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PREFACE

This year’s volume of Progress in Medicinal Chemistry considers a new
approach to drug design in what has historically been the most important
class of receptor targets. In addition, we examine progress in the design
of ligands for three specific proteins providing potential therapies for
important disease classes. Our first chapter reviews an entirely new strategy
for finding agonists and antagonists of G-protein coupled receptors
(GPCRs) made possible by breakthroughs in the understanding of how their
structure and function are linked, and in the effective crystallisation of lipid
soluble proteins. Two chapters are concerned with ion channel targets in the
central nervous system (CNS), one modulating neurotransmitter release and
the other nerve signal conduction. They illustrate differing methods of
achieving target selectivity. A fourth chapter analyses recent work on a
protease long thought to be important in Alzheimer’s disease progression.

GPCRs are at the top of the list of historical successes in drug discovery.
Recent times have seen the field boosted by breakthroughs in understanding
of allosteric modulation and of the regulation of different intracellular
signalling processes, but possibly the most significant advance from the
medicinal chemistry viewpoint is the increasing availability of crystal struc-
tures of stabilised proteins. In Chapter 1, Congreve and colleagues review
the information obtained from such GPCR crystal structures which repre-
sent forms normally present only transiently in the fluxional native receptor.
Their emphasis is on the key interactions within the ligand binding sites, and
several examples are given of how this knowledge is starting to be exploited
for drug discovery, with crystal structures of key GPCR illustrated. Visual-
isation of the complex and divergent shapes and physicochemical features of
ligand binding sites enables computational and medicinal chemists to carry
out virtual screening, and to design optimised small-molecule agonists and
antagonists with improved potency, selectivity and ligand efficiency. The
authors also briefly outline complementary approaches to structure-based
drug discovery including fragment-based screening.

P2X7 is amember of the purinergic family of receptors. It is an adenosine
triphosphate (ATP)-gated ion channel thought to contribute to neuro-
inflammatory tone involved in neuropsychiatric and neurodegenerative
disorders as well as neuropathic pain. Chapter 2 reviews the work of many
teams of researchers and illustrates the challenge of designing drug-like
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ligands for a rather lipophilic binding site. This work has nevertheless
resulted in several distinctive clinical candidates, and the efficacy of these
potential drugs in clinical studies of CNS diseases is eagerly awaited.

Alzheimer’s disease is acknowledged to be one of the most important
challenges for health-care systems today, and this will increase as the average
age of the population rises. Much debate is focussed on the role of amyloid
peptides and their precursor proteins in the causation of the disease, and a
great deal of research effort has been expended in this direction. Secretases
are involved in regulation of the amyloid proteins, and Hall and colleagues in
Chapter 3 specifically review recent work on gamma secretase. A key
problem is finding drugs which modulate enzyme activity only in the
disease-causing pathway, and while several compounds have advanced into
clinical trials, there is as yet no sign of a successful drug emerging. Work
continues on achieving clinical efficacy with an adequate safety profile,
and the authors review differing approaches taken to address this challenge.

The importance of voltage-gated calcium channels (VGCCs) in basic
physiological processes such as cardiac and neurological function has
generated intense interest in these proteins as targets of pharmacological
intervention. N-type calcium channels are a subset of VGCCs distinguished
by their physiology, pharmacology and significance to the pathology of
chronic pain. While as a class calcium channel blockers have provided a
significant number of successful medicines for treating cardiovascular disor-
ders, despite decades of investigation, only a single drug targeting the specific
N-type channel function has entered the marketplace, and one with severe
limitations on mode of delivery. Chapter 4 summarises current understand-
ing of the biology, physiology and pharmacology of N-type calcium
channels and the implication of these features for therapeutic intervention.
From this basis of understanding, the authors describe recent efforts to
discover and develop peptide-based modulators of N-type calcium channel
function, and in particular small-molecule blockers with potential for oral
dosing.

