. S-Adenosylmethionine

Bis-guanylpyridine

decarboxylase (SAMDC) is a rate-limiting enzyme of
polyamine biosynthesis.”> The bis-guanylpyridine analog
was designed from the active amidinohydrazone moiety
(Figure 18.16). The symmetrical derivative was found to be
a potent and selective SAMDC inhibitor.

The design of bifunctional AChE inhibitors was
achieved in order to obtain potent and selective derivatives.
Tacrine, an AChE inhibitor used for the treatment of
Alzheimer disease (AD) patients, has been dimerized lead-
ing to the bis-tacrine derivative '? (Figure 18.17). The length
of the methylene chain was optimized in order to obtain a
potent and selective homodimer. Bis-tetrahydroaminacrine
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FIGURE 18.17 ACHhE inhibitors.
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or bis(7)-tacrine showed a simultaneous interaction with
the active site and the peripheral site>* (allosteric site) of
the enzyme resulting in an improvement of potency and
selectivity.!!

D. Homodimers as DNA ligands

The DNA molecule is the primary target of many antitumor
agents. Small molecules, which bind to DNA by intercala-
tion, require polycyclic systems in their structure for efficient
binding. Because of the symmetrical arrangement of the heli-
cal double strand, symmetry is found in the structure of DNA
ligands. Pentamidine and the bis-amidinobenzimidazoles
(Figure 18.18) bind to the minor groove of DNA and show
higher affinity for AT-base pairs rich regions.’> Compounds
with an even number of methylenes connecting benz-
imidazole rings have a higher affinity for DNA than those
with an odd number of methylenes. The mono-interca-
lator DACA, a mixed topoisomerase I/Il inhibitor with
a cytotoxic activity on tumor cell lines, was dimerized
using an aminopolymethylenic chain.’® Substitution of the
bis(acridine-4-carboxamides) derivatives was investigated.

Bis (7)-tacrine

AChE: IC5¢ = 0.2nM
AChE selectivity: 221
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\>—(CH )_</
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H H

NH
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X
—
07 N NN o

N
H | H
Bis-acridinecarboxamide

P388: IC5, = 23nM
LL: ICso = 1.8nM

Analogs with substituents at 5-position showed superior
potencies in a panel of cell lines compared to the
monomer unit.

E. Homodimers of pharmacological
interest

Treatment of malaria is less effective due to a resistance to
chloroquine, the most useful antimalarial drug. Chloroquine
resistance involve several mechanisms that are not com-
pletely understood. Dimerization of chloroquinoline deriv-
atives was achieved to bypass this multidrug-resistant
mechanism. Several bisquinolines such as piperaquine’’
showed activity against chloroquine-resistant malaria (Figure
18.19). In a recent study, bis-aminoacridine derivatives with
different linker were evaluated for their antiparasitic activ-
ity.”® The activity profile of these compounds was strongly
dependent on the nature and the length of the connecting
linker between the heterocyclic rings.

The search of cationic cholinergic agents has led to
numerous twin drugs (Figure 18.20). The bis-quaternary
ammonium salts hexamethonium and decamethonium are
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potent blockers in ganglia and in neuromuscular junction,
respectively. Other neuromuscular blocking agents such
as succinyl and sebacyl dicholines can be regarded as pure
acetylcholine twin drugs.

III. HETERODIMER AND DUAL ACTING
LIGANDS

Heterodimers and dual acting drugs exert their dual action
on two different biological targets. These targets could be
receptors (GPCRs, receptor subtypes in the same family or
different receptor families), enzymes or a combination of
both of them. The association of two physiological effects
is aimed to obtain a synergic response in the treatment of a
disease or a disorder. Hybrid molecules could result from
the association of two distinct active principles (associative
synthesis) or from a compound with an intrinsic dual act-
ing profile. In the first case, the two pharmacophoric enti-
ties are linked and recognizables whereas in the second
case it is often difficult to identify the chemical part of the
molecule responsible of a biological activity. In this last
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case, the design of dual acting drugs will be often based on
structural modifications of one of the two pharmocophoric
entities by incorporating SAR important elements of the
other pharmacophore.

A. Hybrid molecules as ligands of two
different receptors

GPCRs possess physical, biochemical and structural simi-
larities. Thus, selectivity toward biogenic amines such as
noradrenaline (NA), serotonin (5-HT), dopamine (DA) and
histamine (H) depends on a typical Asp interaction (con-
served amino acid localized in the third transmembranar
helix) and additional binding interactions. Because pharma-
cophores of all these ligands are similar, the control of their
selectivity constitutes an important challenge for medicinal
chemists. Thus, it may be of interest to synthesize hybrid
drugs that bind potently to different GPCRs as an agonist,
antagonist or mixed agonist/antagonist.

During the search of antipsychotic agents without side
effects (i.e. extrapyramidal side effects), 5-HT, receptor
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FIGURE 18.21 Dopaminergic and serotonergic dual acting drug.

antagonists such as ritanserin have shown a decrease of the
negative symptoms of schizophrenia. So, it has been proposed
that a combined administration of a 5-HT, antagonist and a
D, antagonist could be efficient in the treatment of schizo-
phrenic patients. SAR study on bridged ~-carbolines, reported
for its potent affinity for 5-HT, and moderate affinity for D,
receptors, was achieved and led to the design of a compound
with equipotent and nanomolar affinity for both receptors >
(Figure 18.21). The efficacious antipsychotic agent ziprasi-
done was also designed from a naphthylpiperazine derivative
with moderate 5-HT,, and D, antagonisms.’*¢! A typical
SAR study allowed to optimize both DA and serotonine affin-
ities with less extrapyramidal side effects.

