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Preface

The editors of the third volume of the book series “Analogue-Based Drug Discov-
ery” thank the International Union of Pure and Applied Chemistry (IUPAC) for
supporting this book project. We also thank the coworkers at Wiley-VCH, Dr. Frank
Weinreich and Waltraud Wiist, for their excellent help, and last but not least we are
grateful to all the contributors of this book. Special thanks are due to the following
reviewers who helped both the authors and the editors: Klaus Peter Bogesg,
Helmut Buschmann, Paul W. Erhardt, Staffan Erickson, Susan B. Horwitz,
Manfred Jung, Amit Kalgutkar, Danijel Kikelj, Andrew MacMillan, Eckhard Ottow,
Jens-Uwe Peters, Henning Priepke, John Proudfoot, Stephen C. Smith, Bernard
Testa, and Han van de Waterbeemd.

Analogue-based drug discovery is a basic principle of drug research. In this book
series, we focused on analogues of existing drugs. In the first volume (2006), we
discussed structural and pharmacological analogues, whereas the second volume
(2010) also included analogues with pharmacological similarities.

In this volume, we continued the same concept, recognizing that in several cases
there is only a narrow gap between a pioneer and an analogue drug because of the
strong competitive environment in the industry. A new promising molecular biologi-
cal target inspires parallel research efforts at several companies. It can happen that
the first discovery does not lead to a marketed drug; instead, a molecule discovered
later proves to be the first to be launched. As a result of the strong competition, it can
also happen that two pioneer drugs are introduced nearly simultaneously in the mar-
ket, and these drugs often have chemical and pharmacological similarities.

The third volume of Analogue-Based Drug Discovery consists of three parts.

Part | (General Aspects)

The introductory chapter discusses the relationship between the pioneer and ana-
logue drugs, where their overlapping character can be observed. A chapter by
Christian Tyrchan and Fabrizio Giordanetto (AstraZeneca) analyzes competition in
pharmaceutical drug development. Amit S. Kalgutkar and Antonia F. Stepan
(Pfizer) study the important role of metabolic stability in drug research. Mark L.
Peterson, Hamit Hoveyda, Graeme Fraser, Eric Marsault, and René Gagnon

X



XIv

Preface

(Tranzyme Pharma Inc.) write on the use of peptide-based macrocycles in drug
design exemplified with the discovery of ulimorelin.

Part Il (Drug Classes)

A. Ganesan (University of East Anglia) gives an overview of discovery research
into anticancer epigenetic drugs. Joseph A. Jakubowski (Lilly) and Atsushiro
Sugidachi (Daiichi Sankyo) evaluate the structurally diverse drug class of the antith-
rombotic P2Y;, receptor antagonists. Paul Erhardt, Amarjit Luniwal, and Rachael
Jetson (University of Toledo, USA) summarize the medicinal chemistry of selective
estrogen receptor modulators. Kazumi Kondo and Hidenori Ogawa (Otsuka Phrama-
ceutical Co., Japan) describe the discovery of aquaretics that are vasopressin V2 recep-
tor antagonists. Peter R. Bernstein (PhaRmaB LLC) evokes the discovery of cysteinyl
leukotriene receptor antagonists that are important in the treatment of asthma.

Part 11l (Case Histories)

Norbert Hauel, Andreas Clemens, Herbert Nar, Henning Priepke, Joanne van Ryn,
and Wolfgang Wienen (Boehringer Ingelheim, Biberach, Germany) report on the
discovery of dabigatran etexilate, an oral direct thrombin inhibitor approved for use
in the treatment of acute thrombosis. Klaus P. Bogesg and Connie Sinchez
(Lundbeck) describe the discovery of escitalopram, which is one of the most suc-
cessful selective serotonin reuptake inhibitors in the treatment of depressive disor-
ders. Helmut Buschmann (Pharma-Consulting, Aachen, Germany) analyzes the
discovery of tapentadol, a novel centrally acting synthetic analgesic with a dual
mechanism of action. Hervé Bouchard, Drothée Semiond, Marie-Laure Risse, and
Patricia Vrignaud (Sanofi) describe the discovery of cabazitaxel, a novel semi-
synthetic taxane, a new anticancer drug. Srikanth Venkatraman, Andrew Prongay,
and George F. Njoroge (Merck) summarize the discovery of boceprevir and narlap-
revir, hepatitis C protease inhibitors. Ken Okamoto, Shiro Kondo, and Takeshi
Nishino (Nippon Medical School, Teijin Ltd, and University of Tokyo) describe the
discovery of febuxostat, a new uric acid production inhibitor.

The above 15 chapters of the book with 40 authors from 9 countries bring impor-
tant and successful drug discoveries closer to the medicinal chemists and to all who
are interested in the complicated history of drug discoveries.

The major parts of the chapters are written by key inventors.

We hope that also the third volume of this book series will be well received by
people interested in medicinal chemistry.

May 2012
Budapest, Hungary Janos Fischer
London, UK C. Robin Ganellin

Montclair, NJ, USA David P. Rotella
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1

Pioneer and Analogue Drugs
Janos Fischer, C. Robin Ganellin, and David P. Rotella

A pioneer drug (“first in class”) represents a breakthrough invention that affords a
marketed drug where no structurally and/or pharmacologically similar drug was
known before its introduction. The majority of drugs, however, are analogue drugs,
which have structural and/or pharmacological similarities to a pioneer drug or, as
in some cases, to other analogue drugs.

The aim of this chapter is to discuss these two drug types [1].

The term “pioneer drug” is not used very often, because only a small fraction of
drugs belongs to this type and in many cases the pioneer drugs lose their impor-
tance when similar but better drugs are discovered. A pioneer drug and its ana-
logues form a drug class in which subsequent optimization may be observed.
Analogue drugs typically offer benefits such as improved efficacy and/or side
effect profiles or dose frequency than a pioneer drug to be successful on the
market.

The discovery of both pioneer and analogue drugs needs some serendipity. A pio-
neer drug must clinically validate the safety and efficacy of a new molecular target
and mechanism of action based on a novel chemical structure. In the case of an
analogue drug, it is helpful that a pioneer or an analogue exists; nevertheless, some
serendipity is needed to discover a new and better drug analogue, because there are
no general guidelines on how such molecules can be identified preclinically. The
analogue approach is very fruitful in new drug research, because there is a higher
probability of finding a better drug than to discover a pioneer one. A significant risk
with this approach is based on the potential for one of the many competitors in the
drug discovery area to succeed prior to others.

The similarity between two drugs cannot be simply defined. Even a minor modi-
fication of a drug structure can completely modify the properties of a molecule.
Levodopa (1) and methyldopa (2) are applied in different therapeutic fields; how-
ever, their structures differ only in a methyl group. Both molecules have the same
stereochemistry as derivatives of i-tyrosine. Levodopa [2] is used for the treatment
of Parkinson’s disease as a dopamine precursor, whereas methyldopa [3] was an
important antihypertensive agent before safer and more efficacious molecules
(e.g., ACE inhibitors) appeared on the market.

Analogue-based Drug Discovery II1, First Edition. Edited by Janos Fischer, C. Robin Ganellin, and
David P. Rotella.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Methyldopa (first synthesized at Merck Sharp & Dohme) has a dual mechanism
of action: it is a competitive inhibitor of the enzyme DOPA decarboxylase and its
metabolite acts as an a-adrenergic agonist.

o)

HO
OH

NH
HO 2

levodopa
1

methyldopa
2

Levodopa and methyldopa are not analogues from the viewpoint of medicinal
chemistry. Both are pioneer drugs in their respective therapeutic fields and can be
considered as stand-alone drugs, because they have no successful analogues.

There are several examples, and it is a usual case that a minor modification of a
drug molecule affords a much more active drug in the same therapeutic field. The
pioneer drug chlorothiazide (3) and its analogue hydrochlorothiazide (4) from
Merck Sharp & Dohme differ only by two hydrogen atoms; however, the diuretic
effect of hydrochlorothiazide [4] is 10 times higher than that of the original drug.
The pioneer drug chlorothiazide is rarely used, but its analogue, hydrochlorothia-
zide, is an important first-line component in current antihypertensive therapy as a
single agent and in combination with other compounds.

(6] O
NH,-SO \\S//
2 2 le
Pz
Cl N
chlorothiazide
3
(0]
NH,-SO. \\S//O
2" 2:: :: le
Cl N
H
hydrochlorothiazide
4

Chlorothiazide and hydrochlorothiazide are direct analogues, which term empha-
sizes their close relationship.

The terms “pioneer drugs” and “analogue drugs” will be discussed in the follow-
ing sections.
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1.1
Monotarget Drugs

1.1.1
H Receptor Histamine Antagonists

Before the launch of cimetidine (1976), only short-acting neutralization of gastric
acid was possible by administration of various antacids (e.g., sodium bicarbonate,
magnesium hydroxide, aluminum hydroxide, etc.) that did not affect gastric acid
secretion. Cimetidine [5], the first successful H, receptor histamine antagonist, a
pioneer drug for the treatment of gastric hyperacidity and peptic ulcer disease, was
discovered by researchers at Smith, Kline & French. The inhibition of histamine-
stimulated gastric acid secretion was first studied in rats. Burimamide (5) was the
first lead compound, a prototype drug, that also served as a proof of concept for
inhibition of acid secretion in human subjects when administered intravenously,
but its oral activity was insufficient. Its analogue, metiamide (6), was orally active,
but its clinical studies had to be discontinued because of a low incidence of granu-
locytopenia. Replacing the thiourea moiety in metiamide with a cyanoguanidino
moiety afforded cimetidine (7). Its use provided clinical proof for inhibition of gas-
tric acid secretion and ulcer healing and was a great commercial and clinical suc-
cess in the treatment of peptic ulcer disease.

H NH-CH,4
S
HNVN
burimamide
5
H NH-CH,4

metiamide
6

\<NH-CH3
N
WSH o
HN\;N

cimetidine
7
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Although cimetidine was very effective for the treatment of peptic ulcer disease
and related problems of acid hypersecretion, there were some side effects associ-
ated with its use, albeit at a very low level. A low incidence of gynecomastia in men
can occur at high doses of cimetidine due to its antiandrogen effect. Cimetidine
also inhibits cytochrome P450, an important drug metabolizing enzyme. It is there-
fore advisable to avoid coadministration of cimetidine with certain drugs such as
propranolol, warfarin, diazepam, and theophylline.

Cimetidine led to the initiation of analogue-based drug research affording more
potent analogue drugs such as ranitidine (8) and famotidine (9) that lack the above
side effects of cimetidine.

H H
\ / CH,4
H,C—N |
\
CH,4 NO,
ranitidine
8

N

NH, NH,
R
s

famotidine
9

Ranitidine [6] also has a pioneer character, because ranitidine is the first H,
receptor histamine antagonist that has no antiandrogen adverse effect and does not
inhibit the cytochrome CYP450 enzymes. Famotidine is the most potent member
of this drug class, which has been discussed in Volume I of this series [7].

Summary:

Pioneer H, receptor histamine antagonist: cimetidine.
First H, receptor histamine antagonist with no antiandrogen adverse effects and
without inhibition of P450 enzymes: ranitidine.

1.1.2
ACE Inhibitors

A natural product, the nonapeptide teprotide (10), was the pioneer drug for angio-
tensin-converting enzyme (ACE) inhibitors. Teprotide [8] was used as an active anti-
hypertensive drug in patients with essential hypertension. It could only be
administered parenterally, which is a great drawback for chronic use of a drug. A
breakthrough occurred with the approval of the first orally active ACE inhibitor cap-
topril (11) in 1980 by Squibb. Captopril [9] has a short onset time (0.5-1h), and its
duration of action is also relatively short (6-12h); as a result, two to three daily
doses are necessary. Captopril can be regarded as a pharmacological analogue of
teprotide, but it is also the pioneer orally active ACE inhibitor. Captopril’s discovery
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initiated intensive research by several other drug companies to discover longer act-
ing ACE inhibitors. Enalapril (12) was introduced by Merck in 1984. Enalapril [10]
can be regarded as the first long-acting oral ACE inhibitor. The long-acting ACE
inhibitors are once-daily antihypertensive drugs. There are several long-acting ACE
inhibitors, whose differences have been discussed in the first volume of this book
series [11].

pyro-Glu - Trp - Pro - Arg - Pro - Gin - lle - Pro - Pro -OH

teprotide
10

captopril
11

EtOOC  CH,

N

H 5  CooH

enalapril
12

Summary:

Pioneer ACE inhibitor drug: teprotide.
First orally active ACE inhibitor drug: captopril.
First orally long-acting ACE inhibitor drug: enalapril.

1.1.3
DPP IV Inhibitors

Sitagliptin (13) [12], a pioneer dipeptidyl peptidase IV (DPP IV) inhibitor, was
launched in 2006 by Merck for the treatment of type 2 diabetes. The medicinal
chemistry team began its research in 1999 when some DPP IV inhibitor molecules
were known as substrate-based analogues. The lead molecule derived from this
research was vildagliptin (14) [13]; discovered at Novartis in 1998, it was the second
compound to be introduced to the market.

sitagliptin
13

7
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The pioneer drug sitagliptin is a commercial success with 2010 sales greater than
USD 3 billion. Vildagliptin was the first successful discovery in this drug class, but
its development time was longer and it was introduced in 2007, after sitagliptin.
Vildagliptin is only moderately selective over DPP-8 and DPP-9 compared to sita-
gliptin that is a highly selective DPP IV inhibitor. Based on long-term safety stud-
ies, these selectivity differences do not influence the toxicity of vildagliptin.
Sitagliptin and vildagliptin show similar clinical efficacies. Vildagliptin has a short
half-ife (3h) and its dosing regimen is twice a day, whereas sitagliptin has a long
half-life (12h) and once-daily dosing is used. DPP IV inhibitors are typical early-
phase analogues that result from a highly competitive industry, and not the first
candidate (vildagliptin) but a follow-on drug (sitagliptin) became the pioneer drug
on the market (“first-in-class drug”). Further DPP 1V inhibitors are available (alog-
liptin, saxagliptin, and linagliptin) and the individual compounds differ signifi-
cantly in their mode of metabolism and excretion and these differences help the
treatment of patients with type 2 diabetes in an individual way [14] (see Chapter 5
of Volume II of this book series).

Summary:

Pioneer DPP IV inhibitor drug: sitagliptin (long-acting inhibitor).
First DPP IV inhibitor analogue drug: vildagliptin (short-acting inhibitor).

1.1.4
Univalent Direct Thrombin Inhibitors

Thrombin is a serine protease enzyme whose inhibition plays an important role in
the mechanism of several anticoagulants. Univalent direct thrombin inhibitors bind
only to the active site of the enzyme, whereas bivalent direct thrombin inhibitors
(e.g., hirudin and bivalirudin) block thrombin at both the active site and exosite 1.
The pioneer univalent direct thrombin inhibitor is argatroban monohydrate
(15) [15] that was launched by Daiichi Pharmaceutical and Mitsubishi Pharma in
1990. Argatroban was approved by the FDA for prophylactic anticoagulation in the
treatment of thrombosis in patients with heparin-induced thrombocytopenia. Arga-
troban is a rather selective reversible inhibitor for human thrombin. Despite its
low molecular weight, argatroban is administered parenterally due to the presence
of the highly basic guanidine moiety that prevents absorption from the
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gastrointestinal tract. This characteristic limits the clinical use of the compound.
The first oral direct thrombin inhibitor was ximelagatran (17) [16], which was intro-
duced in 2004 by AstraZeneca. Ximelagatran is a double prodrug derivative of mel-
agatran (16) with a bioavailability of about 20%, a measurable improvement
compared to melagatran with oral bioavailability of 5.8%. Ximelagatran was with-
drawn from the market in 2006 because of unacceptable hepatic side effects (ala-
nine aminotransferase increased threefold and bilirubin level increased twofold
above the normal upper limit) [17]. In this drug class, dabigatran etexilate (18) [18]
was discovered by Boehringer Ingelheim as a new direct thrombin inhibitor with-
out adverse liver effects [19] (see Chapter 10)
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Summary:

Pioneer univalent direct thrombin inhibitor drug: argatroban.

First orally active univalent thrombin inhibitor: ximelagatran.

First orally active univalent thrombin inhibitor without adverse liver affects: dabi-
gatran etexilate.

1.2
Dual-Acting Drugs

1.2.1
Monotarget Drugs from Dual-Acting Drugs

1.2.1.1 Optimization of Beta-Adrenergic Receptor Blockers

James W. Black and coworkers at ICI invented propranolol as a product of analogue-
based drug discovery (ABDD) using their prototype drug, pronethalol (19), as a lead
compound. Pronethalol [20] was an active drug for the treatment of angina pectoris
in humans, but its development was discontinued because it proved to be carcino-
genic in mice in long-term toxicology studies. Continuation of the analogue-based
drug discovery afforded propranolol (20), where an oxymethylene link was inserted
between the 1-napthyl group and the secondary alcohol moiety of pronethalol. Pro-
pranolol [21] was more potent than pronethalol. Propranolol became the pioneer
nonselective f-adrenergic receptor antagonist, a true antagonist without partial ago-
nist properties (intrinsic sympathomimetic activity). It was a breakthrough discovery
for the treatment of arrhythmias, angina pectoris, and hypertension.

O
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20
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The pioneer drug propranolol has equal antagonist affinity for 3; and 8, adrener-
gic receptors; however, 3; receptors are located only in the heart and the non-
selective propranolol also blocks [, receptors in bronchial smooth muscle.
Therefore, propranolol is not used in patients with bronchial asthma. Several ana-
logues have been tested in a battery of in vivo pharmacological tests resulting in the
discovery of atenolol (21) [22]. A guinea pig bronchospasm test served for investiga-
tion and demonstration of §; selectivity. Atenolol had no intrinsic sympatho-
mimetic effect (partial agonism), similar to propranolol (see Chapter 8 of Volume I
(Part II) of this book series).

Summary:

Pioneer dual-acting (f; and 3,) beta-adrenergic receptor antagonist: propranolol.
First 3; selective antagonist drug without intrinsic sympathomimetic activity:
atenolol.

1.2.2
Dual-Acting Drugs from Monotarget Drugs

1.2.2.1 Dual-Acting Opioid Drugs

Most ligands designed from the morphine template are mu (u) opioid receptor
(MOP) agonists. A simplified version of the morphine skeleton afforded tramadol
that is marketed in its racemic form. The (+)-isomer is a weak MOP agonist,
whereas the (—)-isomer inhibits neurotransmitter reuptake. Tramadol (22) [23] was
discovered by Grunenthal and was introduced in 1977 for the treatment of moder-
ate to severe pain.

OH

o<

tramadol
22

\N/

OH

tapentadol
23
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Griinenthal continued analogue-based drug research using tramadol as a
starting compound, and out of several analogues, tapentadol (23) [24] was
selected and developed. It was introduced in 2009 to the market as a new opioid
analgesic drug with dual activity: a MOP agonist and an inhibitor of nor-
epinephrine reuptake. Tramadol is thousands of times less potent than mor-
phine on the mu opioid receptor, whereas tapentadol’s analgesic activity is
comparable to that of oxycodone with reduced constipation and respiratory
depression (see Chapter 12).

Summary:

Pioneer dual-acting (MOP agonist and norepinephrine reuptake inhibitor) opioid
drug racemate: tramadol.

First dual-acting (MOP agonist and norepinephrine reuptake inhibitor) opioid
drug in a single molecule: tapentadol.

1.3
Multitarget Drugs

1.3.1
Multitarget Drug Analogue to Eliminate a Side Effect

1.3.1.1 Clozapine and Olanzapine

Clozapine (24) [25] is the pioneer drug in the class of atypical antipsychotic agents.
It was a serendipitous discovery by researchers at Wander in Switzerland in 1960
from the structural analogue antidepressant amoxapine (25). Its discovery was
unexpected from the structurally very close analogue and therapeutically it had a
great advantage over the typical antipsychotic drugs such as chlorpromazine and
haloperidol because clozapine produced no extrapyramidal side effects (EPS). Clo-
zapine causes agranulocytosis in about 1% of the patients, and this side effect lim-
ited its application. Analogue-based drug design afforded quetiapine (26) [26], a
clozapine analogue without this side effect. It was discovered at ICI in 1986 and it
became one of the main products of AstraZeneca. Instead of the dibenzodiazepine
nucleus of clozapine, the analogue quetiapine has a dibenzothiazepine scaffold.
Both clozapine and quetiapine have affinity for a number of receptors. The antipsy-
chotic activity is believed to be associated primarily by virtue of affinity for D, and
5-HT,, receptors. Chapter 3 discusses metabolic aspects that may contribute to the
distinct adverse event profiles of these two drugs (see the chapter of Volume I on
clozapine analogues).

Summary:

Pioneer atypical antipsychotic drug: clozapine.
First atypical clozapine-like antipsychotic drug without the side effect of agranu-
locytosis: quetiapine.
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13.2
Selective Drug Analogue from a Pioneer Multitarget Drug

1.3.2.1 Selective Serotonin Reuptake Inhibitors

From a retrospective viewpoint, imipramine (27) was the pioneer antidepressant
drug with a multitarget receptor profile, where serotonin and norepinephrine
reuptake inhibition played an important role, but no in vitro activities were known
at the time of its serendipitous discovery. Researchers at Geigy first synthesized the
molecule in 1948. It was an analogue of the antipsychotic chlorpromazine (28), but
the Swiss psychiatrist Roland Kuhn [27] found imipramine to be an effective anti-
depressant drug. It was launched by Geigy in 1959.
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Imipramine and the analogue tricyclic antidepressants inhibit the reuptake of
serotonin and norepinephrine but they also exhibit a variety of side effects. The
anticholinergic side effects include dry mouth, blurred vision, and sinus tachycar-
dia. The histamine H; receptor antagonist activity likely contributes to the sedative
effects associated with the compound.

\N/
X
7
N Br
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Arvid Carlsson initiated research on selective serotonin reuptake inhibitors
(SSRIs) in order to get new antidepressants with less side effects. The first SSRI
was zimelidine (29) [28]. It was launched by Astra in 1982, but it had to be with-
drawn shortly afterward because of serious peripheral nerve side effects. Further
research was continued at several pharmaceutical companies. The first successful
SSRIs were fluoxetine (30) [29] (Lilly, 1988) and citalopram (31) [30] (Lundbeck,
1989). The antihistamine diphenhydramine (32) served as a lead compound for
fluoxetine, whereas talopram (33) was the lead structure for citalopram. The
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discovery of citalopram and its refinement to escitalopram is discussed in

Chapter 11.
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Summary:

Pioneer multitarget nonselective serotonin/norepinephrine reuptake inhibitor
antidepressant drug: imipramine.

First (but unsuccessful) selective serotonin reuptake inhibitor: zimelidine.

First selective serotonin reuptake inhibitors: fluoxetine and citalopram.
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Figure 1.1 Pioneer drugs and drug analogues have overlapping properties.

1.4
Summary

Pioneer drugs open up new therapeutic treatments. They are also called “first-in-
class” drugs.

Analogue-based drug discovery is a very important part of medicinal chemistry,
because the analogues frequently are intended to optimize drug therapy. There is a
continuous development in a drug class and in several cases the pioneer drugs disap-
pear from the market and analogue drugs achieve a dominant role. It is the main rea-
son why so many successful drugs are among the analogue drugs. The above examples
focused on some cases where these drugs have a unique character in a drug class.

For early-phase analogues, it is possible that a pioneer drug derives from the ana-
logue-based drug discovery for different reasons; for example, a more convenient
lead compound or a more successful optimization can strongly influence which
drug will be introduced to the market as a pioneer drug.

There are several examples where a new prototype drug candidate was discontin-
ued at the late phase of drug research and then an analogue was introduced to the
market as a successful pioneer drug.