GEOFF LAwWTON
Davip WiTTY
October 2013
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CHAPTER ONE

Structure-Based Drug Design for
G Protein-Coupled Receptors

Miles Congreve, Joao M. Dias, Fiona H. Marshall
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1. INTRODUCTION

All cellular surfaces within the human body encompass membrane
spanning proteins, which sense the environment and trigger intercellular
communication by activating signal transduction pathways. G protein-
coupled receptors (GPCRs) are the largest family of membrane-bound
receptors and they mediate responses to diverse natural ligands including
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hormones, neurotransmitters and metabolites, which can vary in structure
from simple ions, through small organic molecules to lipids, peptides and
proteins [1-3]. Binding of the ligand to the GPCR protein results in a con-
formational change. This leads to recruitment of intracellular signalling mol-
ecules including G proteins and B-arrestin [4,5]. GPCR activation can lead
to rapid cellular responses such as the activation of ion channels, slower
responses mediated by cascades of intracellular enzymes or long-term
changes in gene expression. Such events can result in various physiological
responses including contraction or relaxation of smooth muscle, synaptic
transmission in the nervous system, recruitment of immune cells to sites
of inflammation or long-term behavioural changes [6].

The prevalence of GPCRs combined with their pivotal role in cell sens-
ing and signalling means that they are one of the richest sources of drug tar-
gets for the pharmaceutical industry. Drugs that mimic or block the activity
of the natural ligands of GPCRs are used to treat diseases of the central ner-
vous system, such as schizophrenia and Parkinson’s disease, diseases of the
cardiovascular and respiratory system, such as hypertension and asthma, met-
abolic diseases including diabetes and obesity, as well as cancer and HIV
infection [7-9]. Currently, up to 30% of marketed drugs are directed at
GPCR targets [10,11]. Despite this success, a wealth of novel drug targets
remains as yet untapped. Fewer than 20% of the 390 non-olfactory GPCRs
have been drugged with small molecules and over 100 of these receptors
remain ‘orphans’ whose ligands and biology are as yet uncharacterised
[12]. In 2010 there were over 3000 GPCR -targeted drugs in clinical devel-
opment, although the majority were aimed at the same targets as existing
drugs [13].

During the past 5 years there has been a revolution in the industry’s
approach to GPCR drug discovery, enabled by the ability to obtain purified
protein for biophysical and structural studies. The structures of more than
20 GPCRs have been solved in complex with peptides and small molecule
ligands and, in some cases, in both active and inactive conformations.
This provides an unprecedented wealth of information regarding the
molecular interactions of ligands with their receptors, allowing rational
structure-based drug design (SBDD) to be employed eftectively with
GPCRs for the first time. Here we review the information obtained from
GPCR crystal structures with an emphasis on the key interactions within
the ligand binding sites and some examples of how this knowledge is starting
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to be exploited for drug discovery. We also briefly outline complementary
approaches to structure-based drug discovery including fragment-based
screening. Finally, we discuss future challenges and opportunities in this rap-
idly moving field.

2. STRUCTURAL ARCHITECTURE OF GPCRs

GPCRs feature the common topology of seven membrane span-
ning o-helices (7TM) with an extracellular N-terminus and intracellular
C-terminus. Although all GPCRs are considered to be derived from a
common ancestral protein they have diverged into a large family with
over 800 members which can be classified into different sub-families
[14]. Over 400 of these are olfactory receptors involved in smell and
taste. The remaining receptors fall into five main families (Class A,
Secretin and Adhesion [together Class B], Class C and Frizzled). Class
A or rhodopsin is the largest family with approximately 300 members
and includes the aminergic (e.g. dopamine and histamine) receptors,
neuropeptide receptors, chemokine receptors, receptors for lipids and
eicosanoids and glycoprotein hormone receptors. Despite the great
diversity in ligand structure, the mechanisms involved in receptor acti-
vation are remarkably well conserved, with almost all drugs for Class A
receptors binding to the same region, whatever the nature of the natural
endogenous ligand [15].