Positive inotropic drugs such as arpromidine have been
developed by combining in a same molecule histamine H;
antagonistic and H, agonistic properties®® (Figure 18.22).
Association of a weak and partial H, agonist with a weak
H; antagonist led to heterodimer which is a very potent H,
agonist (100-fold increase) and H; antagonist 10 times more
active than the monomeric pharmacophore. The H; antihis-
taminic drug loratadine presents a weak PAF antagonistic

property. Taking into account the physiological importance
of PAF in asthma, it was of therapeutic potential interest to
antagonize by a single molecule the action of both media-
tors.'® Optimization of this intrinsically dual acting drug was
achieved and led to a derivative with a better PAF antagonis-
tic activity and a similar H; binding level. Thromboxane A,
(TXA,) is also implicated in the pathophysiological condi-
tions of asthma. Therefore efforts have been made to design
TXA, receptor antagonists. The symbiotic approach concept
led to the recent discovery of dibenzoxepin derivatives. The
antiallergic and H; antagonist KW-4994 was reported to
possess also a weak TXA, antagonizing activity. Successful
modifications led to the design of dual TXA, and H; antago-
nists such as KF 15766.%

The octapeptide hormone angiotensin II is involved in
vascular smooth muscle contraction and release of other
endogenous substances. Since angiotensin II receptor sub-
types (AT, and AT,) are presents in various proportions in
many tissues and organs, dual antagonists may constitute effi-
cient pharmacological tools. Starting from losartan (Figure
18.23), a selective AT, antagonist, and PD 123317, a selective
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AT, antagonist, dual and non-selective AT; and AT, antago-
nists were designed.** Structures of losartan and PD 123317
were merged by using common features (in blue) and the
new scaffold was then optimized by a traditional SAR study
leading to BIBS 222 derivative. A potent and orally active
AT antagonist, L.-159,093, was modified to enhance binding
affinity for AT, receptor.®> After optimization, a potent and
balanced AT,/AT, antagonist (L-159,689) was obtained.
More recently, several studies in animals have reported
that simultaneous blockade of AT; and ET, should be very
efficient in the treatment of hypertension and cardiovascular
diseases such as heart failure.®®%” The biphenylsulfonamide
BMS-193884 designed as a potent and selective ET, antag-
onist share the same biphenyl framework as irbesartan, a
AT, antagonist (Figure 18.24). By merging key struc-
tural elements from these two derivatives, Bristol-Myers
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KF 15766

H, antagonist: K, = 740nM
TXA, antagonist: K, = 20nM

Squibb scientists obtained a hybrid which was optimized
to give DARA 7 derivative.'>% DARA 7 shown a balanced
activity at AT; and ET, receptors and reduced blood pres-
sure elevations in rats.

Dual acting drugs can also result from the combination
of ligands belonging to completely distinct pharmacoph-
ores. As activation of substance P (SP) and adenosine (A;)
receptors produce the same effect (e.g. hypotension and
analgesia), it was of therapeutic interest to combine in a
single compound these properties. A xanthine derivative,
an A; adenosine receptor antagonist, was linked with the
pentapeptide terminal part of substance P to give a conju-
gate (Figure 18.25) with similar affinity for both A; and SP
receptors.® The coupling was achieved by the means of an
amino acid. The heterodimer ligand obtained will be a use-
ful tool for SP pathways and adenosine action study.
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FIGURE 18.23 Angiotensine receptor ligands.

Peroxisome proliferator-activated receptors’® (PPARs)
are members of the superfamily of nuclear receptor that
includes receptors for steroid, retinoid and thyroid hor-
mones. The demonstration that PPARa and PPAR~ were the
receptors through which, respectively, the fibrate (lipid low-
ering activity) and the glitazone (insulin sensitization) drugs
mediate their biological activity has led to the design of a
new generation of dual acting drugs. Dual PPAR o/~ agonists
appear well suited for the treatment of hyperglycemia with
prevention of cardiovascular disease in type 2 diabetes. The
aryloxazole derivative (Figure 18.26) is a typical example
of the combination of the fenofibric acid and the thiazoli-
dinedione derivative.”! Fenofibric acid, a PPAR« agonist,
was merged with a selective PPAR~ thiazolidinone deriva-
tive; the hybrid derivative obtained was substituted with
a phenyl group to increase potency. Further SAR studies

L-159,689

AT Ki=1.7nM
AT,: Ki= 0.7nM

led to the design of a more potent dual acting PPAR« and
PPAR~ agonist such as muraglitazar. On the other hand,
optimization of series of «-substituted phenylpropanoic
acid derivatives 7? afforded dual PPARo/PPARS agonists.

B. Hybrids as enzymes inhibitors

As observed with receptors, enzymatic systems can be
subdivided into enzyme families, and each enzymatic type
presents several isoforms. Thus, for pharmacological and
therapeutic purposes, it may be of interest to combine in
a same molecule structural characteristics for inhibition of
two different isoenzymes, two enzymes belonging to the
same family, or two enzymes for which inhibitors are show-
ing pharmacophore similarities.
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FIGURE 18.26 Dual PPAR agonists.