The properties of pioneer and analogue drugs overlap (Figure 1.1). The drug ana-
logues preserve some properties of the pioneer drug and they have to achieve some
new and better properties in order to be successful on the market.
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2
Competition in the Pharmaceutical Drug Development

Christian Tyrchan and Fabrizio Giordanetto

2.1
Introduction

Granted patents give the right to exclude others from making, using, selling, offer-
ing for sale, or importing the claimed invention for a given time period that can
vary between countries. A filed patent in the United States, in principle, expires
20 years after the filing date. In the European Union (EU), applicants are required
to disclose their inventions in a sufficiently clear and complete way so that the inno-
vative step can be carried out by a person skilled in the art. In the United States,
inventors are additionally required to include the “best mode” of making or practic-
ing the invention. Failure to include such “best mode,” which is the best available at
the time of filing of the application, has been a potential ground for invalidation of
the patent.

In such encouraged competitive environment, innovation is more likely to stem
from small, incremental cycles, following an evolutionary rather than revolutionary
path. Indeed, the patent system stimulates innovation by rewarding improvements
to be published, and by this recognizing the reality of incremental innovation [1].
Consequently, in the pharmaceutical field, patents that claim similar structural
spaces normally occur. This is because of different interpretations of commonly
available knowledge, or because of convergence from different starting points as
key scientific publications.

In this respect, it is important to recognize that what is normally referred to as
pioneer, first-in-class, or breakthrough drug is the first compound reaching the
market following the approval of the regulatory offices and not the first filed in a
patent specification (the term “patent specification” is used throughout the chapter
as a general reference to a patent text be it application or granted patent). These
compounds then constitute a new class of drugs in that they introduce a novel
mode of action (MoA) or provide a significant improvement over the standard ther-
apy, if not directly enabling a therapy, in terms of efficacy and safety. An analogue-
based drug (also termed follow-on drug) is normally a chemical entity that has the
same pharmacological MoA as the pioneer drug but it is registered afterward [2],
regardless of its patent publication date.

Analogue-based Drug Discovery II1, First Edition. Edited by Janos Fischer, C. Robin Ganellin, and
David P. Rotella.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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The ever-changing and demanding health economic environment and the
increasing costs and attrition of drug development have pressed pharmaceutical
companies to constantly look for opportunities to de-risk their programs [2-7].
Here, the aim toward developing “lower risk” analogues rather than “high-risk”
pioneer drugs has been fueled by the steady increase in external and internal
knowledge around a specific MoA, as from publications such as peer-reviewed jour-
nals, patents, and clinical trial results’ analyses. However, because the information
is publicly available, the ability to differentiate the final products against the
expected competitors becomes key to success. Accordingly, any analogous drug is
sought to become a best-in-class drug.

2.2
Analogue-Based Drugs: Just Copies?

The approach to analogue-based drug design is controversially discussed in the lit-
erature, most notably in terms of different value propositions such as innovation,
risk of failure, marketing costs, and price competition, among others [2, 8, 9].
In two seminal publications, DiMasi et al., from the Tufts Center for the Study
of Drug Development, discussed the economics of first-in-class and follow-on
drugs and the kind of competitiveness in pharmaceutical R&D from a mar-
keted drug space perspective [2, 10]. Two important questions are raised and
answered:

® Are pioneer drugs best in class, in terms of treatment value?
® Can analogue-based drugs deliver therapeutic benefit?

First, they report that the period of marketing exclusivity until an analogous drug
reaches the market has fallen in the United States (from time of launch) for the
pioneer drug from a median of 10.2 years in the 1970s to 1.2 years in the late
1990s. Furthermore, they find that approximately one-third of the overall analogue-
based drugs have received a priority rating from the FDA. This priority rating is
granted by the FDA for compounds that are considered to add significant value
compared to the standard therapy. These findings are reported for 57% of the
defined drug classes and clearly point toward the continuous evolution in a drug
class. Consequently, analogous drugs can provide true therapeutic benefit,
although this will only be apparent after substantial investigation in a clinical
setting [2, 10].

In some cases, an analogue drug appears later on the US market than the first-in-
class compound of the same drug class. Its reasons were discussed by Agarwal and
Gort [11]. The authors conclude that the main factors are increased mobility of
skilled labor, rapid diffusion of scientific and technical information (information
age), increased competition, and expansion of emerging markets [2, 11]. Taken
together, these data reflect a highly dynamic race among competitors rather than a
simple imitation exercise. The following examples, supported by the original patent
publication dates, further reinforce this notion.
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Figure 2.1 The time difference in years from patent filing to US approval for 20 pioneer drugs
(diamond) with their second entrant (square). The triangles denote the time difference in years
between the patent filing date of the first-in-class and second-entry drug.

An interesting molecular pair is provided by the prostaglandin (PG) analogues
latanoprost and unoprostone. Latanoprost (Xalatan™) was approved as a first-in-
class treatment for elevated intraocular pressure (IOP) in 1996, while unoprostone
(Rescula™) received approval in 1994 as a follow-on PG analogue. Nevertheless,
unoprostone was actually disclosed in the patent literature prior to latanoprost:
1988 and 1990, respectively [12, 13]. While the reasons for the faster development-
to-launch course of latanoprost are not known (cf. 6 and 12 years, Figure 2.1), its
structural similarity to unoprostone is striking (Figure 2.2). Both latanoprost and
unoprostone are prostaglandin F,, (PGF,,) derivatives, where the omega chain of
PGF,, has been the subject of chemical modifications, as shown in Figure 2.2.
Interestingly, researchers at R-Tech Ueno Ltd modified PGF,, to mimic existing
PGF,, metabolites where the hydroxyl group at position 15 is oxidized to the

(o} (o} J\ o )\
OH alpha o]
HQ l/\/\/u\ HQ l/\/\)‘\ o / o
15
2 2 omega {l/\/\/© Ck/\n/\/\/\/
HO OH HO OH HO 0
Prostaglandin Prostaglandin F2o. Latanoprost (Xalatan™) Unoprostone (Rescula™)
analogug Launch: 1996-06-05 Launch: 2000-08-03
(ophthalmic) Published Patent: 1990-03-22 Published Patent: 1988-11-02

Figure 2.2 First-in-class and follow-on prostaglandin analogue drug pair and the natural agonist
PGFy.
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corresponding ketone [12]. Scientists at Pharmacia AB resolved to introduce an aro-
matic ring as a way to circumvent the irritative effects of the naturally occurring
PGF,,. Although both groups started from the same chemical matter and opted
for the same prodrug approach, the medicinal chemistry strategies to modify the
omega chain of PGF,, were different and resulted in two safe and well-tolerated
drugs. Despite the largely similar chemical structures and safety profiles, several
differences in terms of metabolic fate and pharmacokinetics [14, 15], and more
importantly therapeutic effects, discriminate unoprostone from latanoprost, the lat-
ter being more efficacious in a clinical setting [16].

Even though anastrozole (Arimidex™) was patented later than letrozole, it won
the race to be the first-in-class third-generation aromatase inhibitor (AI) to be
launched in the United States by merely 1 year, as depicted in Figure 2.3. Anastro-
zole was launched in 1996 for the treatment of advanced breast cancer in post-
menopausal women. Previous first- and second-generation Als suffered from
limited enzyme selectivity and clinical efficacy. Letrozole was then launched in
1997 despite being patented earlier than anastrozole: 1987 and 1988, respec-
tively [17, 18]. Scientists at Ciba-Geigy discovered letrozole through the iterative
optimization of fadrozole [19], a second-generation Al originated in the same labo-
ratories [20, 21]. Here, the original innovation step revolved around the mechanis-
tic hypothesis that imidazole-containing compounds could be selective P450
inhibitors [20], analogously to what was observed in a parallel discovery program
against thromboxane A2 synthetase [22]. In an effort to further improve upon
fadrozole selectivity, simplification of fadrozole’s structure through ring opening
and chiral center removal, followed by the subsequent azaheterocycle optimization,
resulted in the discovery of letrozole [19], a totally selective aromatase inhibitor.
Simultaneous research activities by medicinal chemists at ICI resulted in anastro-
zole, another safe and effective 1,2,4-triazole-based AI with similar structure to
letrozole [23]. Interestingly though, the chemical starting point that led to the

N //N
& N SN
N~ N
Fadrozole (Ciba-Geigy’s starting point) N N
Published Patent: 1985-06-17 \\ //
OH Anastrozole (Arimidex™) | |
N= ) N
C Launch: 1995-12-27 Letrozole (Femara™)
N\ _N Published Patent: 1988-12-28 Launch: 1997-07-25
Published Patent: 1987-09-16
Aromatase
inhibitor ICI starting point [24]

Figure 2.3 First-in-class and follow-on third-generation Al pair. Fadrozole, a second-generation
Al and the initial starting point for Al discovery at ICl [24] are shown as a reference.
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discovery of anastrozole was already identified in late 1970s through random
screening of the ICI collection [24].

Moreover, design principles aimed at increasing selectivity over other P450
enzymes led to the final selection of anastrozole for subsequent development in a
very “intense competitive situation,” in the author’s own words [24]. While anastro-
zole and letrozole are classified as first-in-class and follow-on third-generation Als,
their discoveries originated and followed fairly different tracks [19, 20, 24]. The tim-
ings of initial discoveries, program sanctions, patent publications, and market
launch further reflect a highly competitive race rather than imitation [10]. In these
settings, their structural similarity is even more remarkable and could only serve as
inspiration to medicinal chemists in their next design round. Nevertheless, those
limited structural differences are still responsible for the different pharmacokinetic
profiles of the two Als, as well as the superior preclinical pharmacodynamic proper-
ties of letrozole [25]. The currently ongoing, randomized head-to-head trial in early
breast cancer (id: NCT00248170) will hopefully set the dispute over which one is
the best AL

In a similar fashion, “best in class” represents the ultimate goal. As market exclu-
sivity is no longer an advantage due to increased competition, and different groups
have faster access to increasing amounts of information, even the smallest chemi-
cal variations over existing chemotypes need to demonstrate tangible experimental
advantages. The fact that 70% of the first-in-class drug—analogous drug pairs ana-
lyzed by Giordanetto et al. [26] differed minimally from a structural perspective, yet
diverged in their experimental properties, further highlights such opportunities.

23
How Often Does Analogue-Based Activity Occur? Insights from the GPCR Patent
Space

Considering the highly competitive environment, follow-on of external information
remains a vital activity for any drug researcher. As outlined above, this is simply the
result of the incremental nature of research, where knowledge and insight evolve
with time. Indeed, the chemical information landscape is changing rapidly with a
yearly increase of over 1 million new compounds and more than 700 000 publica-
tions related to chemistry [27].

Accordingly, the chemical space claimed by patent specifications is becoming
more crowded and competitive, especially for target classes such as protein kinases
and G-protein-coupled receptors (GPCRs). Exploring the chemical space covered by
relevant journals and patent specifications is an important activity in medicinal
chemistry projects due to the constant need to convert information into knowledge
to support business decisions. This is also greatly aided by the unprecedented
access to large quantities of data. A variety of commercial institutions now supply
databases with high-quality, manually extracted structures of patent examples [28].
Following the advances in text mining technologies and improvements of the
chemical named entity recognition (NER) process, several databases containing

25
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automatically extracted chemical entities from patent specifications are also availa-
ble [29-32]. Consequently, computational methods developed in the fields of che-
moinformatics or patent informatics [33] can be applied for data analysis and
visualization to support medicinal chemistry teams in evaluating and exploiting
the available information.

To investigate the occurrence of drug discovery follow-on activities as captured by
the pharmaceutical patent space (in contrast to the marketed drug space), we
abstracted 11827 patent specifications that are linked to a GPCR target with a
defined Entrez Gene ID from the GVKBIO databases (as of November 2010) [28].
The GVKBIO Medicinal Chemistry and Target Class databases capture explicit rela-
tionships between published documents, compounds, assay results, and targets
extracted by manual curation. In a next step, we focused on small molecules by
removing all peptides, based on substructural and physicochemical properties’
analysis. By focusing on the top 100 companies, in terms of number of published
patent specifications, this resulted in a total of 10253 patents. The set was further
consolidated by associating patent specifications based on known mergers and
acquisitions until 2008. Subsequently, all possible patent specification combina-
tions were created and a competitive activity was recorded if two patent specifica-
tions shared the same gene name and were published by different companies
within a 6-year interval.

Similarity descriptors such as the Shannon entropy (SE, based on the number of
atoms of the joined substructures, using 26 bins) and corresponding scores could
be generated for 1570381 out of a total of 1608368 patent specification pairs
(97.6%) [34]. All calculations were performed with Pipeline Pilot 7.5.2 and Python
scripts [35].

Using a conservative cutoff (SE >4) to identify patent specifications sharing
at least one compound with high structural similarity, we found 6516 (64%)
patents linked to analogue-based activities (from 49638 patent pairs over 28
years and 433 different gene ids). These patent specifications were further
classified as follows:

® Originator: a patent specification that is linked to a later patent specification by
structural similarity.

® Follower: a patent specification that is linked by structural similarity to an earlier
patent specification and is published between 2 and 6 years of the earlier patent
specification.

® Competitor: a patent specification that is linked by structural similarity and is
published in the same year.

The results shown in Figures 2.4 and 2.5 demonstrate that pharmaceutical
research is indeed highly competitive and dynamic. Sixty-four percent of the pub-
lished patent specifications targeting a specific GPCR are linked by significant
structural similarity to other patent specifications for the same GPCR. Most of the
follow-on patent specifications (74%) are published within the first 2 years of the
originator. This stresses the importance of speed (and commitment) when reacting
to an external patent specification. Strategically, this would translate in a maximum
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Figure 2.4 Number of patent specifications published in the GPCR field: overall (diamond), top
100 companies (square), and linked to follow-on activities (triangle).

period of 6 months from the publication date of the originator patent specification
to the follow-on’s patent specification submission.

It is interesting to note that, overall, out of the final set of 6561 patent specifica-
tions involved in follow-on activities, only 1705 patent specifications (26%) are clas-
sified as originator or competitor or combination thereof, whereas 4811 (74%)

Figure 2.5 Frequency distribution of patent specification pair linked to analogue-based activities
based on time between patent specification publications.
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Figure 2.6 Top 20 companies and their ratio of follow-on (diamond), originator (square), and
competitor (triangle) patents.

patent specifications belong to the follower class. It is of course tempting to ask the
question whether there are certain organizations that are patenting more from an
“originator” position than others. While Merck and Takeda display the highest
number of originator patent specifications, due to the limitations of the current
data set, only small, statistically nonsignificant differences between the companies
can be observed (Figure 2.6).

Some originator patent specifications are more followed on than others. This
might reflect the level of competitiveness in the specific area, if not the available
confidence in the MoA or chemical equity. The most followed-on patent specifica-
tion in the present GPCR data set is W0200046209, published in 2000 from
researchers at Sanofi-Aventis (now Sanofi). In the 6 years after its original publica-
tion, it has inspired 74 follow-on patent specifications from 9 of the top 100 compa-
nies analyzed here, as shown in Table 2.1.

W0200046209 disclosed cannabinoid receptor 1 (CB1) antagonists closely
related to rimonabant, as shown in Figure 2.8. Although the original patent specifi-
cation covering rimonabant was published in 1993 (EP0576357A1), no follow-on
patent specifications could be identified within the 6 years window considered
here. As a result, W0200046209 figures as the “originator.”

Analysis of the structural relationships between patent specifications from a given
company is very useful. It captures the evolution of the chemical asset in terms of
medicinal chemistry practices as well as patent strategy. In the Sanofi-Synthelabo
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Table 2.1 Number of published patent specifications (WIPO) from the top 20 companies
following on Sanofi-Synthelabo’s W0200046209.

Company 2000 2001 2003 2004 2005 2006  Total
Sanofi-Synthelabo (Sanofi-Aventis) 1 1 1 2 5 11
Merck 5 2 2 9
Solvay (Abbott) 4 1 7 12
AstraZeneca 1 5 4 1 11
Roche 3 2 1 6
Pfizer 13 9 2 24
BMS 4 1 5
Janssen (J&J) 1 3 4
Bayer (Bayer-Schering) 1 1
Schering (Bayer-Schering) 1 1
Neurogen 1 1

case, after the original W0200046209 patent, two interesting applications followed
in 2001 and 2003, respectively, as shown in Figure 2.7. The first one describes an
interesting ring closure strategy linking the pyrazole to one of its phenyl substituents
to afford new tricyclic derivatives as CB1 receptor antagonists. It is noteworthy that

1993 2000 2001 2003 2005
® o 8 NOIENe
O NH Oxy~NH O NH N o, 'NH
cl
\ ¢ \ ¢ o \ N -/ <
d o g ol d éc| d cl cl cl
Rimonabant
EP0576357A1 W0200046209 W0200132663 W02003084943 W02005035488
2006

Sl 50 40

Cl
W02006024777 W02006070106 W02006077320 W02006084975 W02006087476

Figure 2.7 Number of published patent specifications (WIPO) targeting CB1 receptor antagonists
from Sanofi-Synthelabo during the 2000-2006 period. Rimonabant is shown as a reference.
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such tricyclic systems could also contain different heteroatoms in the central ring, as
exemplified by compounds bearing sulfur atoms in various oxidation states. The sec-
ond application, dated 2003, discloses a more conservative “scaffold hop” from the
central pyrazole scaffold of rimonabant to a trisubstituted phenyl core structure, as
shown in Figure 2.7.

The years 2005 and 2006 witnessed a total of six additional WIPO applications
from Sanofi-Aventis covering CB1 receptor antagonists. The structural resem-
blance of the exemplified compounds to the original rimonabant structure is
immediate, as displayed in Figure 2.7. Here, the original pyrazole framework is
again swapped for similar five-membered heterocycles, notably substituted thio-
phenes and pyrroles. The first interpretations of amide bond bioisosteres from
Sanofi-Aventis appeared as well. Sulfonamides (W02006077320) and elongated
inverse amides (W02006070106, W02006084975, and W02006087476) replaced
the original carboxamide derivative from EP 0576357A1. These probably represent
defensive applications following the surge in CB1 receptor antagonist disclosures
during 2004, as listed in Figure 2.7.

Merck was the first of the top 100 companies analyzed here to patent close ana-
logues of the original CB1 receptor antagonist chemotype from Sanofi-Synthelabo.
Their first patent specification is dated 2003 and discloses imidazole-containing
CB1 receptor antagonists showing an elegant scaffold change from pyrazole to
imidazole, as shown in Figure 2.8. Following the same strategy, Merck chemists
also patented pyridine analogues of rimonabant (W02003082191). Here, their ini-
tial imidazole core structure was replaced by a trisubstituted pyridine. In addition
to the typical heterocycle “hop,” three applications covered a very interesting ring-
opening paradigm. Here, the central pyrazole ring was cut open to a 1,2-
disubstituted propyl chain, and the original carboxamide was inverted to bear
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Figure 2.8 Number of published patent applications (WIPO) targeting CB1 receptor antagonists
from Merck during the 20002006 period. Rimonabant is shown as a reference.
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different types of substituents: aliphatic, spirocyclic, and aromatic
(W02003077847, W02003082190, and WO2003087037, respectively), as displayed
in Figure 2.8. In 2004, Merck followed up their core modification with an additional
hop from pyridine to pyrimidine (cf. W02003082191 and W02004029204, Fig-
ure 2.8). They also disclosed novel derivatives bearing a central furo[2,3-b]pyridine
scaffold (W02004012671) as a fused heterocyclic system alternative to rimona-
bant’s pyrazole. During 2005, the 1,2-disubstituted propyl-based chemotype was
revisited by Merck, this time being decorated with a sulfonamide functionality in
lieu of the previous amide (cf. W02003087037 and W02005027837, Figure 2.8).
Analogously, the initial furo[2,3-b]pyridine core published in 2004 was expanded to
a 1,8-naphthyridin-2-one (cf. W02005047285 and W02004012671).

The CB1 receptor antagonist case culminated in the discovery and launch of
rimonabant, as an effective anti-obesity agent. As shown above, several other com-
panies were inspired by the early work from Sanofi-Aventis. Unfortunately, the
withdrawal of rimonabant from the market, due to the severe CNS-mediated
side effects observed, prompted most of the follow-on companies to either termi-
nate their internal programs or evaluate different compound profiles, thus reinforc-
ing how dynamic and competitive the follow-on race actually is. A number of
companies have thus actively engaged in research aiming at developing peripher-
ally restricted CB1 receptor antagonist, as a way to mitigate the safety hazard
related to CNS exposure. Aptly, researchers at 7TM Pharma disclosed compounds
useful for modulating peripheral CB1 receptors that may have a reduced propensity
to induce psychiatric and nervous system side effects (W02009074782). Among
these “second-generation” CB1 receptor antagonists, the amide derivative
TM38328 (Figure 2.9) demonstrated weight reduction effects comparable to that of
rimonabant in diet-induced obese (DIO) mice [36]. This pharmacological efficacy
was achieved despite much reduced brain exposure (plasma/brain ratios: 0.42 and
10.2 for rimonabant and TM 38328, respectively) [36]. Interestingly, as displayed in
Figure 2.9, TM38328 is a rimonabant analogue, where the original, lipophilic 4-
methylpyrazole substituent was further derivatized to a more polar acetamide as a
way to reduce passive permeability. This, coupled with increased molecular weight

d cl al

Rimonabant TM38328 AM6545
EP0576357A1 W02009074782 W02010104488

Figure 2.9 Selected “second-generation” CB1 receptor antagonists with reduced CNS
distribution.

31



32| 2 Competition in the Pharmaceutical Drug Development

on position 3 of the pyrazole ring, provided additional gain in plasma/brain separa-
tion [36]. In 2010, scientists at the University of Connecticut published novel CB1
neutral antagonists acting preferentially on CB1 receptors located in the peripheral
nervous system (W02010104488). One of these disclosed compounds, AM6545
(Figure 2.9), was extensively profiled to assess its pharmacological, metabolic, and
behavioral potential [37]. AM6545 displayed limited brain penetrance after acute
administration to mice (brain/plasma ratio: 0.03 versus 0.8 for rimonabant) and
was effective at reducing weight in DIO mice, but, contrarily to rimonabant, did
not affect behavioral responses in mice [36]. AM6545 is also a rimonabant analogue
with higher hydrophilicity (clogP: 3.3 versus 6.4 for rimonabant). As shown in Fig-
ure 2.9, replacement of a methylene by a sulfone and of a chlorine atom by a cyano-
but-1-ynyl side chain are responsible for the reduced CNS exposure. It is
noteworthy that these molecular changes do not alter passive diffusion but, rather,
trigger active extrusion by the ABC transporter P-glycoprotein, as elegantly demon-
strated by both in vitro and in vivo experiments [37].

The analysis of originator and follow-on patents can be valuable to highlight
interesting chemical permutations, as summarized in Figures 2.7-2.9. Indeed, a
large arsenal of medicinal chemistry tactics is on display: from ring opening to ring
closure, from ring homologation and contraction to substituent walking and fine
tuning, every modification could have a profound effect on key optimization
parameters, as exemplified by the “second-generation” peripheral ligands. The
CB1 antagonist example provides several different interpretations of the original
pyrazole-3-carboxamide derivatives. While the general applicability of these varia-
tions is routinely evaluated in medicinal chemistry programs, these follow-on
examples represent an important source of inspiration and medicinal chemistry
experience that is now electronically available.