Class B GPCRs comprise both the Secretin family (15 members) and the
Adhesion family (33 members). The Secretin family includes many targets
important in disease including the glucagon-like peptide receptor (GLP-1),
a target for diabetes, and the parathyroid hormone receptor (PTH1), a target
for bone diseases such as osteoporosis. This family has proved extremely
difficult to drug with small molecules, although many of the natural
peptide ligands serve as therapeutic agents [15,16]. Structures of the first
two representatives of Class B receptors, the glucagon receptor and the cor-
ticotropin releasing factor (CRF;) receptor have recently been solved
[17,18] (Table 1.1). The Adhesion family members are characterised by a
conserved transmembrane domain (TMD) linked to a very large extracellu-
lar domain, which comprises adhesion-like subdomains and a domain that
undergoes intracellular proteolytic cleavage (known as the GPCR



Table 1.1 List of Published GPCR Crystal Structures
Target GPCR and Description of Binding Pocket  Ligand Binding Site

B, Adrenergic receptor complex with the inverse
agonist carazolol (1) at 2.4 A, PDB=2RHI1 [19]. VI Vi
Carazolol makes key H-bond interactions with

Asp113772, Asn312"°? and Tyr316”* from the

basic amine and with Ser203>** from the carbazole

NH.

The carbazole ring system is surrounded by

hydrophobic interactions within the vicinity of Asn293
residues Val114>?, Phe193°%2, Tyr199°-%,

’ ’ 55 Phe193
Ser2073,46’ Ph6289631, Ph62906.52’ Asn293(x33 and
Tyr3087'35. Other residues in the binding pocket
comprise Trp109°%%, Val117>%%, Ser207°*° and
Trp286°%, Asn312 Phe290 v
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XS
"
L}
*° e : .
IS . .
" S
“ Ser203
.
Tyr316
Asp113
Ser207




B> Adrenergic receptor with the inverse agonist ICI
118,551 (2) at 2.84 A, PDB=3NY8 [20].

The inverse agonist ICI 118551 makes key H-bond
interactions with Asp113>7?, Asn3127" and
Tyr3167'43, and a m—7 interaction with Phe290
Other residues in the binding pocket comprise
Trp109°2%, Val114>2% Val117°2°, Thr118>77,
Phe193°7%, Tyr199°7®, Ser203°*2, Ser207°4¢,
Trp286°*, Phe289°', Asn293%>° and
Tyr3087-.
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Table 1.1 List of Published GPCR Crystal Structures—cont'd

Target GPCR and Description of Binding Pocket

Ligand Binding Site

B, Adrenergic receptor-Gs protein complex with
the agonist BI-167107 (3), at 3.20 A, PDB =3SN6
21].

The ligand BI-167107 makes key H-bond
interactions with A5p1133'32, Ser 20342,
Ser207°*, Asn293”*" and Asn3127*" and a n—n
interaction with Phe290%°%. The H-bonding
interactions with the two Ser residues on TM5 is
typical for an agonist ligand and antagonists or
inverse agonists do not interact with either of these
residues. Overall the binding site is slightly smaller
around the agonist compared with antagonists (see
main text).

Other residues in the binding pocket comprise
Trp109°2%, Thr110>2°, Val114>2? Val117°-°,
Thr118>27, Asp1925“"2, Phe1935<%2 Tyr199°%,
Ala200°%, Ser203°*%, Ser207°*¢, Trp286°*%,
Phe289°°! Asn293%>° and Tyr308’°and
11e3097°. The residues Asp1925“"* and
Phe1935“" are located in the ECL2 loop, capping
the ligand binding site. The side chain of these
residues is not clearly visible in the electron density
and Phe1935“" is represented as an alanine stub in
the structure coordinates deposited in the PDB,
probably due to the loop flexibility corroborated by
the high B factors >160.
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B; Adrenergic receptor complex with the
antagonist cyanopindolol (4) at 2.7 A,

PDB=2VT4 [22].

Cyanopindolol makes key H-bond interactions
with Asp1217? and Asn3297’, from the basic
amine and Ser211°** from the indole NH and
Asn310°% from the cyano group. The indole ring
system makes a -7 interaction with Phe307°°2.
Other residues in the binding pocket comprise
Trp1177%%, Thr118>%, Val122>%, Val125°~°,
Thr126™77, Asp200°“"2, Phe2015"2,
Thr2035°"2, Tyr207°7%, Ala208>77, Ser212>*,
Ser 215°%, Trp303°*®, Phe306°°!, Phe307%%2,

Trp330”* and Tyr3337*.
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Asn329

Tyr333

Asn310

Phe307
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Table 1.1 List of Published GPCR Crystal Structures—cont'd
Target GPCR and Description of Binding Pocket Ligand Binding Site

B Adrenergic receptor complex with the partial
agonist dobutamine (5) at 2.5 A, PDB=2Y00 [23].
Dobutamine makes key H-bond interactions with
Asp12177? and Asn3297", from the basic amine
and Ser211°** and Asn310%%° from the catechol.
Note that the catechol interacts with the hydroxyl
group of Ser211°*? and also its main chain
carbonyl.