Inhibitors of cyclooxygenase (COX-2) and 5-lipoxy-
genase (5-LO), enzymes involved in the biosynthesis of
prostaglandins and leukotrienes, are being studied as non-
steroidal antiinflammatory agents with improved safety
profile. Dual acting compounds with both inhibiting activi-
ties represent potential treatment for patients suffering from
arthritis and other inflammatory disorders. The thiazolone
CI-1004 (Figure 18.27) was identified as a equipotent dual
COX/5-LO inhibitor.”* Compared to KME-4 compound,
this dual acting drug showed non-ulcerogenic water-soluble
and orally active antiinflammatory properties. Recently,
combination of the pharmacophores of selective COX-2
and 5-LO inhibitors was achieved.”* The new conjugate
derivative showed a potent COX-2/5-LO inhibition and a
high COX-2 selectivity.

The inactivation of the endogenous opioid peptide
enkephaline is one of the physiological role of neutral
endopeptidase (NEP). It has been suggested that simultane-
ous inhibition of the related metallopeptidases angiotensin
I-converting enzyme (ACE) and NEP might be advantageous
in the treatment of congestive heart failure or hyperten-
sion. Thiorphan, the well-known inhibitor of NEP, has dual

Phenylpropanoic acid derivative
(dual PPARo/PPARGS)

NEP-ACE inhibiting properties, but it is hundred times less
potent as an ACE inhibitor than as NEP inhibitor (Figure
18.28). A rigid benzazepinone was designed as PhelLeu
mimetic and showed a potent dual NEP/ACE inhibition.”
Efforts were achieved in this dual inhibitors series and led
to the design of the bicyclic thiazepinone omapatrilat.”® This
compound showed equipotent and dual NEP/ACE inhibition
and demonstrated an excellent blood pressure lowering in
animals. Omapatrilat has been developed for the treatment
of hypertension and congestive heart failure.

Nucleoside reverse transcriptase inhibitors (NRTIs)
such as zidovudine (AZT) or zalcitabine (ddC) have proven
highly efficacy when they are used in combination with
HIV PR inhibitors. Because of increasing adverse side
effects, research has been focused on non-nucleoside reverse
transcriptase inhibitors (NNRTIs), inhibitors of a non-
competitive binding site. NRTI-NNRTT combination therapy
will exhibit a synergic activity and have a greater efficacy.
Thus, conjugates containing both nucleoside analog com-
ponent and non-nucleoside type inhibitor (Figure 18.29)
were designed and showed micromolar anti-HIV activity.”’
The heterodimer derivative did not exhibit synergic effect
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suggesting that the individual pharmacophores do not bind
simultaneously.

Administration of AChE inhibitors represent again a
promising approach for treating Alzheimer’s disease since

the correlation between this enzyme and amyloid forma-
tion has been demonstrated. A potent and selective AChE
inhibitor’® was designed by merging the two different AChE
inhibitors huperzine A and tacrine (Figure 18.30). The
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hybrid derivative showed a improved inhibiting activity with
a moderate selectivity (AChE versus Butyrylcholinesterase)
profile. Bis-interacting galanthamine ligands’® were prepared
by using different methylenic linkers with a phthalimide
moiety and the centrally active inhibitor galanthamine.
Crystallographic structure of AChE and biochemical studies
allowed to identify clearly two binding sites on the enzyme:
an active site, located at the bottom of a deep and narrow
gorge, and a peripheral site, located at the opening of the
gorge (for details see Section IV.A.1.). Combination of the
phthalimide moiety, known to interact with the peripheral
site, with galanthamine derivative (active site inhibitor) led
to a conjugate that binds to both active and peripheral sites.
In addition to the deficiency of the cholinergic neuro-
transmission observed in AD and correlated with cognitive
function disorders, AD patients also suffer from depres-
sion and anxiety. Serotonin transporters (SERT) inhibitors

AChE: IC59 = 130nM
AChE selectivity = 0.34

Tacrine-huperzine A hybrid

AChE: IC5q = 8.5nM
AChE selectivity = 23

Bis-interacting inhibitor
(AChE catalytic and peripheral sites inhibitors)

are used to treat these symptoms. The design of dual inhib-
itors (AChE and SERT) was achieved to obtain a better
therapeutic effect.3 After hybridization of rivastigmine, a
marketed AChE inhibitor, and fluoxetine, a potent SERT
inhibitor, a new series of dual AChE and SERT inhibitors
was design (Figure 18.31).8!82 After SAR studies, a com-
pound ((R)-analog) with potent inhibitory effect on both
enzymes was obtained.®?