As patent informatics develops based on the availability of more comprehensive
databases, more exhaustive enumeration techniques, and more effective structural
comparison methods, direct evaluation of medicinal chemistry precedents and fol-
low-on practices will be easier to implement. Following the PG analogues, and Al
and CB1 receptor antagonist examples presented here, experimental evidence,
time, and significant investments will single out the best-in-class compound from
the follow-on crowd in an innovation race that does not seem to become any easier

with time.
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Metabolic Stability and Analogue-Based Drug Discovery
Amit S. Kalgutkar and Antonia F. Stepan

List of Abbreviations

ADME  absorption, distribution, metabolism, and excretion
AO aldehyde oxidase

CLintapp apparent intrinsic clearance

CYP cytochrome P450

DDI drug—drug interaction

DME drug metabolizing enzyme

GSH reduced glutathione

HIV human immunodeficiency virus
HLM human liver microsomes

IADR idiosyncratic adverse drug reaction
5-LO 5-lipoxygenase

MAO monoamine oxidases

NADPH nicotinamide adenine dinucleotide phosphate, reduced form
NAPQI  N-acetyl-p-benzoquinone imine
PPAR-y peroxisome proliferator-activated receptor-y

QD once a day (from Latin quaque die)
RM reactive metabolite

SAR structure—activity relationship
SULT sulfotransferases

UGT uridine glucuronosyl transferases
3.1

Introduction

A major focus in preclinical drug discovery involves the identification of safe and
efficacious drug candidates that can be administered orally at low daily doses. Dur-
ing the hit-to-lead stage of drug discovery, most new chemical entities demonstrate
high oxidative metabolic instability in human hepatic tissue (e.g., human liver

Analogue-based Drug Discovery II1, First Edition. Edited by Janos Fischer, C. Robin Ganellin, and
David P. Rotella.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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microsomes (HLMs) and human hepatocytes), principally mediated by cytochrome
P450 (CYP) enzymes. The in vivo manifestation of high oxidative instability is sub-
optimal pharmacokinetics (high clearance, short elimination half-life, and poor oral
bioavailability) due to extensive intestinal and first-pass metabolism by CYP
enzymes [1]. Consequently, designing drug candidates with the optimal balance
between efficacy and oral pharmacokinetics usually involves the introduction of
metabolic resistance within the unstable lead chemical matter. For human pharma-
cokinetic predictions in drug discovery, much attention has been focused on the
role of CYPs, since the particular enzyme system has been implicated in the metab-
olism of about 90% of marketed drugs. For this purpose, a high-throughput screen-
ing to facilitate structure—activity relationship (SAR) studies around these oxidative
drug metabolizing enzymes (DMEs) is usually a practical starting point in most
drug discovery programs. While such in vitro metabolic stability assays provide
convenient means for “rank ordering” large numbers of compounds, information
pertaining to the cause of oxidative instability cannot be discerned from such
studies, and require customized mechanistic studies including the identification
of metabolic “soft spots.” Furthermore, it is not uncommon to find that as meta-
bolic liability due to CYP enzymes is decreased, the molecules render themselves
as substrates for other DMEs that may not be represented in the in vitro metabo-
lism vector (e.g., HLM). Under such circumstances, when examined in vivo, an
apparent in vitro—in vivo disconnect is revealed (i.e., greater in vivo metabolism is
observed than would be predicted from the in vitro studies). The role of non-CYP
enzymes in oxidative metabolism has been the subject of several recent
reviews [2, 3]. Though not an exhaustive list, non-CYP DMEs that consistently
reveal themselves as possible contributors to metabolism of pharmaceutical
agents include (a) monoamine oxidases (MAO), (b) aldehyde oxidase (AO), and
(c) uridine glucuronosyl transferases (UGTS). Unfortunately, in vitro tools for
these enzymes that allow for high-throughput screening and prediction of human
pharmacokinetics are typically not as readily available nor do they possess the
fidelity for predicting human pharmacokinetics in a similar way that liver micro-
somes do for CYP enzymes.

In addition to manipulation of physicochemical properties (e.g., log P, log D,
molecular weight, etc.), rational design of drug candidates with improved metabolic
resistance also relies heavily on identification of metabolically labile sites for both
phase I and phase IT DMEs. Within this chapter, we will present several examples
wherein SAR information from in vitro metabolism studies has enabled the conver-
sion of metabolically labile lead chemical matter into “drug-like” molecules with
improved absorption, distribution, metabolism, and excretion (ADME) characteris-
tics. The value of metabolism-directed studies in the design of short-acting drug
candidates (i.e., compounds with a short half-life) will also be discussed. Finally,
the chapter will dwell into an analysis of rational discovery strategies/approaches
for eliminating metabolism-dependent safety liabilities (e.g., reactive metabolite
(RM) formation leading to genotoxicity, mechanism-based CYP inactivation, and
idiosyncratic toxicity) using knowledge gathered from mechanistic drug metabo-
lism studies.
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3.2
Metabolism-Guided Drug Design

Reducing metabolic liability in the course of hit-to-lead optimization studies
requires a proactive approach between medicinal chemists and drug metabolism
scientists. The drug metabolism scientists identify sites of metabolism using
appropriate in vitro metabolism vectors, information that is used by chemists to
make rational structural modifications including the elimination of metabolic “soft
spots” (e.g., replacement of a metabolically labile methyl group with the metaboli-
cally inert trifluoromethyl substituent), deactivating electron-rich aromatic rings
prone to oxidation (e.g., substitution of phenyl with fluorophenyl or fluoropyridyl
rings), and/or generally manipulating the physicochemical properties (e.g., reduc-
ing molecular weight and lipophilicity) to attenuate metabolic instability. In prac-
tice, however, this exercise is not trivial; medicinal chemistry tactics to optimize
clearance could confer a detrimental effect on primary pharmacology (e.g., changes
in agonist/antagonist behavior and/or subtype selectivity for target receptor or
enzyme) and/or pharmacokinetic attributes. Thus, chemical intervention strategies
to optimize ADME properties are often an iterative process. Of course, it will be
recognized that changes in one parameter are generally not independent of others
and it is likely that chemists will ultimately achieve an acceptable balance of proper-
ties rather than optimization of each aspect of the molecule. For example, excessive
reduction in lipophilicity can reduce metabolism and decrease passive permeability
simultaneously, which can ultimately translate into poor oral absorption via
inability of the compound to permeate cellular membranes.

In the case of the major constitutively expressed human CYP isoform, that is,
CYP3A4, the predominant interaction with substrates is via hydrophobic forces
and overall lowering of lipophilicity can reduce metabolic lability to the enzyme.
The trend for lower metabolic lability with lower lipophilicity holds regardless of
structure and metabolic route [4]. An illustration of a medicinal chemistry strategy
to attenuate CYP3A4 oxidative instability is evident in structure-metabolism stud-
ies on a series of N-arylsulfonamide-based y-secretase inhibitors, wherein the lead
compound exemplified by the lipophilic analogue 1 (Figure 3.1) suffered from
extensive oxidations on the cyclohexyl motif by CYP3A4, which translated into a
very high apparent intrinsic clearance (CLintapp) in HLM [5]. Modulation of overall
lipophilicity through reduction in size and introduction of polarity on the cycloalkyl
region generated the corresponding tetrahydropyrans (compounds 4-6) and tetra-
hydrofurans (compounds 7 and 8), wherein the 3- and 4-substituted variants exhib-
ited greater stability in HLM relative to their 2-substituted counterparts in both
cases (Figure 3.1). To understand the greater metabolic resistance of 3-substituted
cyclic ethers relative to the 2-substituted analogues, metabolite identification stud-
ies were performed in HLM with tetrahydropyrans 4 and 5 and tetrahydrofurans 7
and 8. As seen in Figure 3.2, oxidative metabolism of these compounds still
occurred primarily on the cycloether ring. For the tetrahydropyran and tetrahydro-
furan rings, the characterization of stable hydroxycarboxylic acid metabolites was
consistent with an initial CYP3A4-catalyzed oxidation(s) on the carbon a to the
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Figure 3.1 Invitro y-secretase inhibition and HLM apparent intrinsic clearance (CLin app) data for
a representative set of N-arylsulfonamides.

oxygen atom, which would lead to unstable hemiacetal intermediates followed by
hydrolysis to the corresponding aldehyde derivatives and further oxidation to the
corresponding hydroxy acid metabolites. Based on these observations, it was specu-
lated that the greater stability of the 3-substituted cyclic ethers (relative to the
2-substituted variants) resulted from a slower overall rate of metabolism caused by
a diminished affinity for CYP binding due to a reduction in log D and/or
unfavorable active site interactions with the 3-oxo substituent. Guided by these
results, the lipophilicity of the ring system was reduced by further reducing the
ring size and introducing the oxetane ring system. It was found that, relative to the
other cyclic ethers, the oxetane-containing sulfonamides 2 and 3 possessed the
highest degree of HLM stability and retained y-secretase inhibitory potency in the
desired nanomolar range. The relationship between oxetane ring substitution and
oxidative metabolic stability followed similar trends as seen with the tetrahydro-
pyran and tetrahydrofuran derivatives. Thus, 3-substituted oxetane 3 (CLintapp
=28.6 ml/min/kg) was relatively more stable in HLM than the two 2-substituted
oxetane 2 (CL  =62.1ml/min/kg).

An example of metabolic blocking approach to minimize oxidative metabolism
by CYP3A4 is evident from SAR work on human immunodeficiency virus (HIV)
protease inhibitors for the treatment of HIV-1 infections. As a structural class, pro-
tease inhibitors, exemplified by indinavir, generally suffer from extensive first-pass
metabolism in the small intestine and liver, which is mediated by CYP3A4.
Attempts to develop agents with improved pharmacokinetics focused on blocking
the sites of CYP3A4-mediated metabolism. Cheng et al. [6] deconstructed the meta-
bolic liabilities of indinavir and designed in attributes that significantly enhanced
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Figure 3.2 Sites of oxidative metabolism in HLM for representative N-arylsulfonamides.
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Figure 3.3 Improving oxidative metabolic liability in the HIV-1 protease inhibitor indinavir
through blocking of metabolic sites.

their disposition attributes. Indinavir undergoes metabolism at two regions of the
molecule designated as P) and P; (Figure 3.3). Specifically, oxidation takes place at
the benzylic position of the aminoindanol moiety (P}), in addition to the pyridine
nitrogen and the methylene linker (Ps3). Incorporation of the gem-dimethyl and pyr-
idylfuran functionalities in P; compound 9), along with replacement of the amino-
indanol with an aminochromanol moiety (compound 10), led to analogues shown
in Figure 3.3. In two markers of pharmacological activity ((i) inhibition of cleavage
of a substrate by the wild-type HIV-1 protease enzyme and (ii) inhibition of the
spread of viral infection in MT4 human T-lymphoid cells infected by the NL4-3
virus), both compounds showed enhanced potency compared to indinavir. When
normalized for dose, compound 9 also showed twofold improvement in oral sys-
temic exposure in dogs, while compound 10 showed a marginal improvement.

The calcium channel blocker diltiazem (Figure 3.4) is extensively metabolized
via distinct pathways that include N-demethylation, ester hydrolysis, and
O-demethylation. The enzyme responsible for the major route (N-demethylation)
of clearance has been shown to be CYP3A4. Although widely used in therapy, diltia-
zem has a relatively short duration of action. In the search for metabolically resist-
ant analogues, Floyd et al. [7] substituted the trifluoromethyl benzazepinone ring
structure for the benzothiazepinone of diltiazem. Metabolism studies on this class
of compound showed that the principal elimination routes were similar to that for
diltiazem with N-demethylation, ester hydrolysis, and O-demethylation all occur-
ring. Interestingly, the N-desmethyl metabolite was pharmacologically equipotent
to the parent, and was much more resistant to metabolism. Consequently, N-1-pyr-
rolidinyl derivatives (exemplified by compound 11) were designed to achieve meta-
bolic stability both by a decrease in stability of the secondary amine radical (relative
to tertiary amines) and by steric hindrance afforded by [3-substitution (Figure 3.4).
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Figure 3.4 Structures of diltiazem and its benzazepinone analogue 11, which is inert to
metabolism.

The success of this strategy indicates how vulnerable alkyl-substituted nitrogen
functionalities can be stabilized to oxidative N-dealkylation.

33
Indirect Modulation of Metabolism by Fluorine Substitution

The effects of fluorine on ADME properties, including metabolism, have been
known and exploited by medicinal chemists for some time [8]. Substituting hydro-
gen with fluorine at metabolically labile positions, for example, is a common
approach to attenuate metabolism, although deuterium has also been considered.
In the case of deuterium, the rate of metabolism via a specific pathway is attenu-
ated, but the rate of overall substrate consumption or overall clearance is not signif-
icantly altered, due to a compensatory increase in the rate of formation of an
alternate metabolite [9]. Moorjani et al. [10] reported on the use of fluorine substitu-
tion to enhance metabolic stability in a series of non-xanthine-selective A,, antago-
nists for the potential treatment of Parkinson’s disease. Lead compound 12
(Figure 3.5) demonstrated good antagonist activity and selectivity for the A,, recep-
tor, but was unstable in HLM. Introduction of a fluorine atom in the aromatic ring
in 12 furnished 13, which was resistant to oxidative metabolism in HLM while
exhibiting single-digit nanomolar potency for the A4 receptor. In this scenario, the
electron-withdrawing effects of the fluorine atom most likely rendered the phenyl
group resistant to CYP oxidation. A second example relates to the metabolism-
directed lead optimization of N-(3,3-diphenylpropyl)nicotinamide (14), a potent
inhibitor of soluble epoxide hydrolase (Figure 3.5) [11]. ADME profiling of 14
revealed a short metabolic half-life in HLM and rat liver microsomes, which was
consistent with rapid clearance in rats. Metabolite identification studies indicated
extensive hydroxylation on the pendant phenyl groups of the benzhydryl motif,
which led to the design of the corresponding bis-(4-fluorophenyl) analogue 15 in
order to block the metabolically vulnerable sites with fluorine atoms. Examination
of the in vitro metabolic profile of 15, however, revealed an apparent metabolic
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Figure 3.5 Modulation of oxidative metabolism by fluorine substitution.

switch in the major route of metabolism to pyridine ring hydroxylation, a feature
that was consistent with lack of change in microsomal half-lives. Hypothesizing
that increase in overall polarity could decrease metabolism, analogues with polar
pyridine ring substituents were synthesized. From this exercise emerged 16, which
retained the soluble epoxide hydrolase inhibitory potency of 14, and was practically
inert to oxidative metabolism in microsomes. However, 16 revealed poor in vivo
oral absorption in rats due to its poor aqueous solubility. Guided by the analysis of
the costructure of 14 with soluble epoxide hydrolase, one fluorine atom in 16 was
substituted for an additional polar substituent on the right-hand side benzhydryl
motif with simultaneous modifications on the pyridine ring to balance physico-
chemical properties. These efforts culminated in the identification of potent and in
vitro metabolically stable epoxide hydrolase inhibitors with excellent oral absorption
as exemplified with compound 17.

Burgey et al. also reported on the metabolism-directed optimization of a series of
3-(2-phenethylamino)-6-methylpyrazinone acetamide thrombin inhibitors (exem-
plified by compound 18, Figure 3.5), which involved the use of fluorine atoms to
stabilize oxidative metabolism resulting in orally bioavailable compounds [12].
Metabolic profiling of 18 revealed three principal sites of metabolism — oxidation of
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the P3 and P2 benzylic positions and phase II conjugation of the P1 basic amino
group (Figure 3.5). A study to examine the effect of P3 benzylic substitution on
thrombin inhibitory potency was initiated with the goal of sterically blocking oxida-
tive metabolism. Incorporation of a 2-pyridyl and gem-difluoro modifications
afforded 19, with improved thrombin inhibitory potency and lack of obvious meta-
bolic soft spots. Attempts to address phase II metabolism in 18 via removal of the
amino group led to dramatic loss of thrombin inhibitory potency, which was
regained to some degree via installation of the optimized 2,2-difluoro-2-pyridylethy-
lamino P3 modification. Incorporation of a meta-substituted fluorine atom on the
P1 aryl group led to 20 with inhibitory potency in the targeted range for efficacy.
Compound 20 also demonstrated moderate to good oral bioavailability in rats,
dogs, and monkeys. Metabolism of the P2 benzylic group was finally addressed via
replacement of the problematic methyl group with a cyano functionality leading to
compound 21 with excellent pharmacology and animal pharmacokinetics.

The final example involves optimization of the cholesterol absorption inhibitor
(—)-SCH 48461. Metabolism studies indicated that there were four primary sites
of metabolism for (—)-SCH 48461 (Figure 3.6), with metabolites resulting from
O-demethylation, hydroxylation, and/or oxidation, and combinations thereof. The
metabolism data along with the SAR studies were used as a guide in designing a
metabolically more stable analogue of (—)-SCH 48461 without affecting the potency
of the compound [13]. Initial attempts to prevent metabolism via substitution of the
C’-3 carbon in (—)-SCH 48461 with an oxygen atom (compound 22) were
unsuccessful since this step produced an electron-rich phenoxy motif in compari-
son to the original phenyl group and possibly made this function more amenable to
aromatic hydroxylation. Blocking aromatic oxidation with a fluorine atom intro-
duced in the para position was required to produce the eventual more stable substi-
tution ((—)-SCH 53079). Additional SAR led to the design of even more stable and
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Figure 3.6 Use of fluorine to stabilize oxidative metabolism in cholesterol absorption inhibitors.
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pharmacologically potent analogues exemplified by (—)-SCH 57939, and ultimately
led to the discovery of ezetimibe [14, 15].

34
Modulation of Low Clearance/Long Half-Life via Metabolism-Guided Design

While optimization of ADME attributes usually focuses on reducing clearance and
increasing half-lives, in some scenarios (e.g., mechanism-based safety concerns),
engagement of the pharmacological target requires short-acting agents and/or mol-
ecules with specific clearance and half-life values. Metabolism-guided drug design
has also proven very valuable in such efforts. For instance, the known lability of
benzylic positions on electron-rich heteroatoms toward CYP metabolism has been
exploited to decrease the unacceptably low clearance and resultant long half-life of
selective cyclooxygenase-2 inhibitor lead compounds. Specifically, the anti-inflam-
matory agent celecoxib (Figure 3.7) exhibits a half-life of 3.5 h in rats, whereas early
structural leads, represented by compounds in which celecoxib’s benzylic methyl
was replaced with a halogen substituent (compound 23, Figure 3.7), possessed
half-life values >220h in rats [16]. In another illustration, short-acting calcium-
sensing receptor antagonists were designed by incorporating the metabolically
labile thiomethyl functionality into the metabolically stable, zwitterionic amino
alcohol leads (e.g., compound 24, Figure 3.7) to increase oxidative clearance by
CYP3A4, while delivering a pharmacologically inactive sulfoxide metabolite. The
efforts led to the discovery of clinical candidates 25 and 26 for the potential treat-
ment of osteoporosis [17].
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Figure 3.7 Metabolism-guided strategies to enable the design of short-acting clinical agents.
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In a slightly different approach, Middleton et al. report a strategy on purposely
redirecting metabolism away from an undesired site on a series of serotonin
reuptake inhibitors [18]. Lead compound 27 (Figure 3.7), although a promising
lead, was found to undergo CYP2D6-mediated N-demethylation to the secondary
amine metabolite, which was pharmacologically active and possessed a relatively
long half-life, a phenomenon that was inconsistent with the laboratory objectives of
this program. A simple thiomethyl analogue 28 was designed to explore the con-
cept that CYP-mediated thioalkyl S-oxidation can be a rapid metabolic process and
could potentially compete with N-demethylation. Further expansion of the SAR led
to the sulfonamide 29, which was potent and selective for serotonin over dopamine
and norepinephrine reuptake inhibition. In vitro, the sulfoxide 30 was the predomi-
nant metabolite (>90%) and showed only weak pharmacological activity (ICso > 1
uM). In vivo, in both rat and dog pharmacokinetic studies, the parent compound 29
retained the desired ADME properties of 27, and indeed as predicted by the in vitro
studies, the sulfoxide 30 was the predominant metabolite. Compound 29 possessed
the desired short half-life and, furthermore, was shown to be inactive against a
broad panel of other receptors, enzymes, and ion channels. Based on the cumula-
tive knowledge, sulfonamide 29 was progressed into clinical development.

3.5
Tactics to Resolve Metabolism Liabilities Due to Non-CYP Enzymes

3.5.1
Aldehyde Oxidase

In addition to CYP isoforms, oxidative metabolic liabilities can also be encountered
with AO and MAO enzymes. AO is a member of a family of enzymes referred to as
molybdenum cofactor-containing enzymes, which also includes xanthine oxidase.
Liver has by far the highest AO expression in all species including humans. Typical
substrates of AO are compounds containing an aldehyde function, nitro/nitroso
derivatives, and nitrogen-containing heterocycles. AO catalyzes the a- or y-carbon
oxidation of the imine motif (R;R,C=NRj3) in nitrogen-containing heterocycles
(e.g., pyridine, pyrimidine, quinoline, quinoxaline, etc.), resulting in the formation
of the corresponding lactam (a-carbon oxidation) or aminoenone (y-carbon oxida-
tion) metabolites, respectively [2]. Even though AO utilizes molecular oxygen as the
ultimate electron acceptor, the oxygen atom that is incorporated into the product
during AO-mediated hydroxylation is derived from water and not molecular oxy-
gen. Consequently, a- and y-carbon atoms adjacent to electron-withdrawing nitro-
gen atoms in nitrogen heterocycles preferentially are oxidized by AO. While the
order of AO activity among animal species may vary depending on the substrate, it
generally seems to be high in monkeys and humans and low in rats, whereas dogs
are to a large extent deficient in activity [2].

Efforts to confer metabolic resistance into aromatic rings by virtue of introducing
polar heteroatoms such as nitrogen often render the compounds susceptible to AO



3.5 Tactics to Resolve Metabolism Liabilities Due to Non-CYP Enzymes

o J
-

3
* = site of AO metabolism

Figure 3.8 SAR for AO-mediated oxidation of azetidinyl ketolide derivatives.

metabolism. In a recent account, Magee et al. disclosed a series of heterocycle-
substituted azetidinyl ketolide derivatives as potent antibacterial agents with mini-
mal turnover in CYPs and little to no inhibitory effects against the human CYP3A4
isoform [19]. An extensive investigation into heterocycle analogues identified a
number of systems that appeared to combine favorable efficacy and metabolism
properties. Compound 31 (Figure 3.8) was predicted to have low human clearance,
which combined with its favorable in vitro profile led to pharmacokinetic studies in
clinical trials. However, upon oral dosing at the predicted efficacious dose range of
300-1000 mg, the measured plasma exposures were ~20% of the predicted area
under the plasma concentration-time curve values, leading to the termination of
further clinical investigation with the agent. Human liver cytosolic assessment of
turnover with and without raloxifene (a selective inhibitor of AO) revealed that 31
was a substrate of human AO. The 1,8-naphthyridine ring system in 31 was subse-
quently shown to be vulnerable to AO, although the regiochemistry of hydroxyl-
ation was not established. The AO liability was not circumvented by incorporation
of polar functionalities such as hydroxyl (e.g., compound 32), but was avoided
through modification of the heteroatom arrangement. For instance, the 1,5-naph-
thyridine system (compound 33) was stable in human liver cytosol and the
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compound was selected for clinical development [19]. In another account, AO-
mediated metabolism on the imidazo[1,2-a]pyrimidine moiety in the androgen
receptor antagonist and anticancer agent 34 was prevented by blocking the site of
metabolism as well as alteration in the heterocycle as highlighted with analogues 35
and 36, respectively (Figure 3.8) [20].