Other residues in the binding pocket comprise
Leul01*%*, Val102*°, Trp1177%®, Thr118>%,
Val122’2?, Val125°7°, Thr126°77, Asp2005“"2,
Phe2015“", Thr2035°", Tyr207°%, Ala208>,
Ser212>% | Ser 215>, Trp303°**, Phe306%",
Phe307%%, Val3267°, Trp330”*" and Tyr333"*.

VI

Asn310

Phe307

Asn329 ‘u,

.,
]

1)
]
.

Tyr333
Asp121

VI

Asp200

Phe201

L Z

Ser215
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B Adrenergic receptor complex with the biased
agonist carvedilol (6) at 2.3 A, PDB =4AM] [24].
Carvedilol makes key H-bond interactions with
Asp1213'32 and Asn3297°, from the basic amine
and the hydroxyl group, and with Asn329”*” and
Tyr333”* with the phenyl ether. The carbazole
NH interacts via an H-bond with Ser211°*?. The
secondary amine and the phenol of the ligand
interact directly with two water molecules from the
solvent accessible network H,O2030 and
H,02045.

H,02030 interacts with the phenol and also with
H,02045, and also bridges the ligand to
Asp2005“™ and Phe201°"? from ECL2.
H,02045 interacts with carvedilol and also
H,02030 and Asn3297.

Opverall these new interactions at the top of the
binding pocket are proposed to be important in the
biased signaling of this molecule.

Other residues in the binding pocket comprise
Leul01*%*, Val102*°, Trp117°2%, Thr118>2°,
Val122>%, Val125>7, Thr1267, Thr203>*,
Tyr207°7%, Ala208>7", Ser212°*, Ser2157*,
Trp303°*%, Phe306°°!, Phe307°°%, Asn310%°°,
Val32672°, Trp330”*" and Tyr333"+.
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Asn310¢
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Table 1.1 List of Published GPCR Crystal Structures—cont'd

Target GPCR and Description of Binding Pocket

Ligand Binding Site

1 Adrenergic receptor complex with the agonist
isoprenaline (7) at 2.85 A, PDB=2Y03 [23].
Isoprenaline makes key H-bond interactions with
Asp121°2% and Asn329”7°, from the basic amine
and the hydroxyl group in the center of the
molecule, while Ser211°*% and Ser215°*° interact
with the phenol groups from the catechol. The
interactions with both these Ser residues on TM5
are important for agonism and overall the binding
site is slightly contracted around the agonist
compared to antagonist or inverse agonist
structures.

Other residues in the binding pocket comprise
Trpl117°2%, Thr118>2°, Val122>2° Val125°°,
Thr126°>7, Asp200°“"?, Phe201"“", Tyr207°%,
Ser212>* | Trp303°*%, Phe306°>!, Phe307°°2,
Asn310°°% and Trp3307*".

VI VI
Asn310  Asp200
Phe201
Phe307
Asn329 ‘o, .
". "
’bl: g
‘ *
[ ]
| ]
| |
[ ]
Tyr333
Aspi21 Ser215

Ser211




Adenosine Aja receptor in complex with the
inverse agonist ZM241385 (8) at 1.8 A,

PDB =4EIY [3].

The ligand ZM241385 makes key H-bond
interactions with Glu1695°™, Asn253°%% and a 7—
7 interaction with Phe168"“"%. Several water
molecules bridge the ligand to the protein (not all
shown). Other residues in the binding pocket
comprise Leu85>°, Thr88>>°, Met177°%,
Asn181°* Trp246°*®, Leu249°°!, His25072,
Thr256°%", His264"1%, Leu267"%, Met270”, 1y g
Tyr27172¢, 112747, Ser2777-** and His278”*.