C. Hybrids acting at one receptor and
one enzyme

Hybrid molecules acting simultaneously on a receptor and
on an enzyme may produce potent synergistic effects. An
illustration is given by the example of derivatives interfer-
ing with TXA,, a powerful inducer of platelet aggregation
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and vascular smooth muscle contraction. The inhibition of =~ TxS inhibiting and TxR antagonistic properties have been
TXA, synthase (TxS) and the selective blockade of TXA, combined in a single molecule such as samixogrel®* starting
receptors (TxR) have been pursued as alternative therapeutic ~ from isbogrel, a synthase inhibitor, and daltroban, a TXA,
strategies to prevent the thrombotic action of TXA,. Thus, receptor antagonist (Figure 18.32). Because samixogrel
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showed a moderate plasma levels after oral administration
(low solubility in aqueous solution) it was then optimized
into the guanidine derivative terbogrel which exhibits
potent in vivo antithrombotic effects.®

Depending on the physiological hypothesis, both targets
may belong to different systems. Dihydropyridines such as
nifedipine are known to be calcium receptor (Ca’>") antag-
onists. These drugs are commonly used for treatment of
patients with cardiovascular diseases (hypertension, myocar-
dial infarction). Combination of Ca’>" antagonism and TxS
inhibition might induce an increase of the therapeutic effi-
cacy for particular pathologies where both enhanced TXA,
synthesis and cellular calcium overload are involved. The
imidazol part of dazoxiben, a TxS inhibitor, was merged
with the core structure of nifedipine®® to led FEC 24265
(Figure 18.33). The hybrid derivative showed a relatively
more favorable in vivo pharmacological profile. Platelet
activating factor (PAF) is involved in inflammation process
and related to pathologies such as ischemia, thrombosis and
asthma. The association of PAF antagonist and TxS inhibitor
would procure beneficial therapeutic treatment. Ridogrel, a
potent TxS inhibitor, was directly linked to the PAF antago-
nist, E-6123.37 The heterodimer ligand expressed dual and

HO,C /éN Merging
SN \/) —
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TxS: IC5o = 170nM

7 XS N
N
N
S~
N—N
Heterodimer ligand

PAF: IC5q = 60nM
TxS: IC5y = 65nM

Cl

equipotent PAF affinity and TxS inhibiting activity and
showed activity after oral administration.

Novel antihypertensive agents possessing both 3-blocking
and angiotensin-converting enzyme (ACE) inhibiting prop-
erties represent beneficial approach for the treatment of
elevated blood pressure. Hybridization of the (3-blocker pin-
dolol and the ACE inhibitor enelapril led to the derivative
BW-A575C which expresses both activities (Figure 18.34).38
This dual 3-blocker/ACE inhibitor drug offer therapeutic
promise in hypertension and congestive heart failure.

D. Other examples of dual acting drugs

Combined treatment is necessary in the long-term treatment
of essential hypertension. 3-Blocker and diuretic properties
in a same molecule would present a great interest for hyper-
tension management. Few attempts to synthesize hybrid
molecules by combining the structures of a (3-adrenorecep-
tor antagonist and a diuretic were described (Figure 18.35).
A hybrid sulfonamide was achieved by linking the (3-blocker
propranolol derivative with the 2-chlorobenzene sulfonamide
moiety of mefruside.'*%
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Dual acting antibacterial drugs were designed by linking
quinolones (Figure 18.36), such as ciprofloxacin, to cefo-
taxime. The hybrid ligand was optimized and demonstrated
potent activity against a broad spectrum of Gram-positive
and Gram-negative bacteria.”’

In the search of new and efficient antidepressants, dual
acting drugs with selective serotonin (5-HT) reuptake (SSR)
inhibition property and 5-HT;, receptor antagonism were
designed (Figure 18.37). A combination of the SSR inhibi-
tor duloxetine and an arylpiperazine derivative, a class of
derivatives known to have high affinity for 5-HT 5 receptor
(e.g. NAN-190), led to the hybrid benzothiophene pipera-
zine, a potential class of antidepressant with a dual mecha-
nism of action.’! In the same manner, blockade of terminal
5-HT g, 1p receptors by selective antagonists would in theory
prevents the initial decrease. Thus, coadministration of SSR
inhibitors and 5-HTp/;p antagonists would lead to a large
increase of 5-HT extracellular concentration and would be

efficient in the treatment of depressive disorders. Coupling
of a selective inhibitor of 5-HT reuptake (e.g. the indolyl-
piperidine derivative) with GR 127935, the first selective
5-HT,g,1p antagonist reported, allowed to obtain urea deriv-
ative showing both 5-HT reuptake inhibition and 5-HT5,1p
antagonism in vitro.%?

IV. BINDING MODE ANALYSIS OF
IDENTICAL AND NON-IDENTICAL
TWIN DRUGS

Bioactive molecules that affect one target only might not
always affect complex biological networks in the desired
way even if they are able to perfectly interact with one
target protein. Single targets in complex biological net-
works might have alternative routes that are sometimes
different enough not to respond to the same molecule, and
many networks are robust and prevent major changes in
their outputs. **** Therefore developing molecules acting
on multiple targets has become an innovative approach in
drug design.*!"

The huge number of protein crystal structures available
today and the increasing reliability of modeling approaches
have improved our understanding on the structural and
energetic aspects of protein—ligand interaction. Among the
45,000 (July 2007) solved protein structures stored in the
Protein Data Bank, PDB (www.pdb.org/pdb) several com-
plexes are available where identical and non-identical twin
drugs have been cocrystallized together with their target
proteins. These complexes shed light on the binding mode
of twin drugs and give important hints how to rationally
design multivalent ligands.?