352
Monoamine Oxidases

MAO isoforms MAO-A and MAO-B are mitochondrial flavoenzymes that catalyze
the oxidative deamination of structurally diverse alkyl- and arylalkyl amines [3].
Elaborate SAR studies with arylalkylamine substrates and inhibitors suggest that
MAO-A and MAO-B are efficient catalysts for amines, which possess aryl group 1-
3 carbons away from the amine nitrogen. Although primary and secondary amines
are deaminated indiscriminately by both isozymes, tertiary amines generally dis-
play selectivity toward one form of the enzyme. From a drug metabolism perspec-
tive, MAO plays a dominant role in the clearance of the triptan class of
antimigraine drugs. This class of compounds constitutes novel and highly selective
serotonin receptor agonists that are used in the acute, oral treatment of migraine
and cluster headaches. Members of this group of drugs include acyclic tertiary
amines such as sumatriptan, almotriptan, zolmitriptan, and rizatriptan, cyclic ter-
tiary amines such as eletriptan and naratriptan, and a secondary amine (frovatrip-
tan). MAO-A is the principal enzyme responsible for the clearance of sumatriptan
and almotriptan leading to the formation of the corresponding indoleacetic acid
metabolites (Figure 3.9) [21, 22]. In the case of sumatriptan, in vitro studies have
clearly demonstrated the involvement of MAO by using the MAO-A-specific inacti-
vator clorgyline, which prevents sumatriptan metabolism. Rizatriptan also under-
goes MAO-catalyzed oxidation leading to the indoleacetic acid derivative as the
major metabolite in humans (Figure 3.9) [23]. The structurally related zolmitriptan
is cleared in humans primarily via N-demethylation and N-oxidation that is medi-
ated by CYP1A2 [24]. The N-demethylated metabolite undergoes selective MAO-A-
catalyzed oxidation to yield the corresponding indoleacetic acid derivative (Fig-
ure 3.9) [24]. Despite their structural similarity to sumatriptan, zolmitriptan, and
rizatriptan, the cyclic tertiary amines eletriptan and naratriptan and the secondary
amine frovatriptan (Figure 3.9) are not substrates of MAO-A and/or MAO-B. Ele-
triptan is metabolized via N-demethylation by CYP2D6 and CYP3A4, whereas fro-
vatriptan is metabolized by CYP1A2 [25, 26]. Naratriptan is mostly eliminated in
the urine in the unchanged form (naratriptan product information). The half-lives
of naratriptan, eletriptan, and, in particular, frovatriptan range from 26 to 30h, and
are longer than that of sumatriptan (~2h) [27]. As such, most basic amine drugs do
not have MAO-catalyzed metabolism as a primary clearance pathway with the
exception of the triptans. The findings are probably a reflection of the low lipophi-
licity of the triptans and their stability to oxidative enzymes such as CYP. Overall,
the findings on the MAO-A substrate properties of sumatriptan, almotriptan,
rizatriptan, and the N-dealkylated metabolite of zolmitriptan are not surprising
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Figure 3.9 Oxidative deamination of the triptan class of antimigraine drugs by MAO-A.

considering the structural similarity with the endogenous neurotransmitter sero-
tonin, which is a preferred MAO-A substrate [3].

3.53
Phase Il Conjugating Enzymes (UGT and Sulfotransferases)

Conjugation with glucuronic acid or sulfate requires a nucleophilic substituent
(e.g., hydroxyl, amine, etc.) present in the molecule. UGT substrates include phe-
nol, primary, secondary, or even tertiary alcohol, or carboxylic acid derivatives,
whereas substrates for sulfation catalyzed by sulfotransferases (SULIS) are usually
phenolic compounds [28, 29]. In some cases, primary alcohols can also form sulfate
conjugates. The most “reactive” functionality is the phenol and a simple rule of the
thumb is to eliminate such a functionality unless absolutely essential for pharmaco-
logical activity. For instance, the peroxisome proliferator-activated receptor-y
(PPAR-y) agonist troglitazone (Figure 3.10) is principally metabolized in humans
via sulfation of its phenol group [30]. Related PPAR agonists pioglitazone and rosi-
glitazone (Figure 3.10) do not undergo this metabolic fate since they do not contain
the phenol substituent. It is also noteworthy to point out that pioglitazone and rosi-
glitazone are significantly more potent than the PPAR-y agonist troglitazone indi-
cating that the phenol motif is not essential for primary pharmacology.
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Figure 3.10 PPAR-y agonists troglitazone, rosiglitazone, and pioglitazone. Sulfation of the
phenol group in troglitazone is the primary pathway of elimination in humans.

An example of minimizing phase II conjugation while maintaining pharmaco-
logical potency is evident with 4-(3-hydroxylphenylamino)pyrrolotriazine-based
inhibitors of vascular endothelial growth factor-2 receptor [31]. The lead com-
pounds exemplified by 37 (Figure 3.11) suffered from extensive phenol glucuroni-
dation resulting in poor oral activity. Hence, SAR efforts were directed toward
finding functionalities that would suppress glucuronidation. The solvent-exposed
R, region of the pyrrolotriazine was considered to be the most suitable for manipu-
lations. In the course of the SAR studies, it was observed that compounds with
neutral R, groups (e.g., compound 37) with basic pK, < 6 exhibited high rates of
glucuronidation. In contrast, introduction of a basic amino group with a calculated
basic pK, between 7 and 10 on an appendage attached to the R, position via differ-
ent functionalities (e.g., compound 38 in Figure 3.11) led to a substantial decrease
in glucuronidation rates. A second example is evident from SAR studies on a sec-
ond generation of N-hydroxyurea-based 5-lipoxygenase (5-LO) inhibitors, wherein
duration of 5-LO inhibition after oral administration in animals was optimized by

Glucuronidation rates in HLM
HN-$-

o~
CHa _N, J_/ o) 0.90 nmol/min/mg
N
HN OH 4-

N 0.08 nmol/min/mg

HO O HO O Ho P
N N F N—4
\ = | N>—= <A NH
NH, % NH, — 2
S CHg O CHs o) (0] CHj
Monkey ty2 < 1.0 h Monkey typ = 3.1 h Monkey ty = 7.4 h
Zileuton 39 40

Figure 3.11 Strategies for reducing excessive glucuronidation.
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reducing glucuronidation of the N-hydroxyurea motif [32]. The primary route of
metabolism of zileuton (Figure 3.11), the first N-hydroxyurea-based 5-LO inhibitor,
in humans involves O-glucuronidation of the N-hydroxyurea group, resulting in a
relatively short plasma half-life of ~3 h after oral dosing [33]. Clinical trials with
zileuton in asthmatics demonstrated efficacy with oral administration of 600 mg
four times daily. Validation of the therapeutic application of 5-LO inhibitors in
asthma patients has provided impetus to identify an optimized compound with
greater potency and longer duration of action that would in turn provide a lower
and less frequent daily dose. Duration of 5-LO inhibition after oral administration
in monkeys (as a model for human pharmacokinetics) was optimized by identifica-
tion of structural features in the proximity of the N-hydroxyurea (e.g., compounds
39 and 40), which correlated to low in vitro glucuronidation rates. For instance,
compound 40 (phenoxyphenyl-substituted template in combination with the
butynyl link) proved to be a compatible match that enhanced inhibitory potency
and provided resistance to glucuronidation.

3.6
Eliminating RM Liabilities in Drug Design

Metabolic activation (also referred to as bioactivation) of innate functional groups
into electrophilic RMs is considered to be an undesirable trait of drug candidates
on the grounds of evidence linking this liability with genotoxicity [34], drug-drug
interactions (DDIs) [35], end organ toxicity, and possibly immune-mediated idio-
syncratic adverse drug reactions (IADRs) [36-39]. Most pharmaceutical companies
have implemented procedures to evaluate a drug candidate’s potential to form RMs
with the goal of eliminating or minimizing this liability by rational structural modi-
fications. Qualitative assessment of CYP-mediated RM formation in vitro usually
involves “trapping” studies conducted with NADPH-supplemented HLM in the
presence of reduced glutathione (GSH), amines (e.g., semicarbazide and methoxyl-
amine), and/or cyanide ion. Microsomes can be replaced by alternate metabolism
systems (e.g., liver cytosol, liver S9 fractions, hepatocytes, neutrophils, etc.), to eval-
uate the participation of non-CYP enzymes in RM formation. In case of RM posi-
tives, characterization of the nucleophile-RM structure provides insight into the
structure of the reactive species and the mechanism leading to its formation. The
information is then used, as appropriate, to modify the structure of the RM posi-
tives in order to eliminate the liability.

3.7
Eliminating Metabolism-Dependent Mutagenicity

The role of metabolism in generating RMs capable of covalently adducting with
nucleic acids and leading to mutagenic lesions is well established for many endog-
enous and exogenous xenobiotics (including drugs). Virtually, any molecule that
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forms RMs possesses the propensity to modify DNA and elicit a genotoxic/carcino-
genic response. Genetic toxicology testing is usually conducted in the early stages
of drug development with the intent of identifying hazards associated with both the
parent molecule and its metabolites. Identification of genotoxic metabolites in
in vitro test systems is accomplished by employing metabolic activation systems
(e.g., Aroclor 1254-induced rat liver S9). The Salmonella reverse mutation assay has
become an integral part of the safety evaluation of drug candidates and is required
by regulatory agencies for drug approvals worldwide. The mutagenic potential of
small-molecule drug candidates is generally evaluated in genetically different
strains of the Salmonella typhimurium, such as TA98, TA100, TA1535, and TA1537.
These test strains all carry some type of defective (mutant) gene that prevents them
from synthesizing the amino acid histidine in a minimal bacterial culture medium.
In the presence of mutagenic chemicals, the defective gene may be mutated back to
the functional state that allows the bacterium to grow in the medium. Because posi-
tive findings in the Salmonella reverse mutation assay have a good correlation with
the outcome of rodent carcinogenicity testing, a positive result leads to the dis-
continuation of development, particularly for drugs intended for non-life-threaten-
ing indications.

RM trapping studies have proven useful in elucidating mutagenic mechanisms
of drug candidates, and the mechanistic insights gathered have been used in the
rational design of follow-on compounds that are devoid of genotoxic response. An
example is evident with the anti-obesity agent and 5-hydroxytryptamine 2C agonist
41 (Figure 3.12), which was mutagenic in the bacterial Salmonella Ames assay in an
Aroclor 1254-induced rat liver S9/NADPH-dependent fashion [40, 41]. In the Sal-
monella assay, 41 produced a significant increase of mutations only in strains
TA100 and TA1537 that are known to be sensitive to mainly base-pair and frame-
shift mutagens, consistent with covalent adduction to DNA (rather than a simple
intercalation). Studies with ['*C]-41 revealed the irreversible and concentration-
dependent incorporation of radioactivity in calf thymus DNA in an S9/NADPH-
dependent fashion confirming that 41 was metabolized to a DNA-reactive metabo-
lite. RM trapping studies in S9/NADPH incubations led to the detection of GSH
and amine conjugates. Structural elucidation of these conjugates allowed an insight
into the mechanism leading to the formation of DNA-reactive metabolites (Fig-
ure 3.12). The mass spectrum of the methoxylamine conjugate of 41 was consistent
with condensation of amine with an electrophilic, aldehyde metabolite derived
from piperazine ring scission in 41, whereas the mass spectrum of the GSH conju-
gate suggested a bioactivation pathway involving initial aromatic ring hydroxylation
on the 3-chlorobenzyl motif in 41 followed by $-elimination to an electrophilic qui-
none methide species that reacted with GSH. The observation that methoxylamine
and GSH reduced mutagenicity suggested that the trapping agents competed with
DNA toward reaction with the RMs. Overall, the exercise provided indirect infor-
mation on the structure of DNA-reactive intermediates leading to mutagenic
response with 41 and hence a rationale on which to base subsequent chemical
intervention strategy for designing nonmutagenic 5-hydroxytryptamine 2C agonists
such as compound 42 (Figure 3.12) [41]. In contrast with 41, 42 cannot form the
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reactive quinone methide species. Likewise, introduction of the methyl group is
thought to shunt metabolism from piperazine ring opening to hydroxylation of the
methyl substituent.

Another account of medicinal chemistry tactics to resolve metabolism-dependent
mutagenicity is evident with the arylindenopyrimidine series of selective dual
Aya/A; adenosine receptor antagonists exemplified by 2-amino-4-phenyl-8-pyrroli-
din-1-ylmethyl-indeno[1,2-d]pyrimidin-5-one (43) (Figure 3.13) [42]. Compound 43
was shown to be genotoxic in both the Ames and mouse lymphoma L5178Y assays
in a rat liver S9/NADPH-dependent fashion, and also demonstrated irreversible
covalent binding to calf thymus DNA in the presence of Aroclor 1254-induced rat
liver S9 and NADPH. Profiling for RM formation in rat liver S9 indicated that 43
was bioactivated on its pyrrolidine ring to several electrophilic species that included
endocyclic iminium ion, amino aldehyde, epoxide, and a,p-unsaturated carbonyl
intermediates as judged from the detection of corresponding cyano, oxime, and
GSH conjugates (Figure 3.13). The endocyclic iminium ion and amino aldehyde
species appear to be the likely candidates responsible for genotoxicity based on,
first, the protection afforded by both cyanide ion and methoxylamine, which
reduced the potential to form covalent adducts with DNA, and, second, analogues
of 43 (e.g., compounds 44 and 45) designed with low probability to form these RMs
were not genotoxic. It was concluded that 43 also had the potential to be mutagenic
in humans based on the formation of the endocyclic iminium ion following incuba-
tion with a human liver S9 preparation and the commensurate detection of DNA
adducts.

3.8
Eliminating Mechanism-Based Inactivation of CYP Enzymes

Modulation of CYP activity via induction or inhibition by xenobiotics including
drugs can lead to clinical DDIs with consequences ranging from loss of efficacy to
the introduction of adverse effects, respectively, for coadministered “victim” drugs.
DDIs arising from CYP inhibition are more frequent and, in some cases, have
resulted in the withdrawal of the marketed “perpetrator” drug (e.g., the antihyper-
tensive agent mibefradil), especially those drugs associated with potent inhibition
of the major constitutively expressed human CYP enzyme, CYP3A4. CYP inhibi-
tors can be categorized as reversible (competitive or noncompetitive), quasi-
irreversible, and irreversible in nature [35]. Reversible inhibition usually involves
two or more agents competing for metabolism at the active site of a CYP isozyme,
with one drug inhibiting the metabolism of the other agent. In contrast, drugs con-
verted to electrophilic RMs by CYP may interact with the CYP quasi-irreversibly or
irreversibly leading to enzyme destruction. Quasi-irreversible inactivation occurs
when the reactive species complexes with the ferrous form of heme (product of
reduction of resting state ferric enzyme by NADPH-CYP reductase) in a tight, non-
covalent interaction. CYP inactivation can also arise through covalent adduction of
the RM to the heme prosthetic group and/or to an active site amino acid residue in
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the apoprotein. As such, CYP isozymes inactivated via these mechanisms are ren-
dered catalytically incompetent, and must be replenished by newly synthesized pro-
tein. The phenomenon is oftentimes referred to as time-dependent inactivation,
mechanism-based inactivation, and/or suicide inactivation. Compared to reversible
CYP inhibition, drug-induced time-dependent inactivation of CYPs presents a
greater safety concern because of the increased propensity for pharmacokinetic
interactions upon multiple dosing and the sustained duration of these interactions
after discontinuation of the mechanism-based inactivator. Furthermore, depending
upon the fraction of the mechanism-based inactivator that is metabolized by the
inactivated CYP, an additional clinical consequence could involve suprapropor-
tional increases in systemic exposure of the inactivator itself after multiple doses.
Finally, covalent modification of CYP enzymes can also lead to hapten formation
and can, in some cases, trigger an autoimmune response in susceptible patients
leading to idiosyncratic toxicity.

Identification of CYP inactivators with corresponding insights into the
inactivation mechanism(s) is required for the rational design of compounds, devoid
of the liability. Recently, several publications have demonstrated tactics to minimize
and/or eliminate time-dependent inactivation of CYP enzymes without affecting
primary pharmacology and/or disposition characteristics. Solutions range from
modulation of lipophilicity resulting in diminished rates of metabolism (and bioac-
tivation to RMs) to virtually eliminating the potential for RM formation via func-
tional group manipulations. Paroxetine (Figure 3.14) is a selective serotonin
reuptake inhibitor that inhibits CYP2D6 in a time- and concentration-dependent
fashion consistent with mechanism-based inactivation [43]. Mechanism-based
inactivation of CYP2D6 by paroxetine occurs during metabolism of the 1,3-benz-
dioxole ring. Thus, hydrogen atom abstraction from the methylene carbon or elim-
ination of water from a hydroxymethylene intermediate generates a carbene
intermediate, which forms a MI complex with the ferrous form of the heme iron
atom in CYP2DG6 resulting in a catalytically inactive enzyme (Figure 3.14) [44]. As
such, 1,3-benzdioxole ring scission by CYP2D6 also represents the major metabolic
pathway of paroxetine in humans, leading to the formation of a catechol intermedi-
ate, which is converted to the corresponding guaiacol isomers via the action of cate-
chol-O-methyltransferase [45]. GSH conjugates resulting from Michael addition of
the thiol nucleophile to electrophilic ortho-quinone species have also been charac-
terized in HLM incubations of paroxetine, and may represent an additional path-
way of enzyme inactivation [46]. Because CYP2DG6 is responsible for paroxetine
metabolism, mechanism-based inactivation of CYP2D6 activity by paroxetine is
associated with nonstationary PK in CYP2D6 extensive metabolizers [47]. Likewise,
DDIs with coadministered drugs whose clearance is mediated by CYP2D6 have
been demonstrated [48-50]. Against this backdrop, in vitro metabolism studies
with the doubly deuterated paroxetine analogue CTP-347 (Figure 3.14) demon-
strated little to no time-dependent inactivation of CYP2D6, apparently due to a dra-
matic reduction in the formation of the reactive carbene intermediate [51]. CTP-347
is currently in clinical trials for the treatment of hot flashes in menopausal women.
CTP-347 has been studied in a 96-patient single- and multiple-ascending dose
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clinical trial. The multiple-dose subjects initially received a single dose of dextrome-
thorphan (a probe CYP2D6 substrate), followed by 14 days of treatment with CTP-
347, and then another single dose of dextromethorphan. Subjects receiving CTP-
347 at 20-40 mg once a day (QD) retained substantially greater ability to metabolize
dextromethorphan compared to treatment with paroxetine administered at 20 mg
QD (~15-20% inhibition of CYP2D6-catalyzed dextromethorphan metabolism
to dextrorphan versus ~55-60% inhibition of CYP2D6 activity with paroxetine).
As such, this DDI represents the first clinical demonstration that deuteration can
be utilized to ameliorate DDI liabilities due to mechanism-based inactivation of
CYP enzymes.

PF-562271 (Figure 3.15) is a dual inhibitor of the focal adhesion kinase and pro-
line-rich tyrosine kinase 2 with potential utility in the treatment of ovarian cancer
and osteoporosis [52]. In vitro metabolism studies in HLM revealed that PF-562271
is a CYP3A4 substrate and a time-dependent inactivator suggesting that the agent
could inhibit its own clearance mechanism in vivo. The mechanism of CYP3A4
inactivation was shown to occur via a two-electron oxidation of the dianiline motif
to a reactive diimine species, which was trapped with GSH (Figure 3.15) [53]. Fur-
thermore, PF-562271 demonstrated supraproportional increases in oral systemic
exposure upon repeated dosing in clinical trials, a phenomenon that was consistent
with self-inactivation of its clearance mechanism. Likewise, PF-562271 also caused
greater than threefold increase in the systemic exposure of the probe CYP3A4 sub-
strate midazolam in a clinical DDI study. Insights into the mechanism of CYP3A4
inactivation allowed a rational medicinal chemistry strategy to reduce/eliminate
enzyme inactivation liability [53]. Thus, simply exchanging the 5-aminooxindole
nitrogen and carbonyl groups in the parent compound afforded analogues (e.g., 46
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Figure 3.15 Strategies to eliminate CYP3A4 time-dependent inactivation by virtue of eliminating
reactive diimine formation with oxindole-based focal adhesion kinase inhibitors.



3.8 Eliminating Mechanism-Based Inactivation of CYP Enzymes

and 47) that were virtually devoid of CYP3A4 inactivation, while maintaining
kinase potency. In general, disruption of the electron-rich dianiline structure pres-
ent in PF-562271 also mitigated the formation of reactive diimine metabolites in
the course of SAR studies [53].

In the course of SAR studies on a series of 1-amino-1,2,3,4-tetrahydronaphtha-
lene-2-carboxylic acid derivatives as selective agonists for the human melanocortin-
4 receptor and potential anti-obesity agents, lead compound 48 (Figure 3.16) dem-
onstrated potent time- and concentration-dependent inactivation of CYP3A4 in a
NADPH-dependent fashion, which was consistent with mechanism-based
inactivation [54, 55]. Upon concomitant administration with CYP3A4 substrates in
the clinic, increases in the area under the plasma concentration versus time curve
for the victim drugs were expected to range from 4- to 10-fold as a result of the
inactivation. The projected degree of clinical DDI was considered to be
unacceptable for an anti-obesity indication and, as a result, 48 was eliminated from
consideration as a development candidate. Studies were undertaken to understand
the mechanism underlying 48-mediated CYP3A4 inactivation to guide medicinal
chemistry efforts. UV spectral analysis of incubations of 48 with recombinant
CYP3A4 provided evidence for the formation of an MI complex between heme and
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Figure 3.16 A strategy to eliminate CYP3A4 MBI liability in the selective melanocortin-4 receptor
agonist 48.
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a RM of 48. The RM was proposed to be the nitroso intermediate 49, which is
obtained from a two-electron oxidation of the initially formed hydroxylamine
metabolite (Figure 3.16). Characterization of a geminal cyanonitroso adduct 50 in
incubations of 48 in NADPH- and potassium cyanide-supplemented HLM was con-
sistent with the proposed bioactivation pathway, wherein the nitroso intermediate
would exist in a tautomeric equilibrium with the corresponding oxime derivative,
which could be oxidized to an electrophilic nitroso carbocation and trapped by a
cyanide ion [55]. Based on the insights gained from metabolism studies, it was
envisioned that introducing an alkyl group o to the basic amine motif would shield
this functionality from oxidation through steric hindrance, thereby reducing the
probability of MI complex formation and CYP3A4 inactivation. Indeed analogue 51
(Figure 3.16) was synthesized and shown to be devoid of CYP3A4 inactivation
while retaining the potent and selective melanocortin-4 receptor agonism observed
with 48 [55].

3.9
Identification (and Elimination) of Electrophilic Lead Chemical Matter

Innately electrophilic compounds represent a significant liability in drug dis-
covery because they often possess chemical reactivity similar to affinity labels
(e.g., alkyl halides, Michael acceptors, and N-substituted maleimides); such
compounds can alkylate proteins, DNA, and/or GSH, leading to toxicity.
Because of the potential safety concerns, electrophilic functional groups are
generally avoided in drug design. Examination of the medicinal chemistry liter-
ature, however, reveals several examples of seemingly “chemically inert” com-
pounds, which are prone to nucleophilic displacement by GSH wunder
nonenzymatic (pH 7.4, phosphate buffer, 37°C) and/or enzymatic conditions.
In the case of enzyme-assisted reactions, GSH conjugation to electrophilic cen-
ters is mediated by microsomal, cytosolic, and/or mitochondrial glutathione S-
transferases. RM trapping studies have been effectively used to identify intrin-
sically electrophilic compounds in discovery programs. An example was
recently disclosed with the oncology clinical candidate AMG458 (Figure 3.17),
which covalently adducted to liver microsomal proteins in the absence of
NADPH [56]. Subsequent incubations of AMG458 with GSH and N-acetylcys-
teine led to the identification of thiol conjugates derived from the nucleophilic
displacement of an unanticipated electrophilic site on the molecule. Likewise,
in the glucokinase activator program for treatment of type 2 diabetes, a unique
metabolic liability of the 4-sulfonyl-2-pyridone ring system (e.g., compound 52,
Figure 3.17) was identified, wherein the heterocycle readily underwent conju-
gation with GSH under nonenzymatic as well as enzyme-catalyzed condi-
tions [57, 58]. Identification of the electrophilic nature of 4-sulfonyl-2-pyridone
motif prevented further investment in this series, and instead led to efforts
centered on the optimization of a series of benzofuran derivatives, from which
emerged the clinical candidate 53 (see Figure 3.17) [59].
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3.10

Mitigating Risks of Idiosyncratic Toxicity via Elimination of RM Formation

While the potential for DDI and genotoxicity can be examined directly from in vitro

assays, the same does not ofte

n hold true for immune-mediated IADRs (e.g., hepa-

totoxicity, skin rashes, agranulocytosis, and aplastic anemia) in drug-treated

patients. IADRs are unrelated

to known drug pharmacology, and are generally dose

independent (a notable exception is the dose-dependent hepatotoxicity caused by

acetaminophen). Because the
100 000), these reactions are
exposure in a large patient po

incidence of IADRs is very low (1 in 10000 to 1 in
often not detected, until the drug has gained broad
pulation. The concept of human drug-induced hepa-

totoxicity via RM formation was provided from studies on the anti-inflammatory
agent and hepatotoxin acetaminophen [60]. Mechanistic studies that established
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the CYP-mediated oxidation of acetaminophen to a reactive quinone imine inter-
mediate NAPQI [61], capable of depleting GSH levels and/or binding covalently to
liver macromolecules, have served as a paradigm for drug toxicity assessment over
the decades.