VII
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Tyr271
Ala63
Ser277

His278

Thr88

L
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*
*
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*
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His250
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Asn181
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Table 1.1 List of Published GPCR Crystal Structures—cont'd

Target GPCR and Description of Binding Pocket  Ligand Binding Site

Adenosine A, receptor in complex with

the agonist UK-432097 (9) at 2.7 A,

PDB =3QAK [25].

The agonist UK-0432097 makes key H-bond
interactions with Thr88>3¢, Glu1695<12,
His250%°%, Asn253%2°, Tyr2717°, Ser2777+
and His278”* and makes a n—7 interaction with
Phe168“2. A water molecule also bridges the
ligand to the carbonyl oxygen of Ala63*°" and the
hydroxyl group of Tyr9'>.

Agonism is linked to the H-bonding interactions
with the ribose group and the shape of the Tyr9
binding site in this region changes to accommodate
the critical sugar moiety.

VII
"Ea Thr256
*
R VI
L ] Lys -
Glu169
Phe168
Tyr271 Asn253
.® .
|- -'
Alab3 His250 v
*
'0
% : 4 3 gy
Ser277 R
His278 ‘0 Asn181
I i IV

Thr88




Adenosine Aja receptor in complex with the
agonist NECA (10) at 2.6 A, PDB=2YDV [26].
The agonist NECA makes key H-bond
interactions with Thg883‘36, Glu1695+2,
His250%%%, Asn253%%°, Ser277”** and His278"*
and makes a -7 interaction with Phe168“"2, A
water molecule network bridges the ligand to the
carbonyl oxygen of Ala63>°" and the hydroxyl
1.35
group of Tyr9 .
Agonism is linked to the H-bonding interactions
with the ribose group and the shape of the binding
L . Tyr9
site in this region changes to accommodate the
critical sugar moiety.

VIl
Thr256
VI
|
. »  Glu169
ﬁhe168l
Tyr271 s Asn253
'...
LR -
L 2 *
MES "' - "
Ala63 ,
. His250 v
| }
*
* "
[N S S
Ser277
His278 '0' Asn181
I I \Y
Thr8s
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Table 1.1 List of Published GPCR Crystal Structures—cont'd
Target GPCR and Description of Binding Pocket Ligand Binding Site

Adenosine Asa receptor in complex with the

physiological ligand adenosine (11) at 3.0 A, Vil
PDB =2YDO [26].

The physiological agonist ligand adenosine makes

key H-bond interactions with Glu1695"2,

Asn253%3% Ser2777*? and His278”* and makes

a -7 interaction with Phel68%“"%. A water

molecule network bridges the ligand to the

carbonyl oxygen of Ala63>°'
Asn181°* and His250°2.
Agonism is linked to the polar interactions with the 1, g Tyr271
ribose group and the shape of the binding site in this

region changes to accommodate the critical sugar

and also to

moiety.

Ala63

Ser277
His278

Phe168

Thr88

Thr256

Glu169

Asn253

His250

VI

Asn181

v




CXCR4 chemokine receptor in complex with the
antagonist IT1t (12) at 2.5 A, PDB=30DU [27].
IT1t makes key H-bond interactions with
Asp977°? and Glu288”~. The ligand is surrounded
by the hydrophobic environment formed by
Trp94> %, Trp1025°H, val1127%®, Tyr116772,
Arg1835°2 11e1855°" Cys1865“" and
Asp1875<H2,

The ligand sits high in the binding site compared to
other Family A ligands. Deeper in the cavity the
pocket is polar and unsuitable for the binding of
small molecules.

The figure orientation was rotated for clarity,
showing helix TM3 on the right. VI

Glu288

Cys28

Trp94

v
Tyr116
Val112 m
Cys186
lle185
Trp102
Asp97
I Arg183

Continued



Table 1.1 List of Published GPCR Crystal Structures—cont'd
Target GPCR and Description of Binding Pocket  Ligand Binding Site

Dopamine Dj receptor complex with the
antagonist eticlopride (13) at 2.89 A, PDB=3PBL
[28].