The term twin drug or bivalent ligand refers to the
phenomenon in which a biological structure that contains

401 I
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FIGURE 18.36  Antibacterial hybrid drug.
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multiple binding sites binds simultaneously to multiple lig-
ands. This can lead to significant enhancements in binding
strength for weakly binding molecules. Prominent exam-
ples of multiple ligands include, for example, binding by
antibodies and lectins, and the receptor—ligand interactions
involved in cell adhesion or viral attachment. The before
introduced nomenclature (identical or non-identical twin
drugs) is generally based on the structure of the ligands.
However, classification can also be made on the basis of
the target binding sites. Twin drugs, either identical or non-
identical, can bind in different ways to their macromolecu-
lar target structures. Twin drug molecules which contain
flexible linker regions are supposed to bind to (a) the same
target protein to adjacent binding pockets; (b) to similar
binding pockets located on different monomers of the same
protein (i.e. a bivalent ligand is able to cross two mono-
mers of the same target protein); or (c) to dissimilar binding
pockets located on different proteins. The analysis of solved
protein—ligand complexes in the PDB provides the basis
for this classification. However, the question, that arises, is
whether the observed binding mode represents an artefact
from the crystallization process or has biological relevance.

To illustrate the above introduced classification, several
examples will be presented where the development of twin
drugs has been accompanied or guided by crystallographic,
biophysical or molecular modeling studies.

A. Identical and non-identical twin
drugs interacting with two adjacent
binding sites located on the same
macromolecule

In this part we discuss the binding of symmetrical and non-
symmetrical twin drugs to a non-symmetrical binding site.

1. Acetylcholinesterase inhibitors

The three-dimensional structure of AChE from Torpedo
californica revealed that the active site lies at the bottom of
a deep and narrow gorge (20 A) lined by the rings of several
conserved aromatic amino acids.”> At the “anionic subsite”
of the active site, modeling suggested that the quaternary
amino group of acetylcholine binds to the indole side chain
of the conserved residue, Trp84, as was subsequently dem-
onstrated for several complexes with AChE. The complexes
of AChE with bis-quaternary ligands (decamethonium and
BW284C51) led to the assignment of Trp279 as the major
element of a second binding site, near the top of the active-
site gorge, named “peripheral binding site,” 14A away
from the active site. These structural assignments were sup-
ported by a large body of biochemical studies, involving
site-directed mutagenesis, which confirmed the importance
of aromatic amino acid residues in AChE.?® In an effort to
improve drug potency and selectivity, the twin drug strategy

was applied to the development of dual-site acting AChE
inhibitors.””*® Several identical tacrine dimers, for example
bis(5)-tacrine and bis(7)-tacrine, were synthesized and eval-
uated after computational studies predicted weak affinity of
tacrine for the peripheral binding site residues (Trp279 and
Tyr70) in conjunction with high affinity of tacrine for the
catalytic anionic site (Trp84 and Phe330).!>% The increased
inhibitory activity of the bivalent tacrine molecules relative
to tacrine was attributed to dual-site binding.

The determination of the crystal structures of bis(5)-
tacrine and bis(7)-tacrine (Figure 18.38) gave the structural
basis for the observation that bis(7)-tacrine is an optimal
inhibitor (Torpedo californica ICsy = 1.5nM).* It forms
favorable sandwich type stacking interactions in both
with Trp84 (anionic site) and Trp279 (peripheral binding
site) with minimal protein rearrangement. Bis(5)-tacrine
which is less potent (ICsy = 28 nM), has only a one-sided
favorable interaction in the peripheral site and induces a
conformational change in the protein backbone near the
acyl binding pocket. The structural changes to the native
enzyme observed in the bis(5)-tacrine AChE complex
showed that the selection of the optimal linker length has a
dramatic influence on the inhibitory activity. These results
underline the problem of current structure-based drug
design approaches, where the protein structure is consid-
ered to be rigid and conformational changes are not taken
into account when carrying out ligand docking.

Besides tacrine also other already known ‘“‘anionic site”
ACHE inhibitors were used to develop AChE twin drugs.'®
The development of identical and non-identical twin drugs
was guided by docking studies which indicated affinity of
huperzine and tacrine for both the catalytic and peripheral
binding sites in AChE.”” The modeling studies also dem-
onstrated beneficial hydrophobic effects imparted by the
alkylene linker to the peripheral site ligand.'"”! Further
biochemical studies of AChE revealed that the periph-
eral binding site at the mouth of the gorge, was impli-
cated in promoting aggregation of the beta-amyloid (AB)
peptide responsible for the neurodegenerative process in
AD.!2 This feature of AChE initiated the development of
dual-site binding inhibitors, in hopes of increasing AChE
inhibition potency, and protecting neurons from A( toxic-
ity.!9 The reported increased affinity for AChE of bivalent
(—)-galanthamine, tacrine, hupyridone, and huperzine deriva-
tives, and of a tacrine/propidium heterodimeric ligands,
supported the design of inhibitors with dual-site binding
properties (Figure 18.39).!'% The (—)-bis(10)-hupyridone
inhibitors shows a inhibitory activity of 2.4nM (Torpedo
californica AChE) which is more than 200-fold higher com-
pared to the monomeric AChE inhibitor huperzine A.