An understanding of the biochemical basis for drug toxicity has aided to replace
the vague perception of a chemical class effect with a sharper picture of individual
molecular peculiarity. There are several instances of prototype drugs associated
with IADRs that also form RM(s) and elimination of RM liability in follow-on suc-
cessor agent(s) markedly improves the safety profile. Although the evidence is most
often anecdotal in nature, a compelling case for chemotype-based toxicity can be
inferred from such structure—toxicity analyses [62]. For instance, while clozapine
use is limited by a high incidence of agranulocytosis, hepatotoxicity, and myocardi-
tis, quetiapine and loxapine are not associated with these adverse events. Clozapine
exhibits covalent binding to human neutrophil proteins in vitro, via myeloperoxi-
dase-mediated oxidation of the dibenzodiazepine ring to a reactive iminium ion,
which covalently binds to the target tissues and also reacts with GSH (Fig-
ure 3.18) [63]. Proteins covalently modified with clozapine have been observed in
neutrophils of patients being treated with clozapine, which reaffirms the relevance
of the in vitro studies [64]. In contrast, quetiapine and loxapine cannot form a
reactive iminium [65], since the bridging nitrogen atom is replaced with a sulfur or
oxygen atom, respectively (Figure 3.18). In the case of the nonsteroidal anti-inflam-
matory drug sudoxicam, hepatotoxicity observed in the clinic that led to its suspen-
sion in clinical trials has been attributed to thiazole ring scission yielding a reactive
acylthiourea metabolite capable of oxidizing GSH and proteins (Figure 3.18) [66].
The structurally related anti-inflammatory drug meloxicam does not possess the
hepatotoxic liability associated with sudoxicam. Although introduction of a methyl
group at the C-5 position on the thiazole ring in meloxicam is the only structural
difference, the change dramatically alters the metabolic profile such that oxidation
of the C-5 methyl group to the alcohol (and carboxylic acid) metabolite(s) consti-
tutes the principal metabolic fate of meloxicam in humans (Figure 3.18).

Because of the inability to predict and quantitate the risk of IADRs and because
RMs as opposed to the parent molecules from which they are derived are thought
to be responsible for the pathogenesis of many IADRs, detection of RM in the
course of metabolism is considered to be an undesirable trait in preclinical drug
discovery.

3.11
Case Studies on Elimination of RM Liability in Drug Discovery

Examples of medicinal chemistry tactics to eliminate RM formation are abundant
in the primary literature. A recent example, which focuses on eliminating RM lia-
bility within a lead chemical series, is evident with pyrazinone-based corticotropin-
releasing factor-1 receptor antagonists and potential antidepressant/anti-anxiolytic
drugs [67]. A major portion of the clearance mechanism of the lead pyrazinone 54
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in rats comprised of conjugation with GSH, consistent with RM formation in
vivo [68]. Two distinct metabolic activation pathways were deciphered (Figure 3.19):
(a) oxidative metabolism on the chloropyrazinone ring to yield an electrophilic
epoxide and (b) O-dealkylation of the difluoromethylphenoxy moiety to yield a phe-
nol metabolite 55, two electrons of which generated a reactive quinone imine spe-
cies. To eliminate RM formation on the 2,6-dichloroaniline motif, the pyridyl group
was incorporated as a bioisosteric replacement. To prevent epoxidation on the 5-
chloropyrazinone ring, the chlorine atom was replaced with more strongly elec-
tron-withdrawing groups (e.g., cyano). Out of this iterative medicinal chemistry
exercise emerged 56 (Figure 3.19) with sufficiently diminished RM formation in
liver microsomes from rats and humans. Consistent with the in vitro finding, <2-
4% of GSH conjugates were recovered in rat bile following in vivo administration
of 56. Compound 56 also retained all of the primary pharmacology and pharmaco-
kinetic properties of 54.

A second example is depicted with nonpeptidyl thrombopoietin receptor agonists
exemplified by 57 [69]. In the course of routine metabolite identification studies, it
was found that 4-(4-fluoro-3-(trifluoromethyl) phenyl)thiazol-2-amine (58), the prod-
uct of carboxylesterase-mediated hydrolysis of 57, formed RMs in HLM. GSH trap-
ping studies led to the formation of two conjugates derived from the addition of the
thiol nucleophile to 58 and a thiazole-S-oxide metabolite of 58 (i.e., compound 59)
(Figure 3.20). Mass spectral fragmentation and ' H NMR analysis indicated that the
site of attachment of the GSH moiety in both conjugates was the C-5 position in the
thiazole ring. Based on the structures of the GSH conjugates, two metabolic activa-
tion pathways were proposed, one involving (3-elimination of an initially formed
hydroxylamine metabolite and the other involving direct two-electron oxidation of
the electron-rich 2-aminothiazole system to RM. The mechanistic insights gained
from the metabolism studies influenced subsequent medicinal chemistry strate-
gies, which involved blocking the C-5 position with a fluorine atom (compound 60)
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Figure 3.19 Eliminating RM liability with a series of pyrazinone-based corticotropin-releasing
factor-1 receptor antagonists.
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receptor agonists.

or replacing the thiazole ring with a 1,2,4-thiadiazole group (compound 61) (Fig-
ure 3.20). These structural changes not only abrogated RM liability associated
with 58 but also resulted in compounds that retained the attractive pharmacological
and pharmacokinetic attributes of the prototype agent. Compound 60 was consid-
ered for further preclinical profiling as a clinical candidate [70].

Strategies toward eliminating metabolic activation of the electron-rich 4-hydrox-
yaniline motif have also been described by Park and coworkers with the antimalar-
ial agent amodiaquine. The clinical use of amodiaquine is somewhat restricted by
several cases of hepatotoxicity and agranulocytosis; the detection of IgG antibodies
in patients exposed to the drug is consistent with an immune-mediated hyper-
sensitivity reaction [71]. The immune-mediated toxicity is believed to arise from
the metabolism of amodiaquine to a reactive quinone imine species that can cova-
lently bind to cellular proteins or GSH (Figure 3.21) [72, 73]. Exchanging the
C’-4-phenolic OH group with a fluorine atom results in compound 62 that prevents
RM formation (Figure 3.21) [74]. An alternate approach to prevent RM formation
involved the isomerization of the 3'- and 4’-substituents in amodiaquine; from this
exercise emerged analogues 63 and 64, which were devoid of RM formation
(judged from the lack of formation of GSH conjugates) and were advanced to fur-
ther profiling as the next generation of antimalarials based on their favorable phar-
macokinetic and pharmacodynamic attributes (Figure 3.21) [75, 76].
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Figure 3.21 Metabolism-directed efforts in the discovery of amodiaquine backup clinical
candidates.

In the course of discovery efforts leading to the discovery of taranabant (Fig-
ure 3.22), a selective and potent inhibitor of the cannabinoid-1 (CB-1) receptor, and
phase III clinical candidate for the treatment of obesity, lead compound 65 (Fig-
ure 3.22) revealed a high level of covalent binding to HLM in a NADPH-dependent
fashion, consistent with RM formation. Elucidation of the structure of the GSH
conjugate suggested that the RM was an arene oxide intermediate derived from
epoxidation of the electron-rich phenoxy ring [77]. Replacement of the phenoxy
ring with the trifluoromethylpyridyl ring afforded taranabant, which was devoid of
RM formation, while retaining potency against the CB-1 receptor.

The final illustration concerns the antiepileptic drug felbamate, which is associ-
ated with several cases of aplastic anemia and hepatotoxicity [78]. Evidence has
been presented that links felbamate-induced toxicity to its metabolism to the highly
reactive a,f-unsaturated carbonyl compound atropaldehyde (2-phenylpropenal, 68)
(Figure 3.23) [79, 80]. The rate-limiting step for the formation of 68 involves ami-
dase-mediated hydrolysis of one of the carbamate groups in felbamate to yield the
corresponding primary alcohol 66. Alcohol dehydrogenase-catalyzed oxidation
of 66 yields the aldehyde intermediate 67, which undergoes B-elimination to
yield 68, carbon dioxide, and ammonia. Compound 68, being a a,p-unsaturated
carbonyl derivative, readily reacts with GSH to afford conjugate 69. Downstream
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mercapturic acid conjugates (breakdown products of GSH such as cysteine and
N-acetylcysteine) of 68 have been detected in urine from patients treated with felba-
mate that supports the mechanistic pathway [81]. The mechanistic information on
felbamate bioactivation to the electrophilic species 68 has been utilized to design
fluorofelbamate, which cannot undergo the [3-elimination chemistry to the reactive
o,B-unsaturated carbonyl intermediate because of the replacement of the acidic
benzylic hydrogen with a fluorine atom (see Figure 3.23) [82].

3.12
Concluding Remarks

It is clear from our own experience and from the general literature that the applica-
tion of metabolism studies and concepts has been readily embraced by the pharma-
ceutical industry as an approach to mitigating attrition due to poor
pharmacokinetics [83]. The real value of metabolism studies in drug discovery lies
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in the identification of relevant clearance mechanisms for lead chemical matter,
which then dictates the choice of in vitro models for making projections of human
pharmacokinetics prior to first-in-human testing. Similarly, the value in identifying
metabolic hot spots is not the structural characterization itself, but in enabling the
understanding of SAR. Recently, much effort has gone into understanding RM,
and although the link between metabolism and safety is elusive, it remains prudent
to continue to explore these relationships as early as possible in drug development,
if for no other reason than to give chemists the option of pursuing alternate chemi-
cal series devoid of such concerns if possible.
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Use of Macrocycles in Drug Design Exemplified with Ulimorelin,
a Potential Ghrelin Agonist for Gastrointestinal Motility
Disorders

Mark L. Peterson, Hamid Hoveyda, Graeme Fraser, Eric Marsault, and René Gagnon

4.1
Introduction

4.1.1
Ghrelin as a Novel Pharmacological Target for Gl Motility Disorders

Ghrelin is a 28-amino acid peptide hormone isolated originally from the stomach
of rats with the orthologue subsequently identified in humans, distinguished by an
unusual n-octanoyl group modification on Ser® (Figure 4.1) [1]. The existence of
this hormone in a wide range of species suggests a conserved and important role
in normal physiological function. Indeed, since the isolation and characterization
of the peptide in 1999, numerous studies have identified a range of endocrine and
nonendocrine processes in which the hormone is involved [2].

The ghrelin peptide has been demonstrated to be the endogenous ligand for a
previously orphan G protein-coupled receptor (GPCR), the type 1 growth hormone
secretagogue receptor (GHS-R1a) [3], which, not surprisingly, was reclassified as
the ghrelin receptor (GRLN) in 2005 [4]. Although ghrelin is produced primarily in
the stomach [5], GRLN is found predominantly in the brain, with the highest level
in the pituitary, but also is expressed throughout the gut, and a number of other
tissues and organs [6]. The GHS-R1a receptor had been the focus of a significant
amount of pharma industry interest in the latter part of the twentieth century due
primarily, as its name suggests, to its role in stimulating growth hormone (GH)
release. The goal was to develop small molecules, generically termed growth hor-
mone secretagogues (GHS), which could activate the receptor and thereby act as
oral mimics of GH, a “holy grail”-type objective that motivated drug discovery
efforts by essentially all major pharmaceutical firms [7]. Despite significant success,
initially with peptidomimetics, and then with traditional small molecules, in find-
ing a number of potent, orally available GHS, the inability to generate sustained
effects from these molecules eventually resulted in a waning of interest in the phar-
maceutical potential of the receptor by the time ghrelin itself was identified [8, 9].

Since then, however, the myriad actions of ghrelin have led to a renaissance in
exploring modulation of this receptor for therapeutic purposes [10]. Indeed,

Analogue-based Drug Discovery II1, First Edition. Edited by Janos Fischer, C. Robin Ganellin, and
David P. Rotella.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.

77



78 | 4 Use of Macrocycles in Drug Design Exemplified with Ulimorelin

Gly-Ser-Ser(Oct)-Phe-Leu-Ser-Pro-Glu-His-GIn-Arg-Val-GIn-GIn-Arg-Lys-Glu-Ser-Lys-Lys-Pro-Pro-Ala-Lys-Leu-GIn-Pro-Arg

ghrelin (human)

Figure 4.1 Primary sequence of human ghrelin.

renewed attention to many of the GHS (i.e., ghrelin agonists) developed from
these previous efforts has occurred, albeit often by smaller companies that have
in-licensed these compounds from the innovator firms. Interestingly, only those
therapeutic indications related to the original focus on promoting GH release were
being actively pursued prior to the work reported herein. For example, ghrelin and
ghrelin agonists have been demonstrated to have positive effects in wasting syn-
dromes, such as cachexia [11, 12], and as agents to counteract some effects of
aging [13]. In addition, antagonism of the ghrelin receptor has been identified as a
strategy for the treatment of metabolic diseases due to the intimate involvement of
ghrelin in the control of energy balance and appetite [14].

In contrast, we were drawn to the effects ghrelin displayed in the gastrointestinal
(GI) system [15], in large part due to the dearth of new products being developed in
that therapeutic space despite GI diseases and disorders being among the most
prevalent illnesses in the general population. In the United States alone, it has
been estimated that there were over 104 million visits to primary care physicians
with a diagnosis of a GI disorder in 2004 imposing an annual cost burden greater
than $141 billion including both direct and indirect expenditures [16]. Motility dis-
orders, which negatively impact the normal contractions and relaxation of the GI
tract to ensure orderly transit of food and liquids, are among the most common of
these disorders, which include gastroparesis, functional dyspepsia, constipation,
and irritable bowel syndrome (IBS).

Ghrelin is intimately connected to the GI tract. It is produced mainly by oxyntic
cells of the stomach [17] and has a highly potent and direct role in the stimulation
of GI motility [18]. This GI prokinetic activity appears to be independent of the GH
secretory action and is likely mediated by the vagal cholinergic muscarinic path-
way [19]. Ghrelin acts locally in the stomach to activate and coordinate the firing of
vagal afferent neurons and thereby induce gut motility. The peptide has been
shown to accelerate gastric emptying in animal models [20] and successfully treat
postoperative ileus (POI) in both rats and dogs [21]. These results suggested that
ghrelin agonists would be able to provide a novel mechanism of action for thera-
peutic purposes in GI disorders characterized by dysmotility through duplicating
the effects of ghrelin and accelerating the normalization of gut function [22]. This
was later confirmed through studies with earlier developed GHS/ghrelin agonist
compounds [23]. Also subsequent to the initiation of our work, clinical studies con-
clusively demonstrated the GI promotility effects of ghrelin, acting by promoting
phase IIT of the migrating motor complex (MMC), in humans [24, 25].

Most previous efforts to develop pharmacotherapies for GI motility disorders
have focused on modulation of serotonin [26] and dopamine receptors [27].
Serotonin and dopamine are major mediators of various physiological functions,
both inside and outside the CNS, and exert their actions, including the stimulation
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of GI motility, through multiple different receptor subtypes. Unfortunately, a num-
ber of these agents have been removed from the market, or had their distribution
highly restricted, due to deleterious side effects, often caused by nonselective activ-
ity at these subtypes or other receptors. For example, cisapride, a serotonin receptor
modulator, originally used for nocturnal GERD, was removed from the market in
2000 due to the potential of serious cardiac arrhythmias [28]. Another serotonin
receptor modulator, tegaserod, developed as a treatment for IBS with constipation,
was withdrawn in 2007 due to an increased risk of ischemic events, including heart
attacks and strokes [29]. Even one of the few remaining available drugs, metoclopra-
mide, a mixed dopamine and serotonin receptor modulator with modest efficacy,
had a black box warning added to its label in 2009 because of the risk of tardive
dyskinesia with extended use [30]. Given this checkered history with established
targets, coupled with the unmet need in the area, we felt that exploration of the
potential of activation of the ghrelin receptor as a new pharmacological approach
for the generation of novel GI prokinetic agents was well warranted.

4.1.2
Macrocycles in Drug Discovery

Despite the promise of combinatorial chemistry in conjunction with the many
advances in genomics/proteomics, drug discovery productivity has not experienced
the significant improvement originally anticipated. One of the reasons for this has
been suggested to be a lack of sufficient diversity in the number of chemotypes
typically investigated [31]. Hence, attention has been directed toward mining new
or underexplored chemical scaffolds for interesting pharmacological activity.

One of the emerging compound classes in the underexplored category is macro-
cycles. Due to their presence in a wide variety of natural products that exhibit an
equally broad range of bioactivity, such structures have long been recognized as a
potentially fruitful pharmaceutical compound class. However, the generation of
libraries of macrocycles, screening of which would be the typical starting point for
the majority of current medicinal chemistry efforts, has been an impediment due
to the lack of appropriate synthetic methods for their construction in a highly paral-
lel manner. Further, concerns about the ability of these structures to possess appro-
priate “drug-like” properties, since typically one or more parameters fall outside the
acceptable “rule of five” ranges [32], have deterred wider investigation.

Nonetheless, macrocyclic compounds possess highly attractive characteristics,
including

¢ diverse, often complex, functionality;
® defined topological display of functionality;
® ability to interact at otherwise intractable targets.

These features often lead to stronger affinity and greater selectivity than tradi-
tional structures. Further, macrocycles usually possess enhanced metabolic stability
versus the comparable linear compounds. Indeed, increasingly over the past dec-
ade, macrocyclic compounds have been reported that display biological activity
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against a wide range of pharmacological targets and recent reviews have summa-
rized these efforts [33]. In many cases, such structures were accessed as a means of
improving activity of linear analogues through conformational restriction, although
more examples have begun to appear where macrocycles are being utilized as the
core scaffold as well. With the successful discovery and development of technolo-
gies that permit larger screening libraries of macrocycles to be prepared, including
that described herein, the use of macrocycles as a de novo source of novel chemical
entities is expected to continue to expand.

4.1.3
Tranzyme Technology

Tranzyme has discovered and developed a proprietary technology for the genera-
tion of peptidomimetic macrocycles of the general structure shown in Figure 4.2 in
a highly parallel fashion, thereby enabling the creation of the first library of macro-
cyclic structures available for screening for novel bioactivity [34].

Several features of these structures merit further comment as they have proven
very advantageous for their use in drug discovery. The molecules are comprised of
four building block units, three from amino acids (or their equivalents) and one a
unique element, acting as a bridge between the ends of the peptidic segment, that
we termed a “tether.” This tether more importantly functions to constrain and
define the conformation(s) of the resulting structure. In this manner, topological
diversity is introduced into these compounds and can be investigated simulta-
neously with chemical diversity. Although initially designed in order to control and
modulate the conformational population, subsequent studies have demonstrated
that the tether functions as a recognition site for binding to the target as well. Fur-
ther, the tether can significantly influence the physicochemical properties of the
macrocycle as the current work will also illustrate.

In addition, the use of three amino acids maintains the total molecular weight
within the small molecule range (400-600), yet with the capability of interacting
over significant regions of three-dimensional space. Although additional amino
acids can be incorporated, the screening library used for the ghrelin receptor only
utilized macrocycles of the general structure of Figure 4.2. Substantial chemical
diversity is provided by the standard amino acid side chains that display, as a group,
a variety of polarities, hydrophobicities/hydrophilicities, sizes, and charges.

2

HN/\"/
R1//,,

\ /

Tether

T o}

Figure 4.2 Generic structure of Tranzyme macrocyclic library (stereochemistry for illustration
purposes only).
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Scheme 4.1 Macrocyclic library synthetic method.

Importantly, their side chains have unquestioned biological relevance. This diver-
sity is further enhanced through using both the natural and unnatural stereoisom-
ers in the library construction. Our modeling efforts have shown that the amino
acid configurations can have significant effects on the conformations of the result-
ing macrocycles, enabling the sampling of different regions of space simply by
using a variety of configurations. Finally, the secondary nitrogen atom provides a
handle from which further modifications can be incorporated during optimization
or for salt formation to enhance solubility.

The synthetic approach utilized for these structures as shown in Scheme 4.1 has
several salient features: (i) performed on solid phase to permit high numbers of
compounds to be made simultaneously; (ii) utilizes a Fukuyama-Mitsunobu
reaction to attach the tether; (iii) employs standard amino acid coupling chemistry
for high-yielding building block assembly; (iv) incorporates a linker that permits
concomitant ring closure and cleavage from the resin (i.e., cyclative release);
(v) uses radiofrequency tagging methodology for compound tracking [35]; and (vi)
conducts the final steps as an array in microtiter format to prepare individual, dis-
crete compounds in each well for ease of transfer to screening. The use of cyclative
release also biases the compounds toward better crude purity as only cyclized
compounds are released from the resin. Difficult macrocyclizations are thus
reflected in low yields rather than multiple impurities. Indeed, the primary
impurity observed in most cases, as with most such cyclizations, is the macrocyclic
dimer. The synthesis success rate is typically quite high, over 95%, even for a
variety of amino acids and configurations.

As a final point on the general drug discovery strategy using these macrocycles,
modified synthetic methods have been developed that can be used to incorporate
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peptide bond isosteres into these structures. Since such an approach did not pro-
duce desirable effects in the ghrelin agonist program, they will not be discussed
further, but does illustrate the additional, more significant, changes that can be
made to these structures during hit-to-lead optimization.

4.2
High-Throughput Screening Results and Hit Selection

As with all of our discovery efforts, the search for agonists of the ghrelin receptor
(GRLN) began with high-throughput screening (HTS) of the company’s HitCreate™
Library of proprietary macrocyclic small molecules (Figure 4.2). In surveying the
potential platforms available for this effort, we decided on the aequorin assay, a
robust system that has proven quite useful for GPCR targets [36]. In particular, the
wide dynamic range and high signal-to-noise ratio, as well as low cost per assay,
were attractive benefits for screening of this new compound class. Importantly,
screening for agonist and antagonist activity is performed in series with the same
samples, allowing a complete characterization of the functional activity to be
obtained from the primary screening. As a secondary, confirmatory screen, a stan-
dard radioligand binding assay was employed.

Screening of a set of approximately 10 000 compounds led to two different series
of validated hits, represented in Figure 4.3 with their most active members, 1
and 2. The high affinity and functional activity obtained for compounds directly
from the HTS efforts were quite remarkable, although a similar level was obtained
in our motilin antagonist program as well [37]. The requirement for the cyclic struc-
ture was confirmed in that linear analogues of 1 and 2 were devoid of any activity.
These compounds exhibited selectivity (>100-fold) versus the motilin receptor
(MLNR), the most closely homologous GPCR, plus did not display cytotoxicity in
HepG2 cells at concentrations up to 100 uM.