2. Bisubstrate inhibitors

Another strategy employs symmetrical and asymmetrical
bivalent ligands designed to bind at the cofactor and substrate
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bis(7)-tacrine bis(5)-tacrine

(b)

FIGURE 18.38 (a) AChE complexed with bis(7)-tacrine (left, colored orange) and bis(5)-tacrine
(right, colored green). The molecular surface of the binding pocket is colored according the electrostatic
potential (red = negative potential, blue = positive potential). The bis(7)-tacrine has the appropriate
linker length to favorably interact with both binding sites (/Csy = 1.5n1M), whereas the bis(5)-tacrine can
only bind in an unfavorable protein conformation (ICsy = 28nM); (b) Molecular structures of the two
cocrystallized AChE inhibitors.”

Trp279 \ Trp279 \

erm 3"’84
3.80 2.73 3.24 2.66

FIGURE 18.39 (a) Interaction of (—)-bis(10)-hupyridone (left side) and (—)-bis(12)-hupyridone (right
side) with AChE. The two tryptophane residues of the active and peripheral binding sites are colored magenta.
Hydrogen bonds between the inhibitor and the residues of the enzyme are shown as green line.

(a)
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FIGURE 18.39 (Continued) (b) Molecular structures of the two cocrystallized AChE inhibitors.'%*
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FIGURE 18.40 (a) Interaction of the bisubstrate inhibitor RM65 (magenta) and SAM (green) with the PRMT1 binding site. The symmetrical inhibitor
blocks the cofactor and the substrate binding site of PRMT1; (b) Molecular structures of the bisubstrate PRMT1 inhibitor and SAM.!%

sites of an enzyme, thus eliciting competitive inhibition.
This type of ligands are called bisubstrate inhibitors. The
bisubstrate concept has led to the development of com-
pounds with powerful therapeutic properties. Mupirocin
(pseudomonic acid-A) is a femtomolar inhibitor of bac-
terial isoleucyl-tRNA synthetase and is one of the most
widely used topical antibiotic.'®> Other asymmetrical bis-
ubstrate inhibitors have been discovered for GNC5-related
N-acetyltransferases'% and protein kinases.!?”

Jung et al. applied this approach to develop inhibi-
tors for a histone modifying enzyme — the histone arginine
methyltransferase PRMT1.!%® An identical PRMT1 inhibi-
tor with cellular activity was obtained which blocks both
the cofactor S-adenosylmethionine (SAM) and the substrate

(histone) binding site simultaneously (Figure 18.40). The
binding mode of RM65 is shown in Figure 18.40 in com-
parison with the cofactor SAM. Although the binding site is
asymmetric, the symmetrical ligand shows favorable inter-
actions with both substrate and cofactor binding site.

B. Identical twin drugs interacting with two
similar binding sites located on different
monomers of the same macromolecule

In this part we discuss the binding of symmetrical twin
drugs to symmetrical binding sites located on different pro-
tein monomers.
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1. Sirtuin inhibitors

NAD*-dependent histone deacetylases (sirtuins) are
enzymes which cleave off acetyl groups from lysine resi-
dues in histones but also other proteins.'” Reversible
acetylation level is an important factor in the regulation
of the activity of such proteins. Potent selective sirtuin
inhibitors are interesting tools for the investigation of the
biological functions of those enzymes and may be future
drugs for the treatment of cancer."!®!!'! The crystal structure
of the sirtuin subtype Sirt5 in complex with the identical
twin drug suramin revealed that two protein monomers
are linked by one molecule of suramin (Figure 18.41).!12
Sirt5, which is a monomer in solution, also was found to
dimerize in solution upon suramin binding, as confirmed by
size-exclusion chromatography. The monomer—-monomer
interface is mostly non-polar and there are no direct hydro-
gen bonds between the two monomers, thus the dimeric
structure of Sirt5 is mainly stabilized by the bound suramin
molecule itself. Both in the crystal structure as well as in
solution, suramin acts as a linker resulting in dimeriza-
tion of Sirt5. The simultaneous binding of one molecule of
suramin at the surfaces of two monomers was also observed
in the crystal structure of the suramin-myotoxin II com-
plex. For sirtuins, however, this finding might introduce a
new class of inhibitors that not only bind specifically into
the active site but also function as linker molecules, thus
limiting enzyme mobility and accessibility. In an effort
to identify more potent and selective sirtuin inhibitors the
suramin structure was modified.!'? The derived derivatives

were found to be potent sirtuin inhibitors, with high activ-
ity for the Sirtl subtype. Interestingly, not only the bivalent
suramin molecule was found to block Sirtl (297nM), but
also compound NF154 (Figure 18.41a) — which resembles
one half of the suramin structure — is a potent Sirtl inhibitor

Homo and Heterodimer Ligands: the Twin Drug Approach

(525nM).'"3 Docking studies showed that NF154 interacts
in a similar way with the sirtuin binding pocket. However,
cross-linking of the two sirtuin monomers is not possible
(Figure 18.41b).

2. Glutathione S-transferase inhibitors

Glutathione S-transferases (GSTs)1 catalyze the conjuga-
tion of the nucleophilic tripeptide glutathione (GSH, ~-Glu-
Cys-Gly) to structurally diverse hydrophobic electrophiles.
Among the electrophilic substrates for GSTs are alkylat-
ing agents used in cancer chemotherapy. GSTs are known
to be overexpressed in malignant tissues suggesting that
they may play a role in acquired resistance to antitumor
agents''* Therefore, the coadministration of potent, selec-
tive GST inhibitors as adjuvants to chemotherapy has
emerged as a possible strategy to restore the drug sensitiv-
ity of resistant cells.!'> The geometry of the GST dimer,
with its two identical active sites at opposite ends of a
solvent-accessible intersubunit cleft, presents an oppor-
tunity to design symmetrical twin drugs that occupy both
active sites simultaneously''® The symmetrical inhibitors
developed by Atkins et al. were found to bind to the pro-
tein dimer possessing two equivalent active sites in close
proximity (about 20 A apart).'”