After preliminary follow-up libraries on both series, series A, despite being ini-
tially slightly weaker in bioactivity, proved to be the most fruitful for further optimi-
zation and will be the focus of the remainder of the discussion [38].

o 0 o
NH_-"
N/\n/ NH NH
NH o 0 NH o) o
NH N

o = o ~ H
Ki 86 nM Ki 41 nM
ECs 134 nM ECs 90 nM

1 2
(series A) (series B)

Figure 4.3 Active series obtained from HTS.
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4.3
Macrocycle Structure—Activity Relationships

4.3.1
Preliminary SAR

With four individual components available for optimization and a wealth of poten-
tial diversity elements to choose from, the focus of the first phase of SAR develop-
ment was to determine (1) the preferred configurations at each of the amino acid
positions, (2) the steric requirements at the amino acid sites, (3) the optimal ring
size, and (4) the best tether component.

In order to gain initial insight into the SAR, a library of approximately 100 com-
pounds was prepared with each member designed to interrogate one of these ques-
tions. The same solid-phase methodology as for the synthesis of the library
(Scheme 4.1) was applied to access these analogues. All compounds were purified
using automated preparative HPLC to >95% purity. Selections from this library
and their binding results are provided in Table 4.1.

Investigation of 1- and p-stereoisomers at each of the three amino acid positions
revealed strikingly different results depending on the site, although the configura-
tions as in 1 were confirmed as preferred in all instances. For AA; and AA,, a clear
stereochemical preference was found, while for AA; the opposite stereocenter to
that in 1 was much less disfavored, suggesting that this was the most promiscuous
site on the structure.

From these results, the following salient characteristics of the SAR regarding the
general requirements at the four diversity sites of the structure became evident
(compounds that demonstrate the point shown in parentheses):

® The double bond in the tether was not necessary (3).

® For AA,, the r-stereochemistry was definitely preferred (4) with an apparent pref-
erence for larger aliphatic side chains (5 versus 6).

® The p-configuration was the choice at AA,; (10 versus 11 and 13 versus 14) with a
limitation on the size of the side chain evident (15 and 16).

® The N-methyl group was required for AA, (9).

® AA; exhibited a preference for the p-stereochemistry (18) and it appeared that
aromatic moieties were somewhat advantageous (22 and 23).

In particular, the benefits of Ile at AA; and p-NMeAla at AA, were considered to
be significant enough to often utilize such elements as the standard reference at
these positions as the optimization efforts progressed.

4.3.2
Ring Size and Tether

Turning attention next to the tether component, which allowed the exploration of
different ring sizes as well, a number of alterative tether moieties to that of 1 were
examined to determine if a change in the macrocyclic conformation would be
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Table 4.1 Preliminary SAR selections.

Compound AA, AA, AA; K; (nM)
1° Nva Sar p-Phe 86
3 Nva Sar p-Phe 68
4 p-Nva Sar p-Phe 1200
5 Ala Sar p-Phe 4300
6 Nle Sar p-Phe 67
7 Phe Sar p-Phe 670
8 Ser Sar p-Phe >10 000
9 Nva Gly p-Phe 820
10 Nva Ala p-Phe 5000
11 Nva p-Ala p-Phe 500
12 Tle p-Ala p-Phe 177
13 Nva NMeAla p-Phe 580
14 Nva p-NMeAla p-Phe 14
15 Nva p-Leu p-Phe >10 000
16 Nva p-Phe p-Phe 8300
17 Nva Aib p-Phe 640
18 Nva Sar Phe 380
19 Nva Sar p-Ala >10 000
20 Nva Sar Gly >10 000
21 Nva Sar p-Nle 400
22 Nva Sar p-Tyr 120
23 Nva Sar p-Trp 160

a) Double bond in tether (see Figure 4.2).

beneficial. This also provided an opportunity to investigate heteroaromatic rings
and modified polarities. The results of these efforts are shown in Table 4.2.

As can be seen, the majority of these alternative tether structures had dramatic
detrimental effects on binding affinity to GRLN. Smaller rings also were definitely
disadvantageous. Hence, the results suggest that the conformation of the macro-
cycle of the original hit 1 must already be at or near the optimal range. This nicely
demonstrates one of the strengths of the underlying macrocyclic technology in
being able to scan topological space simultaneously with chemical space to acceler-
ate hit-to-lead-to-clinic optimization.

Therefore, more subtle modifications around the tether were tested, including
shifting position of the phenyl ring, necessity of the oxygen atom, and increasing
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Table 4.2 Tether SAR part 1: alternative structures.

ey )ZQ

NH NH
-\‘Tethar/

Compound Tether Ring size K; (nM)

24 S~ T 15 >10 000

25 e 16 >10 000

26 R 16 ~ 10 000

27 /\©/\ 15 9200
28 /\©/\/ 16 >10 000

29 b/s\é 17 650

30 /\(_7,\ 15 >10 000
s
31 /,{\j\/ 15 >10 000
N

32¢ }\ l 18 >10 000

a) AA; =Tle.
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Table 4.3 Tether SAR part 2: phenyl ring presence and position.

2 3 @ ) :
om0t

NH (e] }:o
NH o
Ny y—NH T~y NH
Compound X Y z Ring size K; (nM)
14° (CH,),0  (CHy)s 18 14
33 (CH,); (CH,), 17 400
34 (CH,),0  (CHa), 17 210
35 (CHa), (CH,), 18 230
36 CH, (CH,)s 18 18
38 (CH,); (CH,)s 18 81
39 (CH,)s CH =CHCH, 18 10
40 (CH,); (CH,)4 19 78
41 (CH,), 17 >10 000
42 (CH,)s 18 1500
43 (CH,),CH=CH(CH,), 18 160

a) AA; = Nva for reference.

or

decreasing ring size by one atom, although the more substantial removal of the

phenyl ring was also assessed (Table 4.3).

The outcome of this series was more revealing, with additional features of the

SAR becoming evident:

Removal of the phenyl was definitely unfavorable (41 and 42).

Reintroduction of a conformational constraint in the form of a double bond (43)
did restore binding, although at a level still an order of magnitude less than with
the aromatic ring, confirming the importance of that moiety.

The oxygen atom was beneficial, but not critical, as the methylene substitution
only had a slightly negative effect on binding (1 versus 38 and 33 versus 34),
which was recovered if an additional double bond was introduced (39). However,
the oxygen-containing tether is much superior in terms of GRLN-to-MLNR selec-
tivity (>1500 : 1) in comparison with the olefinic tether (<30: 1).

Smaller rings were somewhat detrimental (33 and 34), while larger ones (40) did
not offer any improvement over the original 18-membered macrocycle.
Interestingly, shifting the position of the phenyl ring with respect to the rest of
the structure proved to be mixed, with positive results closer to the amine nitro-
gen (36) and negative in the opposite direction toward the amide (35).
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Overall, these results led us to retain the tether structure of 3 and 14 as the basis
for further work. Hence, it appeared that substitution on the tether, either on the
phenyl ring or on the aliphatic connecting chains (“arms”), would need to be eval-
uated as the next stage in the optimization of this moiety.

433
Amino Acid Components

With the preferred stereochemical configuration at each amino acid position deter-
mined, although this was subjected to spot checks as analogue development contin-
ued, which confirmed the original biases, the next phase of the investigation was to
conduct a thorough survey of the functionality and polarity accessible via the side
chains of the proteinogenic amino acids, as well as the substantial collection of
unnatural amino acids that are accessible either commercially or through synthe-
sis. At this stage and beyond, the solid-phase procedure was often supplanted by an
alternative solution-phase approach (Scheme 4.2) for the synthesis of analogues
where one of the building blocks needed to be specially prepared or was available
in only limited quantities.

Key results from these extensive analogue development efforts are summarized
graphically in Figure 4.4. Building on the results of the preliminary SAR described
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88 | 4 Use of Macrocycles in Drug Design Exemplified with Ulimorelin
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Figure 4.4 SAR amino acid components.

earlier, this study indicated greater restrictions to allowable groups at AA; and AA,,
with the latter very highly limited, while the other position, AAs, was indeed more
promiscuous.

For AA,, a preference for aliphatic side chains was confirmed with the presence
of basic (Lys), acidic (Glu), polar (Ser), and aromatic (Phe) groups detrimental.
Slightly larger groups than methyl proved more favorable with branched alkyl moi-
eties (Ile, Tle, and Leu) being advantageous. Of particular interest was the positive
results obtained with the small cyclic amino acid cyclopropylglycine (Cpg), which
had additional benefits as will be discussed later in Section 4.4.

A very tight SAR was determined for the AA, constituent. Charged (p-Glu and
p-Lys) amino acids were essentially inactive, as were aromatic (p-Phe) side chains.
Only smaller aliphatic groups, such as methyl or ethyl, were tolerated for the side
chain, while the N-methyl group of the original hit 1 was clearly beneficial, likely
due to its effect on overall molecular conformation. Since N-ethyl and N-isopropyl
analogues did not result in any activity improvement and were more difficult to
access synthetically, further attention at this site was deemed not to be warranted.
It should be noted that N-methyl substitutions at the other amide nitrogens of the
macrocycle proved to be unfavorable. The potential of b-Pro in this position as an
alternative constrained amino acid was tested, but not found to be a fruitful avenue
(K =330 nM).
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Contrastingly, a variety of different groups are permitted at the AA; position; how-
ever, some limitations were evident. Acidic (p-Glu), basic (p-Orn), and polar (p-Ser)
derivatives, for example, failed to show GRLN binding. Small aliphatic moieties (Gly
and p-Ala) were similarly ineffective; however, larger alkyl side chains (p-Nle) did
exhibit binding affinity, albeit a little weaker than the worst aromatic moiety (p-His).
Therefore, of all the derivatives tested at this stage, the phenyl group as originally in
1 still appeared to offer the best scaffold for additional optimization, although we
were cognizant of the detrimental effects of the moiety on clogP, making this
parameter higher than is typically desirable. However, as alluded to in the introduc-
tion, these macrocyclic molecules can be considered rule breakers, which do not
lend themselves to standard measures of suitability for drug development.

Fortunately, many substituted phenylalanine building blocks were readily availa-
ble for investigation as were alternative isosteres, such as pyridylalanine. As seen in
Figure 4.4, the presence of halogen or methoxy substitution in the 4-position of the
phenyl ring was particularly effective in increasing potency by an order of magni-
tude, with 2-halo substituents showing similar results. This provided several
options to be investigated with respect to optimization of the pharmacokinetic (PK)
profile (Section 4.4).

434
Further Tether Optimization

With the optimization of the three amino acid diversity elements achieved, at least
with regard to the pharmacodynamic (PD) profile of the macrocycle, the tether
component became the focus area. Based on the previous results (Section 4.3.2),
the core tether structure of compound 3 appeared to still be the appropriate starting
point for further investigation. Hence, the strategy that was taken was twofold: (1)
introducing additional conformational rigidity into the arm through methyl substi-
tutions and (2) modulation of the electronic properties of the phenyl ring through
appropriate substituents. A selection of such tether variations together with their
impact on the PD profile of the resulting macrocycles is presented in Table 4.4.

In considering where best to start this investigation, the all aliphatic arm con-
necting to the amide nitrogen did not seem to be the more fruitful avenue since
removing the olefinic conformational restriction from that portion of the molecule
had a minimal, actually positive, effect on activity. Hence, attention was placed on
the arm joining the ether oxygen to the amine. Systematic substitution along that
region led to very different results. A methyl group adjacent to the amine nitrogen
(45) retained the binding level of the unsubstituted analogue (44), but hurt the
functional activity'). In contrast, stereospecific methyl substitutions at the adjacent
carbon atom resulted in both good binding affinity and functional efficacy (ECsy),
with the (R)-derivative about 3.5-fold more potent than its epimer (47). Introducing

1) For SAR development, the focus was placed on receptor binding affinity (K;), rather than on
functional activity, since the latter is subject to potential bias due to the choice of the signal
transduction pathway, as well as constitutive GRLN signaling and allosteric activation (also
see Ref. [38]).
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an additional methyl group on that atom to give the gem-disubstituted analogue
(48), although displaying good binding, yielded a partial agonist, whereas all other
compounds tested were full agonists. Additional restrictions on conformation by
connecting the methyl to the phenyl moiety to create a dihydrobenzopyran ring
provided chiral derivatives 49 and 50. Consistent with the trends observed with the
methyl derivatives, the (R)-analogue proved to be more potent than the (S)-isomer,
although with a much greater effect here, exhibiting over a 20x difference in activ-
ity versus 3.5 x for 46 versus 47.

The second aspect of this investigation, substitution on the ring of the tether,
displayed a clear SAR. Introduction of a fluorine substituent at the para-benzylic
tether position (51) resulted in more than a twofold improvement in binding as
compared with the unsubstituted compound (44). Shifting the fluorine substitution
to the para-phenoxy position reduced the activity by over 20x (52 versus 51). Sur-
prisingly, an analogue that combined both the tether (R)-methyl and phenyl fluo-
rine beneficial substitutions (53) displayed worse potency than either of its singly
substituted progenitors. The unexpected impact of these tether structural variants
on the PK is described in the next section.

4.4
PK-ADME Considerations

Although not addressed in the discussion to this point, an assessment of the PK—
ADME properties of the molecules actually was initiated at an early stage of the
discovery process. Since these small molecule macrocycles represent an essentially
unexplored chemical class, this work represents one of the first opportunities to
extensively explore their properties. The target therapeutic indications for these
ghrelin agonists were those characterized by acute GI dysmuotility, such as those
occurring after surgery (termed postoperative ileus), serious gastroparesis, and gas-
tric stasis in critical care patients. For such applications, intravenous (i.v.) adminis-
tration would actually be preferred since patients suffering from these conditions
cannot easily take or tolerate oral medications. Hence, the primary focus was ensur-
ing that the PK-~ADME properties were optimal for i.v. administration. However,
further development of a second generation of this compound class for chronic GI
disorders was anticipated and these studies were expected to assist in establishing
the groundwork for that effort as well. Despite the failure to meet certain traditional
measurements required for oral pharmaceutical agents, such as Lipinski’s rule of
five referred to earlier, these macrocycles did prove amenable to optimization not
only toward acceptable plasma half-life (T7,;) and low systemic clearance rate (CL),
but also toward good oral bioavailability (%F) to support their eventual develop-
ment for chronic clinical applications?.

Shown in Table 4.5 are the PK data obtained in rats for a selection of ana-
logues described previously. Two tether modifications in particular proved to

2) This second-generation ghrelin agonist, TZP-102, is currently being evaluated in a
multinational phase 2b clinical trial as an oral treatment for diabetic gastroparesis.
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have substantial impact on the PK profile: (i) stereospecific (R)-methyl substi-
tution at the tether position adjacent to the oxygen atom (46) and (ii) substitu-
tion of the phenyl at the tether para-benzylic position (51). Indeed, a
combination of these features (53) led to additional improvement of CL and
half-life, unfortunately at the expense of potency (~4-fold reduction compared
with 46). Furthermore, an interesting difference in PK was observed for dif-
ferent configurations of the methyl substituent on the tether in the ether-con-
taining arm. Analogue 46 with an (R)-methyl had a relatively low clearance
and acceptable half-life, whereas the corresponding (S)-stereoisomer (47) was
cleared at much higher rates with a much shorter T;,,. Consistent with this
trend, the benzopyran with an (R)-configuration at the same center (49) also
possessed an improved PK profile with an even further reduced clearance
rate, longer half-life, and a volume of distribution nearly twice that of total
body water. Therefore, the additional conformational restriction introduced
with the benzopyran benefited both binding affinity (18x improvement) and
improved clearance. Nonetheless, analogue 46, in comparison with 49, pos-
sessed a threefold advantage in functional potency and, further, the synthesis
of 49 was more complex than that for 46. In contrast, compound 51 seemed
to have similar functional activity and PK properties to 46. However, after
the additional in vivo evaluations described in Section 4.6, compound 46
(ulimorelin) proved to be a superior candidate for advancement into clinical
development.

Although the tether structure had a significant impact on the PK profile of
these macrocyclic compounds, there was an additional critical factor that con-
tributed to the desirable PK profile for 46 of reduced CL and longer Tj.
Indeed, this improved profile resulted from the (R)-methyl-substituted tether
together with the cyclopropyl side chain on AA;. Comparison of the PK results
obtained with analogues 54-56, which differ solely in the nature of the AA,
side chain (n-propyl (Nva), isopropyl (Val), and isobutyl (Ile), respectively) high-
lights this apparent cooperative effect. Thus, 46 displayed ~2-fold improved
clearance rate versus 54-56 for which significantly higher CL values were
obtained. Similarly, analogue 44, which contains only AA; =Cpg, but not the
(R)-methyl substitution on the tether, displayed essentially flow-limited clear-
ance along with a short Ty/,. Further, these results suggest that it is not simply
metabolic blockade of that particular tether position that leads to the improved
PK profile of 46. A potential rationale for this vital cooperativity effect observed
with this analogue is provided in Section 4.5.

In contrast to the crucial role of the AA; side chain in modulating PK, variations
in the AAj; side chain were much less impactful. For example, analogue 57 with a
4-chlorophenyl side chain at AA; exhibited a similar CL to 46, containing a
4-fluorophenyl in that position. In fact, even the unsubstituted AA3 phenyl ring
(58) showed similar clearance rates to 46 and 57. These results indicated that
metabolism of the AA; phenyl ring was likely not a major elimination pathway in
these macrocycles as was later confirmed from more detailed studies conducted on
ulimorelin (46).
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4.5
Structural Studies

In order to potentially gain insight into the PD and PK profiles observed with these
unique macrocycles, as well as obtain confirmation of the underlying conforma-
tional control principles on which the technology was originally based, the solid-
state structure of compound 46 (as its hydrochloride salt) was determined using
single-crystal X-ray crystallography. In addition, solution conformation analysis of
46-HCI was performed by a combination of NMR spectroscopy and molecular
modeling®). Upon analysis of bond distance and torsion angle data from the X-ray
structure, the following information regarding the conformation(s) of the macro-
cycle could be gleaned: (i) the Cai(i)—Ca(i 4 3) distances are less than 7 A, indicative
of a B-turn [39], and (ii) the torsion angles in the tripeptide segment revealed a
(nonideal) closed type I’ B-turn [40]. These same features were also identified in the
NMR-derived consensus solution structure where only a single conformational
family was consistent with all the experimental constraints. Indeed, a very good
correlation between the solid-state and solution-state structures was obtained,
suggesting that the conformation was well optimized and rigidified in the final
macrocycle (Figure 4.5).

Further comparison of the X-ray and NMR structures revealed another major
similarity, the presence of an intramolecular hydrogen bond between the tether
oxygen and the protonated secondary amine at the AA; position [41]. This intra-
molecular H-bond imparts additional conformational rigidity on the macrocyclic
structure that, perhaps not surprisingly, does appear to have an impact on the activ-
ity. Recall that fluorine substitution at the para-phenoxy position in 52 reduced the
activity by over 20 relative to the analogue with a para-benzylic fluoro substituent.
This result is consistent with substitution of an electron-withdrawing group para to
the oxygen lowering the basicity of that atom with concomitant weakening of this
intramolecular H-bond. The possible influence that the presence of this H-bond
has on the PK profile of the molecules is discussed below. Finally, in the NMR
structure, the ammonium hydrogen appears associated with the carbonyl oxygen
of AA;, adding to the conformational constraints in 46.

Additional insights into the potential role of the intramolecular H-bond between
the tether oxygen and the AA; amine in 46 can be obtained from consideration of
the somewhat unique nature of the cyclopropyl side chain. The cyclopropyl ring is
almost as strong an electron-donating moiety as the cyclohexyl group®. The effect
of such electron donation would be to enhance the basicity of the secondary amine
at AA;, concomitantly strengthening the intramolecular H-bond”. In addition, the
relatively low lipophilicity of the cyclopropyl group could positively impact hepatic
metabolism rates as well as the solubility. Indeed, 46 has aqueous solubility
values in the 1-8 mg/ml range (at about pH 5), while related structures with

3) For a more detailed description of these studies, see Ref. [38].

4) Based upon a comparison of the Hammett 0, and Hansch 7 values.

5) This is confirmed by the measured pK, values for analogues with Cpg at AA;, where the
amine basicity is enhanced by >0.3 log units versus derivatives with an n-propyl side chain.
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Figure 4.5 Comparison of NMR (orange) and X-ray structures for 46 (ulimorelin).

AA;=Nva (54) or Ile (56) gave significantly lower aqueous solubility (0.1-
0.5 mg/ml range) with the solubility of the Chg analogue (59) extremely poor
(<0.01 mg/ml) under similar conditions.

Thus, the strong electron-donating ability of the cyclopropyl moiety at the AA;
position appears to enhance the conformational rigidity in 46 by strengthening the
intramolecular H-bond seen in both the X-ray and NMR structures with minimal
impact on the overall lipophilicity. Further, the topological positioning of the (R)-Me
tether substitution and the AA; cyclopropyl side chain on opposite faces of the core
macrocyclic framework provides hydrophobic shielding of this intramolecular
H-bond from both sides of the molecule, possibly protecting it from disruption by
encroaching water molecules. Hence, the electronic and steric shielding effects pro-
vided by these two moieties work together to stabilize the intramolecular H-bond
and further rigidify the structure, providing a potential explanation for the observed
PK cooperative effect observed in 46, which was lacking in its close analogues.

4.6
Preclinical Evaluation

A number of in vitro assays have become fixtures in drug discovery research in
order to improve the evaluation of early stage compounds and direct attention



4.6 Preclinical Evaluation |97
o ~OH I TSCLDMAP. TEA A _N._COOH
0°C > 1t, O/N H
o _
©/\L 2.KI, DIPEA ©/\LA
NHCbz ~ PrCN-DMF NHCbz - o - o
61 100°C, 48 h B¢ I H
3. LiOH, THF 63 O/\/NJN N OBn
+ 1,24 h HATU, DIPEA o
A °
THF
H,N__COOM
e ¢ g 9 DCM, rt, 18 h NHCbz F
: N
HN OBn 65
A Y
62
64 F
A (o]
o id O
. o - o) N HN—
I I n , 1. HCI, EtOH
H,, Pd/C N N DEPBT, DIPEA %—2\; Me _B:O t->0°C
07 \)LTKW OH — . NH HN — -~ 4eHC
THF A o THF Q_ 2. recrystallization
©/\LA rt, 16-18 h o Y
NH, F s
66

46

Scheme 4.3 Synthesis of ulimorelin (46).

toward compounds with favorable properties for further development [42]. In addi-
tion, the lack of an existing knowledge base regarding this particular compound
class and our desire to eventually develop an oral gastroprokinetic agent prompted
us to investigate applicable physicochemical parameters and oral PK of these mole-
cules as well. To access sufficient material for more complete profiling and for in
vivo studies, a synthetic route amenable to larger amounts of material first needed
to be developed. Based upon the solution-phase procedure presented earlier,
Scheme 4.3 illustrates the resulting process, which has proved viable for even clini-
cal quantities of 46.

4.6.1
Additional Compound Profiling

One common screen for membrane permeability, used as a predictor for oral
bioavailability, is the Caco-2 assay [43]. The results in Table 4.6 demonstrate
that very good membrane permeability could be obtained with the small vari-
ety of substituents tested and that the variations seen in the PK for these mol-
ecules were not duplicated in this test. Further, the near-equivalent flux rates
in both directions for 46 and 60, both of which displayed moderate permeabil-
ity, indicate that neither appears to be a P-glycoprotein (Pgp) substrate. How-
ever, the results with 51 suggest that at least moderate Pgp-mediated active
transport is likely occurring.

For metabolic stability, however, differences between 46 and 60 are again evident.
Analogue 46 displayed greater in vitro stability in rat (RLM) and human hepatic
liver microsomes (HLMs) as compared to 60. This indicates that the improved CL
and oral bioavailability obtained for 46 could be due to improved first-pass hepatic
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Table 4.6 Physiochemical profile, permeability, and metabolic stability of advanced analogues.

Caco-2 flux (nm/s)® RLM® HLM?

Mw H-bond H-bond
Compound (g/mol) clogP” donors acceptors sto-m®  m-os®  %cmpd’ Ty (min)

46 5386 5.3 3 5 140 150 68 19
51 5426 5.1 3 5 125 198 54 41
60 557.1 6.4 3 5 150 140 86 5

a) Calculated using ChemDrawUltra v. 12.0.

b) For reference, propranolol, a high-permeability compound, displays Caco-2 flux values of
~350nm/s.

c) RLM: rat liver microsomes.

d) As a reference, human liver microsome (HLM) Ty, value for propranolol was 59 min.

e) s-to-m and m-to-s represent serosal-to-mucosal and mucosal-to-serosal, respectively.

f) %cmpd refers to % of compound metabolized after 15 min.

and/or intestinal metabolism, perhaps mediated by P450 enzymes. In addition,
improved RLM and HLM stability was observed for 51, which contains a fluoro-
phenyl tether, in comparison with 46 and 60. Overall, these results imply that the
improved rat PK profile obtained with para-fluorobenzylic tether moieties (51 and
53) may be due to both improved first-pass clearance and enhanced absorption
assisted by Pgp active transport.

Following a 30 min i.v. infusion at a target dose level of 6 mg/kg in Sprague-
Dawley rats, '*C-labeled 46 was efficiently excreted in the feces unchanged with a
recovery of 95% of the administered dose®. These results are consistent
with hepatobiliary elimination [44] and suggests that 46 would be subjected to liver
first-pass metabolism after PO dosing. It is also noteworthy that 46 displayed a
reasonably high unbound fraction in rat plasma (f, =13%) compared to human
plasma (f, = 1.6%)”). Subsequent studies have determined that 46 is actually even
more strongly protein bound than this in man (>99%), primarily to
a-acid glycoprotein [45].

4.6.2
Additional Pharmacokinetic Data

Shown in Tables 4.7 and 4.8 are PK data in rats and monkeys, respectively, for vari-
ous analogues that displayed good overall PD and PK profiles with the most
advanced compounds only being examined in the latter species.

Whereas 46 displayed identical oral bioavailability in monkeys and rats, the bio-
availability of compound 51 in monkeys was nearly fivefold lower than that
observed in the rodent species. Parallel trends for clearance followed for these two

6) Compound was dosed in 5% dextrose in water containing sodium acetate buffer.
7) Equilibrium protein binding results were obtained using an ultracentrifugation method.
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Table 4.7 PK profiles of representative analogues in rat.”

PO, 8 mg/kg i.v.,, 2 mgfkg
Cmax AUCO—rx; T1 /2 CL
Compound (nM) (uM min) (min) Viss (I/kg) (ml/min/kg) %F?
46 0.39 82.0 50 1.7 24 24
51 0.90 99.9 44 1.8 28 36
53 0.75 125 66 0.9 9 15
57 0.67 73.8 41 1.4 24 22
60 0.06 3.51 33 3.2 67 3

a) Male Sprague-Dawley rats were administered compounds either as an i.v. bolus at 2 mg/kg in physi-
ological saline with 9% 2-hydroxypropyl-p-cyclodextrin or PO (gavage) at 8 mg/kg in physiological
saline.

b) %F: absolute oral bioavailability.

compounds; thus, in monkeys, 46 was cleared 2.3 times more slowly than 51, rep-
resenting a greater disparity versus the same trends observed in rats in which both
analogues cleared at similar rates.

The majority of drug-drug interactions are metabolism based and, moreover,
these interactions typically involve inhibition of cytochrome P450s. Six CYP450
enzymes (CYP1A2, CYP2C8, CYP2C9, CYP2C19, CYP2DG6, and CYP3A4) appear
to be commonly responsible for the metabolism of most drugs and binding to these
and other isoforms are often evaluated to determine potential risk from drug-drug
interactions [46]. The overall cytochrome P450 profile for 46 appeared somewhat
better than that of 51 (Table 4.9) even though both analogues displayed suboptimal
CYP3A4 profiles that are nonetheless acceptable for the acute treatment regimen
envisioned.

The data from these profiling efforts taken together with the in vivo efficacy
results (Section 4.6.3) affirmed 46 as the clinical candidate of choice.

Table 4.8 PK profiles of advanced analogues in monkey.”

PO, 8 mg/kg 1V, 2 mg/kg
Cmax AUCO—oc T1/2 vdss CL
Compound (uM) (uM min) (min) (I/kg) (ml/minfkg)  %F*
46 1.4 75.4 23 0.23 8.8 24
51 0.09 10.3 29 0.66 20 7

a) Adult male cynomolgus monkeys were administered compounds either as an i.v. bolus at 0.5 mg/kg
in physiological saline with 9% 2-hydroxypropyl-B-cyclodextrin or PO (gavage) at 1.5 mg/kg in physi-
ological saline.

b) %F: absolute oral bioavailability.

99
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Table 49 Human cytochrome P450 profile of advanced analogues.

CYP P450 ICso (M)

Compound 3A4 2D6 209 2C19 1A2
46 2.4 84 66 >100 >100
51 1.2 31 >100 >100 >100

Table 4.10 Gastric emptying data (i.v. administration) in rats for advanced analogues.

Gastric emptying? (i.v.)®,

Compound ECso (mg/kg)*
46 0.91
51 1.20
53 1.38
57 0.84
60 0.39

a) Conducted with overnight-fasted male Wistar rats given a 2% methylcellulose meal con-
taining 10% phenol red administered orally at 2 ml/animal and sacrificed 15 min later.
Stomach contents were measured at sacrifice by colorimetric analysis (560 nm) for deter-
mination of phenol red remaining.

b) Administered coincident with the meal in 9% 2-hydroxypropyl-f-cyclodextrin.

c) For reference, ghrelin peptide in this assay has ECso = 0.04 mg/kg.

4.6.3
Animal Models for Preclinical Efficacy

Based upon the output from the medicinal chemistry efforts and the additional
profiling just described, the most promising macrocycles were advanced into
proof-of-concept testing in an animal model of gastric emptying (Table 4.10). Grati-
fyingly, these compounds displayed potent effects on the stimulation of GI motility
as was expected from these ghrelin agonists.

As further evidence of in vivo prokinetic activity of ulimorelin (46), its effective-
ness as a treatment in a rat model of POI has been reported [47]. In contrast to
other classes of ghrelin agonists, ulimorelin did not appear to stimulate concurrent
GH secretion in these animal models [48].

4.7
Clinical Results and Current Status

Based upon the promising preclinical data, ulimorelin (compound 46) was
advanced into the clinic in early 2006 as an intravenous treatment for restoration of
GI motility following surgery. Table 4.11 summarizes the six clinical trials con-
ducted, completed, and reported to date for ulimorelin.
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4.8 Summary

In summary, these studies have shown that ulimorelin

® has potent GI motility effects in humans;

¢ is efficacious in the treatment of two disorders characterized by GI dysmotility,
POI and diabetic gastroparesis;

® possesses better PK parameters in humans than had been anticipated based
upon the effects in preclinical animal models;

® gives PK profiles in both healthy subjects and patients that were less than dose
proportional, most likely because of concentration-dependent protein binding;

® exhibits very good safety in humans, with no indication of the side effects that
have plagued previous GI promotility agents.

Ulimorelin has just completed two multinational phase 3 studies for the treat-
ment of restoration of GI function following partial bowel resection surgery in the
United States and Europe. Each trial targeted 360 patients and was conducted at
approximately 50 sites in North America and Europe. Patients in these double-
blind, placebo-controlled trials were evenly randomized to one of three treatment
groups: placebo, 160 png/kg, or 480 ng/kg, doses which were selected based on data
from the phase 2 trial. Topline results from these trials have been reported, which
disappointingly failed to meet its primary and secondary efficacy end points [54].
While analysis of the data from these trials continues, all other NDA development
activities for ulimorelin have been placed on hold.

4.8
Summary

The discovery and development of ulimorelin admirably demonstrates the tremen-
dous utility of mining underexplored chemotypes in the search for new pharmaco-
logical activity. Drug discovery using these macrocycles proceeds with both
differences and similarities to efforts with more traditional scaffolds. Although
these compounds do not typically conform to certain standard measurements of
druglikeness, such as the Lipinski rules, they do match better with the revised con-
siderations advocated by Veber that emphasize polar surface area (PSA) and rotat-
able bond count [55].

Further, in many traditional efforts, moving from hit to clinical candidate has
been seen to add molecular weight and increase lipophilicity [56]. With this macro-
cyclic scaffold, however, significant property modification can be achieved without
such increases. Indeed, the MW of ulimorelin (46) was merely 9% higher than ana-
logue 1 and clogP increased only 12%.

In conclusion, starting from a library of unique, conformationally defined macro-
cyclic molecules, a promising hit series was progressed through a series of approxi-
mately 500 analogues, based upon a systematic investigation of each of the four
diversity components of the structures, to ultimately produce a viable clinical candi-
date with a novel mechanism of action, ghrelin receptor agonism, for gastro-
intestinal disorders. In addition, the capacity for the nature of one of these
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components, the tether, to have profound effects on the PK~ADME parameters
suggests that there will be much new knowledge to be gained as additional investi-

gations are conducted on this structural class.
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5.1
Epigenetics

Sixty years ago, Conrad Waddington first defined epigenetics as “the branch of biology
which studies the causal interactions between genes and their products” in his article
titled “The epigenotype” [1]. Subsequently, our understanding of gene structure and
function has led to the currently accepted definition of epigenetics as the study of
heritable changes in an organism’s phenotype without underlying changes in geno-
type. For example, there are dramatic differences between humans although we share
99% identity at the genome level. Within a single individual, there are dramatic differ-
ences between tissues and organs in the body although the genome is 100% identical.
These phenotypic variations are due to gene regulation as not all genes are equally
expressed in different cells or different individuals. The physical basis for gene regula-
tion in eukaryotes is the science of epigenetics and at the molecular level it takes place
by a complex pattern of chemical alterations of DNA and their associated histone pro-
teins at specific regions of a chromosome. Unlike the genome of DNA sequences, the
epigenome of DNA /histone modifications is dynamically changing in response to sig-
nals and the environment and it can be partially transmitted to future generations.
From the drug discovery perspective, there is one major difference between genetics
and epigenetics: once a gene mutation has occurred, it is permanent and cannot be
reversed. Epigenetic modifications, on the other hand, are catalyzed by enzymes. In
principle, they are reversible by a small molecule enzyme inhibitor that can then
reverse a disease state back to the normal phenotype.

In eukaryotic cell nuclei, the genetic material is tightly packaged with histone
proteins. The basic repeating unit is the nucleosome composed of 146 base pairs of
DNA wound around four pairs of histone proteins H2A, H2B, H3, and H4 stapled
with the linker histone H1A. Together with linker DNA, the nucleosomes form
“beads on a string” that leads to the higher order structures of chromatin and chro-
mosomes. Chromatin exists in two forms: heterochromatin is formed when
nucleosomes are tightly condensed and genes are transcriptionally silent, whereas
euchromatin is a relaxed state that allows access to the transcription machinery and
gene expression. Recently, it has become evident that the transition between differ-
ent states of chromatin is due to extensive and reversible structural modifications
of the DNA and histone proteins. In DNA, the major alteration is the conversion of
cytosine to 5-methylcytosine that has a gene silencing effect (Figure 5.1).
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Figure 5.1 The methylation of cytosine residues in DNA to 5-methylcytosine.
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Figure 5.2 Examples of histone post-translational modification.

In histone proteins, the basic N-terminal regions are subject to a plethora of post-
translational modifications including methylation, acetylation, malonylation, croto-
nylation, biotinylation, polyADP-ribosylation, ubiquitinylation, and sumoylation of
lysine; methylation and polyADP-ribosylation of arginine; phosphorylation of ser-
ine and threonine; and cis—trans isomerization of proline (Figure 5.2).

Together, this complex pattern of DNA and histone modification regulates gene
expression in two ways. First, the modifications can alter the intrinsic affinity
between DNA and histones leading to unwinding of the nucleic acid off the nucleo-
some into a transcriptionally active state. Second, the modifications serve as chemi-
cal signals that are recognized by specific binding partners that act as activators or
repressors of transcription. The pattern of DNA/histone modification is often
referred to as the “epigenetic code” [2]. The code, if it exists, is highly complex as
there are multiple sites for DNA and histone modification and their consequences
for gene regulation can be context dependent. Nevertheless, it is already clear that
the epigenome is at least partially heritable in addition to the genetic sequence and
that aberrant changes in the epigenome contribute to many human diseases.
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There are three major sets of proteins involved in epigenetics:

1) Writers: enzymes that chemically modify DNA or histone proteins, for exam-
ple, DNA methyltransferases and histone acetyltransferases.

2) Erasers: enzymes that remove the modifications introduced by writers, for
example, histone deacetylases and lysine demethylases.

3) Readers: protein domains that recognize and bind to modified DNA or his-
tones, for example, methyl-binding proteins that recognize 5-methylcytosine
and bromodomains that recognize acetyl-lysine residues.

All three classes of epigenetic modulators are of great interest as drug discovery
targets. Attention has been primarily focused on epigenetic modulation for anti-
cancer therapy as there is genetic and clinical evidence that readers, writers, and
erasers are overexpressed in a variety of human cancers. In vitro proof-of-concept
studies with small molecules have confirmed the anticancer effects of epigenetic
modulators and in some cases this has progressed to in vivo models and proof of
efficacy in humans. At the present time, two inhibitors of DNA methyltransferase
and two inhibitors of Zn-dependent histone deacetylases have received FDA
approval as anticancer drugs [3].

5.2
DNA Methyltransferases

The DNMTs catalyze the C-5 methylation of cytosine by the cofactor S-adenosyl-
methionine (SAM). The reaction primarily occurs within CpG dinucleotides pres-
ent in highly repeated transposable elements in DNA. The methylated cytosine
residues protrude into the DNA major groove and interfere with binding of the
transcription machinery and gene transcription. Furthermore, methylated cytosine
is specifically recognized by methyl CpG binding domains (MBDs) that function as
adaptors between DNA and other chromatin modifying enzymes. Together, these
effects lead to gene silencing. Programmed changes in DNA methylation are essen-
tial during normal embryological development and play a crucial role in chromatin
remodeling, X chromosome inactivation, and genomic imprinting. Cancer cells
are globally hypomethylated compared to normal cells, but hypermethylated
upstream of CpG islands of silenced genes [4]. These silenced genes often encode
for tumor suppressors and a DNMT inhibitor would activate their transcription
leading to re-establishment of pathways of cell repair, apoptosis, and suppression
of proliferation.

In mammals, three DNA methyltransferases have been identified: DNMT1 and
DNMT3A/B. Among these enzymes, DNMT1 is ubiquitous and the most abundant
and primarily methylates hemimethylated DNA. Thus, it is referred to as a mainte-
nance methyltransferase responsible for maintaining the pattern of methylation
during DNA replication. DNMT3A/B methylate both nonmethylated and hemi-
methylated DNA and are hence de novo methyltransferases that establish methyla-
tion patterns during embryogenesis. In addition, there are nonfunctional DNMTs:
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DNMT?2 is a tRNA methyltransferase while DNMT3L has a mutated active site that
is catalytically inactive and is involved in recruiting other binding partners to
chromatin.

In double-stranded DNA, Watson—Crick base pairing and stacking with adjacent
base pairs place the purine and pyrimidine heterocycles in the interior and
unexposed toward enzymatic reaction. X-ray crystallographic studies with DNMTs
show that the enzyme flips the cytosine substrate out of the double helix in order
for catalysis to take place. The DNMT mechanism (Figure 5.3) is composed of three
steps: (i) Transient protonation of cytosine N-3 by a glutamic acid residue increases
the pyrimidine electrophilicity and promotes Michael addition of an active site cys-
teine residue to generate the imino form of the heterocycle. (ii) Nucleophilic attack
of the SAM cofactor by the imine methylates C-5. (iii) Deprotonation of the C-5

Figure 5.3 The catalytic reaction mechanism of DNA methyltransferases.
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Figure 5.4 Structures of 5-azacytidine and 5-aza-2’-deoxycytidine.

proton by a basic enzyme residue or the DNA backbone causes [-elimination of the
cysteine to release the 5-methylcytosine product and regenerate the enzyme. Over-
all, the mechanism of DNMTs is similar to that of RNA methyltransferases and
thymidylate synthase [5].

One strategy for enzyme inhibition would be to compete with SAM for the
cofactor binding pocket. Indeed, the cofactor by-product S-adenosylhomocysteine
is a competitive inhibitor of DNMTs. However, it lacks specificity and would affect
other SAM-dependent enzymes. Another approach is the design of substrate ana-
logues that are recognized by the enzyme but do not result in catalytic turnover.
Although not rationally designed to work in this manner, the two clinically
approved DNMT inhibitors 5-azacytidine and 5-aza-2’-deoxycytidine (Figure 5.4)
serendipitously follow this principle.

5.3
5-Azacytidine (Azacitidine, Vidaza) and 5-Aza-2'-deoxycytidine (Decitabine,
Dacogen)

The structural elucidation of DNA led to the hypothesis that compounds inter-
fering with nucleic acid biosynthesis would have a damaging effect on cell division
and inhibit the proliferation of tumor cells. There was a substantial interest by
medicinal chemists in the synthesis of such purine and pyrimidine antimetabolites
and a number of these are widely used anticancer drugs including 5-fluorouracil
and mercaptopurine (Figure 5.5).

With a similar goal in mind of preparing cytostatic antimetabolites, Alois Piskala
and Frantisek Sorm at the Czech Academy of Sciences reported the synthesis of
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S-fluorouracil mercaptopurine

Figure 5.5 Examples of antimetabolite drugs.
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Figure 5.6 The Piskala and Sorm synthesis of 5-azacytidine.

5-azaC and 5-aza-dC in 1964 [6]. The azapyrimidine heterocycle was constructed
starting from a ribosyl isocyanate (Figure 5.6). Later, 5-azaC was identified as a
natural product from an extract of Streptoverticillium ladakanus [7].

5-AzaC demonstrated the ability to induce chromosomal breakage and had high
activity against lymphatic leukemia in cell lines and mouse in vivo cancer models.
Clinical trials of 5-azaC were initiated in Europe in 1967 and in the United States in
1970. In 1971, the US National Cancer Institute (NCI) filed an FDA application for
IND status for the use of 5-azaC in the treatment of multiple cancers. The clinical
trial data were promising for acute myelogenous leukemia (AML), especially in
patients who did not respond to conventional chemotherapy. However, responses
were low or absent in other cancer types and drug treatment was accompanied by
toxicity with 73% of 745 patients suffering from nausea and vomiting within 3 h of
administration. Consequently, the IND application was rejected.

Interest in 5-azaC was rekindled in 1980 by Peter Jones and Shirley Taylor at the
University of California, Los Angeles (UCLA), who reported that the drug inhibits
DNA methylation [8]. In vivo, 5-azaC acts as a prodrug converted by a series of
phosphorylations to 5-azacytidine triphosphate that can then be incorporated
into RNA. Partially, 2’-reduction of the sugar by ribonucleotide reductase produces
5-aza-2'-deoxycytidine diphosphate that is further phosphorylated to 5-aza-2'-deoxy-
cytidine triphosphate. The deoxycytidine triphosphate is then incorporated into
DNA and this is the fate of approximately 10% of administered 5-azaC. DNA con-
taining 5-azaC is recognized as a substrate by DNMTs. While the Michael addition
by the enzyme and methyl transfer from SAM can take place, the final elimination
step is impossible and the drug remains as an irreversible covalent adduct leading
to depletion of cellular DNMT and loss of genomic methylation (Figure 5.7).

The growing evidence highlighting the importance of methylation in cancer cells
and the elucidation of DNMT as the molecular target of 5-azaC led to a second IND
application submitted by Pharmion (later acquired by Celgene) for the treatment of
myelodysplastic syndromes (MDS). MDS are a collection of hematopoietic stem
cell disorders characterized by bone marrow dysplasia and peripheral blood cytope-
nia with a propensity for transformation into AML. As the standard treatment con-
sists of supportive measures such as blood transfusions, and administration of
hematopoetic factors and antibiotics to treat opportunistic infections, there is a
pressing need for new therapeutic agents that specifically target MDS. In this pre-
dominantly elderly population, a positive response was observed with low doses of
5-azaC leading to a significant decrease in onset of leukemia and an increase in
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Figure 5.7 The mechanism of DNMT inhibition by 5-azacytidine and 5-aza-2'-deoxycytidine.

quality of life [9]. Based on the Pharmion clinical trial data, in 2004 the FDA
approved 5-azaC (azacitidine, trade name Vidaza) as the first drug for the treatment
of all five subtypes of MDS. Thus, the journey from Piskala and Sorm’s initial syn-
thesis culminated in clinical approval four decades later. Pharmion has patented a
more efficient route to 5-azaC compared to the original synthesis using Vorbruggen
coupling that can be performed as a one-pot process (Figure 5.8). Clinically, Vidaza
is administered subcutaneously or intravenously at a dose of 100 mg for 7 days per
month and has a half-life of ~41 min.

Alongside 5-azaC, Piskala and Sorm had reported 5-aza-2'-deoxycytidine in 1964.
As described above, 5-azaC is a prodrug of 5-aza-dC triphosphate that is the actual
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Figure 5.8 The Pharmion route to 5-azacytidine.
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molecule incorporated into DNA. However, this requires 2’-reduction of the ribose
sugar and the major metabolic pathway is phosphorylation without deoxygenation
to give 5-azaC triphosphate. 5-AzaC triphosphate is incorporated into RNA and
hence the drug has a number of effects independent of DNA methylation including
disruption of ribosome and tRNA biosynthesis. The RNA pathway may be responsi-
ble for some of the side effects as well as some of the clinical benefits of 5-azaC.
Meanwhile, 5-aza-dC offers an opportunity to bypass the formation of 5-azaC tri-
phosphate as the 2'-deoxysugar can only be incorporated into DNA. Both in vitro
and in vivo evidence indicate that 5-aza-dC shows 10-fold or higher activity com-
pared to 5-azaC [10]. In 2004, MGI Pharma (later acquired by Eisai) submitted a
new drug application (NDA) to the FDA and in 2006 5-aza-dC (decitabine, trade
name Dacogen) received approval as the only drug for 5-day dosing in previously
treated and untreated, intermediate, and intermediate and high-risk MDS [11].
Dacogen is administered by intravenous infusion for either 3 days in a 6-week cycle
or 5 days in a 4 week cycle.

The success of 5-azaC and 5-aza-dC stems from their novel mechanism of action
as DNMT inhibitors and their clinical value of reactivating silenced tumor suppres-
sors in the treatment of MDS. These drugs are highly cytotoxic with dose-limiting
myelosuppression and work best when administered at low doses over long peri-
ods. MDS primarily affects elderly patients and there is a dearth of chemotherapy
options available — a situation that favors the prolonged low dosing suitable for the
two drugs. It is likely that DNMTs do not play a special role in the progression of
MDS but rather the high cytotoxicity of azacytosines complicates the more aggres-
sive dosing needed in other cancers [12].