The available crystal structure of GST in complex with
an anthrachinone sulfonate derivative (Figure 18.42) was
used as a basis for the development of novel potent inhibi-
tors. The authors used a related molecule, the Uniblue A
derivative shown in Figure 18.43, to design twin drug mol-
ecules and to analyze the free energy of binding by isother-
mal titration calorimetry (ITC) measurements.'® Because
of the proximity of the two active sites of the GST dimer
and their location at opposite ends of the solvent-accessible

(b)

FIGURE 1841 (a) Cross-linking of two Sirt5 monomers (cyan and green) by suramin (magenta). Hydrogen bonds are shown as orange line;

(b) Binding mode of suramin and NF154.
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FIGURE 18.41 (Continued) (¢) Molecular struc-
tures of suramin and NF154.
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FIGURE 18.42 Ribbon diagram of the complex with the anthrachinone
sulfonate moiety and the GST dimer. The anthrachinone sulfonate moie-
ties, as observed in the X-ray structure, are shown in capped sticks. The
connection of these moieties by appropriate linkers (indicated by the red

arrow) resulted in potent symmetrical GST inhibitors.'%

intersubunit cleft, the authors reasoned that bivalent inhibi-
tors could be designed to simultaneously occupy both
binding sites. The appropriate linker length to bridge both
monomers was guided by docking and molecular mod-
eling studies. Whereas the monomer Uniblue A derivative
showed an ICsy of 5000nM, the twin drug is more than

100-fold more active (ICsy 44nM). The ITC data supported
the increased affinity of the bivalent inhibitors versus the
monomeric analogs as observed in the inhibition experi-
ments. The observed difference in AH between the two
inhibitors is very close to the expected change for a bivalent
inhibitor in which the linker does not interact significantly
with the protein. The AH value for the twin drug molecule
was found to be twice as large as for the monomeric inhibi-
tor. On the other site a decreased entropy is observed for
the bivalent inhibitor. The decrease in entropy upon binding
of the bivalent inhibitor was assumed to arise from immo-
bilization of the flexible linker, which contains 10 rotat-
able bonds. The restriction of rotational freedom within the
linker upon binding offsets any entropic gain of limiting the
translational entropy of the binding element in the bivalent
compound. In conclusion, the basis for the improved affin-
ity of the identical twin drug is significantly more favorable
binding enthalpy, which is partially offset by a less favora-
ble binding entropy.

3. G-protein-coupled receptor ligands

G-protein-coupled receptors (GPCRs) are membrane pro-
teins that are characterized by a common seven helix trans-
membrane motif. The crucial role GPCRs play in many
biological processes and the availability of selective small
molecule GPCR ligands explain why GPCRs are among the
most important of all target families.!!® In the last decades,
increasing evidence has become available that GPCRs,
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FIGURE 18.43 Molecular structures
of GST inhibitors.
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FIGURE 18.44 GPCR dimerization and binding of a twin drug mole-
cule. The bivalent ligand bridges two independent GPCR binding sites.

upon activation, dimerize to its active form and subse-
quently produce its biological action. GPCRs assemble
in the cell membrane as either homodimers or heterodim-
ers.'!” Studies showing that GPCR heterodimerization can
modify the receptor pharmacology have sparked an interest
in the development of drugs that selectively target recep-
tor heterodimers. One approach to target a pair of GPCRs
has been to synthesize and use twin molecules targeting
the two receptor binding sites on the homo or heterodimer
simultaneously.'”® The rationale for employing the twin
drug approach for GPCRs stems from the possibility that
bivalent ligands may be capable of bridging independent
receptor binding pockets on a receptor dimer resulting in
a thermodynamically more favorable interactions than a
monovalent binding of two ligands. This type of interaction
is shown schematically in Figure 18.44.

A major breakthrough in the understanding of the
GPCR family was achieved in 2000, when the crystal
structure of bovine rhodopsin was resolved, and for the
first time detailed structural insights were gained.'”! The
structure of bovine rhodopsin was used by various groups
for the generation of homology models of GPCRs. These
models were used to guide the design of bivalent ligands
addressing two GPCR binding sites. Portoghese et al.

U
\

weee
SOzH

NH, O

reported several identical twin molecules with varying
linker length designed to investigate pharmacodynamic
and organizational features of opioid receptors.’>!?>123 The
twin drug approach has been shown to be generally appli-
cable to other GPCRs. So far bivalent ligands for adeno-
sine,!** dopamine,'?> gonadotropin releasing hormone,'?°
melatonine,* muscarine,'?’ opioid, serotonin'?® and vaso-
pressin receptors'2® have been reported.

Recently carried out molecular modeling studies on
GPCR dimer models provided first information about the
distance between the two individual binding pockets.'** The
evaluation of the minimal length between the two spacer
attachment points revealed a minimal distance of approxi-
mately 22 A.13! Modeling with shorter spacers of (14 atoms)
gave unfavorable highly extended conformation of the flex-
ible linker, whereas a more favorable and extended con-
formation was obtained for longer spacers. The observed
optimal distance is in good agreement with the data from
the known bivalent ligands (examples are given in Figure
18.45).