Besides the high cytotoxicity, another drawback of 5-azaC and 5-aza-dC is their
susceptibility to base hydrolysis and removal of the 5-azapyrimidine. This occurs at
neutral or basic pH and the drug solution has to be freshly prepared for prolonged
infusion [13]. Both the 5-elaidic acid ester [14] of 5-azaC and the 5-azaCpG
dinucleotide [15] (Figure 5.9) are undergoing evaluation as more stable and bio-
available derivatives of 5azaC.

Figure 5.9 5-AzaC derivatives with improved bioavailability.
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5.4
Other Nucleoside DNMT Inhibitors

The poor stability, lack of oral bioavailability, and high cytotoxicity are shortcomings
of 5-azaC and 5-aza-dC. Several other nucleoside DNMT inhibitors that work by a
similar mechanism were investigated and have reached clinical trials (Figure 5.10).
In 1979, Beisler et al. reported the synthesis of fazarabine, the 5-azaC analogue with
arabinose instead of ribose as the sugar moiety [16]. In parallel, Beisler et al. had
synthesized dihydro-5-azacytidine whereby the 5,6-imino bond of the pyrimidine is
reduced [17]. This leads to improved aqueous stability over 5-azaC and the opportu-
nity to dose the drug by slow infusion to avoid acute toxicity. Like 5-azaC, fazara-
bine and dihydro-5-azacytidine are prodrugs that are partially metabolized in vivo to
the 2’-deoxysugar triphosphate that is incorporated into DNA and inhibits DNMT.
Both compounds are active against cancer cell lines and tumor xenograft animal
models. However, a lack of activity was observed in phase II trials and further clini-
cal development of these agents has been discontinued [18].

Zebularine is a cytidine analogue lacking the exocyclic C-4 amine and was first
synthesized in 1961 by Funakoshi et al. [19]. Initial investigations focused on its
bacteriostatic properties and later on inhibition of cytidine deaminase [20] before
its potential as a DNMT inhibitor was realized [21]. Zebularine is stable and orally
bioavailable unlike 5-azaC and 5-aza-dC. Following conversion to 2'-deoxyzebular-
ine triphosphate, it is incorporated into DNA. The absence of the pyrimidine
amino group results in loss of one hydrogen bond in Watson-Crick base pairing to
the adjacent DNA strand. Consequently, there is less of an energy penalty for the
base to be flipped out and bind to DNMTs. Compared to cytosine, the absence of
the C-4 amine increases the reactivity toward Michael addition of the DNMT active
site cysteine while inhibiting the p-elimination release of the methylated DNA.
2'-Deoxyzebularine itself is not phosphorylated in vivo and is inactive. To bypass
this metabolic block and the inefficient 2'-reduction needed to reach zebularine,
the 3’- and 3',5-phosphoramidite analogues of 2’-deoxyzebularine have been
prepared [22].

Based on the antitumor properties of 5-fluorouracil, the analogous 5-fluoro-2’-
deoxycytidine was expected to have similar activity and its synthesis was reported
in 1961 [23]. 5-Fluoro-2’-deoxycytidine is incorporated into DNA, whereupon it acts
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Figure 5.10 Nucleoside DNMT inhibitors that have reached clinical trials.
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as a DNMT inhibitor [24]. The Michael addition of cysteine occurs, but the absence
of the C-5 proton makes the final elimination step impossible and the drug forms a
covalent adduct. The mechanism is identical to the inhibition of thymidylate syn-
thase by 5-fluorouracil. As the drug is already a 2'-deoxysugar, its metabolism is not
complicated by incorporation into RNA. Clinical trials with zebularine and 5-fluoro-
2'-deoxycytidine are ongoing. Like the other nucleoside prodrugs, the active
triphosphate is only formed after a series of metabolic conversions.

5.5
Preclinical DNMT Inhibitors

A diverse range of natural products and some known drugs have been reported as
DNMT inhibitors (Figure 5.11) [25]. Although these leads are at the early stages of
drug discovery, it is possible that further optimization may result in a clinical candi-
date. Unlike the nucleoside DNMT inhibitors, they bind directly to DNMT without
being incorporated into nucleic acids. The known antihypertensive drug hydrala-
zine and the anesthetic procainamide are DNMT inhibitors. Molecular modeling
suggests that hydralazine binds to the active site by a set of hydrogen bonds simi-
larly to the cytosine substrate [26]. Among the natural products reported to be
DNMT inhibitors are epigallocatechin gallate, a component of green tea, and
nanaomycin A that is selective for inhibition of DNMT3b [27]. Molecular modeling
and virtual screening of compound libraries have led to DNMT inhibitors such as
the tryptophan derivative RG108 designed to bind to the active site of DNMT1 [28].
The quinoline SGI-1027 is a micromolar inhibitor of DNMTs and competes with
the SAM cofactor [29].

. OH
hydralazine procainamide epigallocatechin gallate

A A
7

Y

RG108 SGl-1027

Figure 5.11 Examples of preclinical non-nucleoside DNMT inhibitors.
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5.6
Zinc-Dependent Histone Deacetylases

Acetylation of lysine residues is an important epigenetic mark. It converts the posi-
tively charged lysine to a neutral acetamide, thus reducing its affinity for the nega-
tively charged DNA backbone. In addition, protein bromodomains specifically
recognize acetyllysine and help recruit binding partners involved in gene transcrip-
tion. The chemical reversal of acetyllysine to lysine is catalyzed by histone deacety-
lases. There are 18 HDACs in the human genome and these are subdivided
according to their catalytic mechanism, sequence homology, and localization [30].
HDACs 1-11 are metallohydrolases that employ zinc as the active site catalyst
while the sirtuins STRTs 1-7 use the cofactor NAD™ for catalysis. Both activators
and inhibitors of sirtuins are of interest as therapeutic agents. As these are at the
preclinical stage, they will not be discussed further [31]. The zinc-dependent
HDACs are further classified as class I (HDACs 1, 2, 3, and 8), class II (HDACs 4,
5,6,7,9, and 10), and class IV (HDAC 11). Class I HDACs are localized in the cell
nucleus whereas the larger class II HDACs shuttle between the nucleus and cyto-
plasm. HDAC 11, the sole member of class IV, has similarities to both class I and
class IT HDACs and is primarily nuclear. The primary effect of a HDAC inhibitor
on cancer cells is to reactivate repair pathways that are suppressed leading to cell
differentiation and apoptosis [32]. In this respect, the phenotypic outcome is simi-
lar to that of DNMT inhibitors. It is important to appreciate that the HDACs do not
exclusively deacetylate histones but have a large number of other substrates in the
nucleus and cytoplasm. While the nuclear class I HDACs that act on histones
appear to be the most important in cancer, some of the therapeutic benefits and
side effects of HDAC inhibitors may be due to effects on nonhistone proteins [33].

The X-ray structures of several zinc-dependent HDACs have been solved and
indicate a catalytic mechanism similar to other metallohydrolases such as matrix
metalloproteinases and angiotensin-converting enzyme [34]. The acetyllysine sub-
strate is accommodated in a narrow tunnel approximately 12 A in length with the
active site zinc atom at the end coordinated to two aspartic acid residues and one
histidine. The carbonyl group of the acetyllysine then binds to the zinc and a con-
served tyrosine or histidine residue and this serves to activate the amide bond
toward hydrolysis (Figure 5.12). The attacking water molecule is made more nucle-
ophilic by interactions with the zinc and charge relay with the active site residues
and addition to the carbonyl gives a tetrahedral intermediate that collapses to the
hydrolysis products.

The inhibition of metallohydrolases in drug discovery is usually accomplished by
designing molecules that reversibly bind to the active site metal cation [35]. Achiev-
ing selectivity between metalloenzymes needs to take advantage of differences in
active site geometry. In the case of zinc-dependent HDACsS, inhibitors can be
described by a simple dumbbell-shaped pharmacophore consisting of a warhead, a
spacet, and a cap. At one end of the molecule is a reversible zinc binding warhead
and at the other is a “cap”. In between is a linear spacer that fits into the narrow
hydrophobic substrate binding channel. The critical interaction between a HDAC
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HDAC

Figure 5.12 The catalytic reaction mechanism of zinc-dependent HDACs.

inhibitor and its enzyme target is binding to the active site zinc. Discrimination
between HDACs and other metalloenzymes is promoted by the long linear spacer
that is typically not accommodated by unrelated enzymes. Discrimination within
the HDAC family is through the “cap” that interacts with a region of the enzyme
referred to as the “rim” at the top of the narrow channel. The channel and active
site are relatively conserved among HDACs, whereas the isoforms diverge from
one another in the rim. Differential binding to the rim can thus give rise to a selec-
tive HDAC inhibitor. Although the understanding of enzyme structure has aided
the structure-based design of inhibitors, the early compounds were developed with-
out the hindsight of this information. Indeed, the two currently approved HDAC
inhibitors were discovered on the basis of phenotypic activity before the human
HDACs were even identified.

5.7
Suberoylanilide Hydroxamic Acid (SAHA, Vorinostat, Zolinza)

Remarkably, the lead for the first approved HDAC inhibitor SAHA was the simple
molecule DMSO. Charlotte Friend had observed that DMSO caused differentiation
of murine leukemia cells and this sparked collaboration between Paul Marks and
Ronald Breslow at Columbia University to understand the mechanism. It was dis-
covered that other polar small molecules could induce differentiation although
none were particularly potent. N-Methylacetamide had an optimal effect at 30 mM
and Breslow then synthesized a series of bisacetamides with a linker of 2-8 methyl-
ene units. The compound with a spacer of six methylenes, hexamethylene bisaceta-
mide (Figure 5.13), induced differentiation of 95% of the cells at 5 mM [36]. The
bisamides with seven and eight methylenes were slightly more potent but more
cytotoxic. On the basis of promising in vitro and in vivo results, an IND was filed
for hexamethylene bisacetamide and the compound reached phase II clinical
trials [37]. While some remissions were observed in MDS and AML, these were
reversed upon cessation of treatment and higher doses were not tolerated by
patients. Additional bis-, tri-, and tetraamides were investigated although further
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Figure 5.13 The evolution of SAHA from DMSO with potencies in cell differentiation indicated.

gains of potency were not achieved. It was then postulated that the amides might
act by hydrogen bonding or metal binding at the receptor. This led to studies with a
hydroxamic acid series as an amide isostere with a linker of 2-10 methylene units.
The compound with six methylene units, suberic bishydroxamic acid, was signifi-
cantly more potent than the bisacetamide with an optimum concentration of 30 uM
in cell differentiation [38]. Further optimization involved the synthesis of more
than 600 compounds. One design consideration was that the distance between the
two hydroxamic acids was too large for simultaneous binding to a metal ion and
one should be sufficient. Compounds with a hydroxamic acid at one end and a
hydrophobic amide at the other were prepared and SAHA emerged as the candi-
date, inducing differentiation at 2 uM [39].

Up to this point, the molecular targets of the bisamides and hydroxamic acids
were unknown. Meanwhile, Minoru Yoshida in Japan had characterized the natural
product trichostatin A as a HDAC inhibitor [40]. The structural resemblance
between trichostatin A and SAHA (Figure 5.14) suggested that the latter too was a
HDAC inhibitor and this was quickly verified by in vitro studies. Interestingly, the
lead precursor hexamethylene bisacetamide is not a HDAC inhibitor and its target
remains unidentified. An X-ray structure of SAHA bound to a HDAC-like bacterial
protein confirmed that the hydroxamic acid is chelated to the active site zinc while
the phenyl ring extends into the enzyme rim [41]. Thus, SAHA fits the HDAC phar-
macophore of warhead, spacer, and cap and its potency is driven primarily by zinc
binding and occupancy of the enzyme channel. The small phenyl cap does not
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Figure 5.14 Comparison between SAHA and trichostatin A.
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Figure 5.15 One-pot synthesis of Zolinza.

discriminate between isoforms and SAHA is a pan-HDAC inhibitor with ICsq
values ~50 nM against individual HDACs.

SAHA analogues with higher potency were discovered in the course of Breslow’s
optimization. However, they also had higher toxicity and SAHA was deliberately
chosen as the clinical candidate with medium potency and efficacy without an
unacceptable level of side effects. SAHA progressed to phase I clinical trials in
2000 and the compound was licensed to the spinout company Aton Pharmaceuti-
cals (acquired by Merck in 2004). SAHA (vorinostat, trade name Zolinza) received
FDA approval for the treatment of cutaneous T-cell lymphoma (CTCL) in 2006 [42].
While the initial trials used intravenous infusion, Zolinza is now administered
orally with a maximum dose of 400 mg once daily with food. The drug is 71%
bound to plasma proteins and has a half-life of ~2 h with two major metabolic path-
ways: O-glucuronidation and hydrolysis of the hydroxamic acid followed by B-oxida-
tion. Synthetically, Zolinza can be prepared in one step from the bis-acid chloride
of suberic acid by reaction with aniline and hydroxylamine (Figure 5.15) [43].

The identification of trichostatin A and Zolinza as HDAC inhibitors and the
availability of X-ray crystallographic data spurred many medicinal chemistry pro-
grams directed at this target. More than 10 hydroxamic acid HDAC inhibitors have
reached clinical trials (Figure 5.16) [44]. They range from pyroxamide, a closely
related Zolinza analogue with a pyridine replacing the aniline, to more complex
structures such as CHR-3996. Besides the aliphatic hydroxamic acid motif present
in Zolinza, these compounds feature more rigid variants such as cinnamoyl, ben-
zoyl, and hetaryl hydroxamic acids while the presence of a larger cap provides gains
in potency and Class I isoform stability for JNJ-26481585 and CHR-3996. The
second-generation hydroxamic acids usually have increased oral bioavailability
compared to Zolinza. The Curis compound CUDC-101 is unique in being ratio-
nally designed as a dual-acting HDAC and tyrosine kinase inhibitor combining
erlotinib and vorinostat with nanomolar ICs, values against HDACs, HER2 and
EGFR. Numerous other hydroxamic acid HDAC inhibitors at the preclinical stage
have been reported with varying degrees of isoform selectivity.

5.8
FK228 (Depsipeptide, Romidepsin, Istodax)

A high-throughput screening campaign at Fujisawa Pharmaceutical Co., Ltd. inves-
tigated natural product extracts for the ability to revert a ras-transformed phenotype
to normal cells. They reported the isolation of the cyclic depsipeptide FR901228
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Figure 5.16 Hydroxamic acid HDAC inhibitors that have reached clinical trials.

(later named FK228) based on this assay from a culture of Chromobacterium viola-
ceum No. 968 in 1994 [45]. The compound displayed potent antitumor activity in
vitro and in murine xenograft models while its structure (Figure 5.17) was
unrelated to known natural products. Mechanistic studies by Yoshida et al. later
confirmed that FK228, like trichostatin A, was a HDAC inhibitor [46]. At first sight,
the structure does not fit the HDAC pharmacophore of warhead, spacer, and cap.
The natural product is in fact a prodrug that undergoes intracellular reductive
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Figure 5.17 Structure of FK228 and the active drug formed by metabolism.

cleavage of the disulfide bridge. This releases a free thiol-bearing side chain and it
is the thiol that binds to the active site zinc. Recently, support for this mechanism
has been obtained from the X-ray structure of HDAC8 bound to largazole, a depsi-
peptide natural product with the same thiol zinc binding warhead as FK228 [47].

Compared to the synthetic HDAC inhibitor SAHA, FK228 has a number of
unique features. The zinc binding warhead is a thiol rather than the higher affinity
bidentate chelating hydroxamic acid. Nevertheless, FK228 is a more potent inhibitor
of HDACs and cancer cells in vitro with an ICsg ~ 1nM. This is because FK228 has
a large macrocyclic scaffold as the cap and this extends out into the HDAC rim to
provide additional binding interactions with the enzyme. Furthermore, as the rim is
divergent between HDACs, FK228 is isoform selective and is particularly potent in
the inhibition of class I HDACs - fortuitously the ones that are linked to cancer.

FK228 was licensed by Fujisawa to Gloucester Pharmaceuticals (later acquired by
Celgene) and phase I clinical trials for CTCL were initiated in 2004. As asympto-
matic T-wave flattening and ST segment depression were observed in the phase I
trials, cardiac evaluation was incorporated into the phase II study. While there was
no evidence of acute or cumulative cardiac toxicity, one sudden death occurred and
the protocol excluded patients with heart disease. FK228 (romidepsin, trade name
Istodax) received FDA approval for the treatment of CTCL in 2009, becoming the
second HDAC inhibitor to reach the market [48]. A dose of 10 mg is administered
intravenously over 4 h on days 1, 8, and 15 of a 28-day cycle. Due to the potential
risk of cardiac side effects, potassium and magnesium electrolyte levels should be
within the normal range before administration and cardiac monitoring is recom-
mended for patients at risk of QT prolongation. Some cardiac effects have been
observed in clinical trials of other HDAC inhibitors of unrelated structure, suggest-
ing that this is a common on-target side effect of the mechanism of action. Romi-
depsin is 92-94% bound to plasma proteins and has a half-life of ~3h. In vivo
metabolism is complex with over a dozen metabolites identified [49]. Romidepsin
is a substrate of P-glycoprotein and transporter-mediated efflux appears to be the
major mechanism of drug resistance [50].

Industrially, romidepsin is produced by bacterial fermentation. Several total syn-
theses have been reported that involve Mitsunobu esterification to assemble the
cyclic depsipeptide. However, the reaction needs careful optimization and an alter-
native route (Figure 5.18) uses macrolactamization instead [51]. The synthesis
involves building up a p-Val-p-Cys-Dha tripeptide that is combined with a fragment
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Figure 5.18 A macrolactamization-based total synthesis of FK228.

containing the zinc binding warhead in protected form. The linear seco-amino acid
undergoes HATU mediated intramolecular coupling to give the macrocycle. In the
final step, oxidation forms the disulfide bridge.

Although total synthesis of the depsipeptides is unlikely to compete with the fer-
mentation process in efficiency, it provides access to unnatural analogues. These
have shed valuable light on the structure-activity relationship (SAR) of the natural
product (Figure 5.19) [52]. The macrocyclic ester is essential as linear uncyclized
compounds are inactive. The stereochemistry of the ester is essential as the epimer
is virtually inactive. The amino acids present in the peptide macrocycle can be
substituted by others without loss in activity. The dehydroalanine Michael acceptor
is not needed and it is speculated that its function is to tie up the thiol from the Cys
residue upon disulfide ring opening. The zinc-binding thiol warhead needs to be
protected to ensure efficient cell uptake, whether as a disulfide as in FK228 or as a
thioester in synthetic analogues and the related natural product largazole.

Figure 5.19 Key structural features of FK228.
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Subsequent to the discovery of FK228, other natural product HDAC inhibitors
containing the same zinc binding warhead have been isolated. Two noteworthy
examples are largazole from the marine cyanobacterium Symploca sp. and burkhol-
dac B from Burkholderia thailandensis (Figure 5.20). Largazole features extensive
modification of the peptide backbone to form a thiazole and thiazoline ring. Unlike
FK228, the zinc binding warhead is protected as a thioester prodrug rather than a
disulfide. Largazole is exceptionally potent in HDAC enzyme assays with a picomo-
lar ICso and many academic groups have worked on its total synthesis as well
as analogue preparation [53]. Despite its potent HDAC inhibition, largazole suffers
from two shortcomings. First, there is no gain in potency of antiproliferative effects
compared to FK228 and other depsipeptides indicating a loss of activity in
cells relative to HDAC inhibition. Second, the thioester prodrug is highly labile in
liver microsomes and undergoes hydrolysis in less than 2 min [54]. The disulfide in
FK228 appears to be a more stable prodrug and a better approach for protection of
the zinc binding thiol. Burkholdac B (= thailandepsin A) is the most recent mem-
ber of the depsipeptide HDAC inhibitors to be isolated. In cell proliferation assays,
it outperforms FK228 with a picomolar ICs, and is the most potent compound
within this class [55]. The initial report did not assign the stereochemistry of the
chiral centers and this was later unambiguously determined by the total synthesis
of multiple diastereomers [56].

5.9
Carboxylic Acid and Benzamide HDAC Inhibitors

Besides the hydroxamic acid present in Zolinza and the thiol in FK228, a variety of
other zinc binding warheads have been employed in HDAC inhibitors. In an exam-
ple of drug repositioning, three short-chain carboxylic acids — butyric, valproic, and
phenylbutyric acid — as well as a butyrate prodrug have progressed to clinical trials
(Figure 5.21). These compounds are already used for other indications and their
pharmacokinetics is well understood. Nevertheless, the short-chain carboxylic acids
are modest micromolar HDAC inhibitors at best and have short half-lives. This is
to be expected from a consideration of the HDAC pharmacophore as they contain a
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Figure 5.22 Examples of benzamide HDAC inhibitors.

relatively weak monodentate zinc binding warhead and lack a cap. The only carbo-
xylic acid HDAC inhibitor with a submicromolar ICsy is the marine natural prod-
uct azumamide E [57]. In this case, the macrocyclic cap provides additional binding
to the enzyme rim. Synthetic replacement of the carboxylic acid by the superior
hydroxamic acid warhead provided an azumamide E derivative with enhanced
HDAC inhibition [58].

Benzamides are the most recent family of HDAC inhibitors to reach clinical tri-
als. The two nitrogens coordinate to the active site zinc in a bidentate manner simi-
lar to hydroxamic acids. In vitro and in vivo, benzamides are low micromolar to
nanomolar in efficacy. Development of the early example tacedinaline is now dis-
continued due to toxicity while second-generation compounds (Figure 5.22) are
currently in clinical trials.

5.10
Prospects for HDAC Inhibitors

Like DNMT inhibitors, the clinical trial data for HDAC inhibitors have been disap-
pointing for solid and hematological tumors. Zolinza and Istodax are approved only
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for the treatment of CTCL and even in this indication only a minority of patients
show complete response. The underlying biology that enables HDAC inhibitors to
succeed against this particular cancer is unclear. In vitro studies show that HDAC
inhibitors strongly downregulate cytokine signaling in CTCL, particularly IL-10,
IL-2, IL-4, and STAT3 and this may be the reason for their antiproliferative
effect [59]. For the future, two major developments can be foreseen. First, the true
potential of HDAC inhibitors may lie in combination therapy rather than use as
single agents. Multiple clinical trials are currently underway to test this hypothesis
and early results are promising [60]. Second, there is growing evidence from in vitro
and in vivo models for the use of HDAC inhibitors in other therapeutic indications
besides cancer [61]. Such applications will benefit from the ongoing development
of isoform-selective HDAC inhibitors.

5.11
Epigenetic Drugs — A Slow Start but a Bright Future

The importance of epigenetics and the identification of epigenetic targets for drug
discovery is a recent phenomenon. In spite of the short timeline, four epigenetic
drugs are already approved. These DNMT and HDAC inhibitors were earmarked
for development based solely on their promising phenotypic effects in inhibition of
cell proliferation without knowledge of the mechanism of action. Three of the
drugs originated from academic laboratories and all reached the clinic championed
by small biotech firms rather than big pharma. Interestingly, all these biotech firms
were later acquired by larger organizations. The clinical development owed a lot to
the NCI running pivotal clinical trials and working out appropriate dosing
schedules.

Today, the situation has changed dramatically. Many of the molecular players in
epigenetics have been identified and it is now possible to run high-throughput
screening campaigns against such targets. This approach is being pursued by a
number of biotech firms that focus exclusively on epigenetics as well as big
pharma. At the time of writing, GlaxoSmithKline’s bromodomain inhibitor [62] is
about to enter clinical trials while there are promising preclinical compounds tar-
geting lysine methyltransferase [63] and lysine demethylase [64], among others.
Epigenetics has become an accepted strategy in drug discovery and is now as com-
petitive a field as any other. One can expect many more epigenetic drugs to reach
the clinic and to receive approval for multiple therapeutic indications. In addition to
targeted drugs, nutraceuticals can play a role as many nutrients and food compo-
nents have been shown to inhibit specific epigenetic enzymes [65].
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