C. Identical and non-identical twin
drugs interacting with two different
binding sites located on different
macromolecules

1. GPCR (heterodimer) ligands

In the previous part we have discussed the binding of iden-
tical twin drugs to GPCR homodimers. However, it was
recently also shown that many monomers from differ-
ent GPCRs are able to interact with each other resulting in
the formation of heterodimers.''® An increasing number of
studies point toward a role for GPCR heterodimerization
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in modulating receptor pharmacology and suggest that het-
erodimers could represent a functional unit. Thus, the design
of selective bivalent ligands might be a promising strategy. A
few examples have been published so far, where heterodimer
selective ligands were found to have lesser side effects because
of their greater selectivity. Portoghese et al. synthesized a
series of bivalent ligands for opioid receptor dimers, consist-
ing of a p receptor agonist pharmacophore and a § receptor
antagonist pharmacophore separated by spacers of variable
lengths.3>12%121 The antinociceptive activity of the bivalent
ligands was superior to that achieved by the coadministration
of individual opioid receptor ligands.

The future analysis of the binding of such ligands to
heterodimers and homodimers, guided by structure-based
modeling on GPCR dimers, will provide insights into the
molecular determinants required for selective occupancy
and/or activation of heterodimers.!??

V. CONCLUSION

Drugs combining two pharmacophores in a single molecule
have been described in numerous domains of medicinal
chemistry. Historically, they resulted from empirical struc-
tural modifications, but today rational design of homo and
hetero ligands may involve the knowledge of the structure
of the protein which contains these binding sites. Already,
the literature contains several rational approaches to the
discovery of identical and non-identical twin drugs. One
problem which has to be further addressed is the physico-
chemical property of twin drug molecules. More sophis-
ticated design strategies and computational tools will
certainly be needed for that. Greater application of structure-
based approaches and pharmacophore modeling will facili-
tate the design of molecules showing desired activities and
optimal pharmacological profiles. Computer-based meth-
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FIGURE 18.45 Molecular structure of identical twin

/p drugs for GPCR homodimers.
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ods that can rapidly search for similar binding sites will
help to predict off-site effects. Protein X-ray crystallogra-
phy has revealed in several cases a high degree of symme-
try resulting from the existence of dimeric (C-2), trimeric
(C-3) or tetrameric protein assemblies. Simultaneous inter-
action of identical twin drugs (symmetrical binding sites)
has to be associated with the increasing potency observed
in many cases. The dimer could also show an improved
selectivity profile (e.g. selectivity between different iso-
forms of an enzyme) compared to the initial monomer.
However, combining in a same molecule two non-identi-
cal pharmacophores leads to a new compound, which may
not bind simultaneously to each of the considered binding
site. Recent findings in molecular pharmacology, molecu-
lar biology, enzymology and physiology will help to select
pertinent pairs of targets involved in different pathologies.
The search for a global synergic effect would be the goal in
this approach.

For therapeutic purposes the earlier search of selec-
tive drugs is replaced by the design of non-selective dual
drugs with tuning of their selectivity profile. The design of
dual acting drugs is more complex but more challenging
than the conventional design of a compound with a single
activity. Today, the concept of “one target—one ligand” is
still the major approach for drug development in pharma-
ceutical industry but the design of ligands, able to act on
different targets simultaneously, represents probably an
efficient alternative in the treatment of complex diseases
or disorders. A recent review has reported and analyzed lit-
erature examples of multiple ligands combinations.? Even
if successful examples have been reported in this chapter,
some disadvantages may exist in the using of the twin drug
approach: (i) Combining two pharmacophore components
in a single molecule may lead to an inactive compound.
A good knowledge of SAR data within each pharma-
cophore (types of interaction, steric hindrance-sensitive



I 410

regions, local hydrophilic and hydrophobic areas), and
the choice of the linker (nature, position of the link-
age) are critical for the success of the approach. (ii) The
hybrid showed the awaited pharmacological profile, but the
attempt failed because of non-predicted pharmacodynamic
and toxicological problems. (iii) The balanced potency of
the dual acting drugs has to be carefully evaluated. Design
of agonist/antagonist hybrids has to take in consideration
that drugs with antagonistic activity on receptors usually
have to be given in concentrations significantly lesser than
those needed for agonists (affinities in the nM and uM
range respectively). In a similar manner, design of hybrids
combining a receptor ligand and an enzyme inhibitor
should take into account both efficacies, and particularly
kinetic properties of the considered enzyme. However, the
approach is workable and successful attempts have been
obtained in cardiovascular domain, particularly for the
treatment of hypertension, and in central nervous system
research. This approach should be applied for the treatment
of diseases that need restoration of the dopaminergic or
cholinergic balance. In spite of this, numerous recent works
dealing with the design of twin drugs acting in various sys-
tems have been reported in this chapter, and account for the
increasing interest of this approach in drug design.

In a general manner, medicinal chemists should take
into account the use of the twin drug approach as soon
as they get a lead compound that need to be optimized.
Dimerization of a lead or association of two different phar-
macophores must be considered during the primary explo-
ration of SARs as well as isosteric replacement, homology
and conformational restriction are used during this process.
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