Eticlopride makes a key salt bridge interaction with
Asp110°2? and is surrounded by the following,

largely hydrophobic, residues Phe106°%, His349
e183°"% Val189%, Ser192°*, Phe345°!, Wil \
Phe346°°%, His349°>°, Thr369”°" and Tyr373"+.
Phe345
Phe346 | ...
Thr369
Tyr373
Phe106
Asp110

Val189

Ser192




Histamine H; receptor in complex with the

antagonist doxepin (14) at 3.10 A, PDB=3RZE

[29]. VI
Doxepin makes key salt bridge interactions with
Asp107°2%, and the E isomer (but not Z) of
doxepin is within H-bond distance of Thr11
Doxepin makes hydrophobic interactions with

Tyr108>%, Trp428°*® and Phe432°%, The

residues Ser1117¢, Tle115>4, Trp1584‘56, Trp428
Thr194>*, Asn198>4¢, Phe424°** Tyr431%',

Phe435%%° and Tyr458”* are also in close vicinity pPhe424

of the ligand.

Note that the doxepin used for crystallisation is a

mixture of E and Z isomers. Both forms are

represented in the figure and PDB.

Phe432

23.37
' Tyr431

lle115
VI

Ser111
Tyrd58

Phe435
Thr112
Tyr108
Asp107

Thr194

Asn198

Trp158

Continued



Table 1.1 List of Published GPCR Crystal Structures—cont'd
Target GPCR and Description of Binding Pocket Ligand Binding Site

Muscarinic acetylcholine M, receptor in complex

with the antagonist QNB (15) at 3.00 A,

PDB=3UON [30].

QNB makes key H-bond interactions with

Asp103>72, Ser107°”° and Asn404°°2. The \%
following residues enclose the ligand in the binding Thr187
pocket, Tyr104°2?, Val111>%° Trp155*°7, Ala194
Phe1815°", Thr187°, Thr190°*?, Trp400°*, Ala191

Tyr403%°!, Tyr426”?, Cys429”** and

Tyrd30”*.

The figure orientation was rotated for clarity,

showing helix TM3 on the right.

Thr190 Phe181

Vi Tyr104
Asn404
Ser107
Asp103
Tyr403
Trp400
Tyr426

Tyr430

Trp155




Muscarinic acetylcholine M3 receptor in complex
with the inverse agonist tiotropium (16) at 3.50 A,
PDB =4DA]J [31].

Tiotropium makes key H-bond interactions with
Ser151°7% and Asn507°° and a 7~ interaction
with Trp199*°7. The ligand is enclosed by the
residues Asp1473‘32, Tyr1483‘33, Asn15237,
Leu225"“", Thr231°7, Thr234>*?, Ala235°*,
Ala238>* Trp503°*¥ Tyr506%>", Asn507°°2,
Tyr529”2%, Cys5327** and Tyr 5337*.

The figure orientation was rotated for clarity,
showing helix TM3 on the right and keeping the
same orientation as M.

V
Thr231

Ala235

VI

Asn507

Tyr506

Trp503

Thr234

Ala238

Tyr529

VI

Cys532

Leu225

Tyr533

v
Trp199
"
Tyr148
Ser151
Asp147
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Table 1.1 List of Published GPCR Crystal Structures—cont'd

Target GPCR and Description of Binding Pocket  Ligand Binding Site

3-Opioid receptor in complex with the antagonist
naltrindole (17) at 3.40 A, PDB =4EJ4 [32].
Naltrindole makes key H-bond interactions with
Asp128”2% and Tyr129>** and is enclosed by the
hydrophobic environment formed by the residues
Met132>%°, Val281%°° and 11e304”.

The phenol group on the ligand likely forms water-
mediated interactions with residues on TM5 (not
shown as water molecules were not visible in the |
structure).

VI

lle304

Asp128

Val124
Tyr129
I

Val281

Met132

VI




Kk-Opioid receptor in complex with the antagonist
JDTic (18) at 2.90 A, PDB=4DJH [33].

JDTic makes key H-bond interactions with
Asp138”7% and, similarly to observed in the other
opioid receptors, it is also enclosed in the
hydrophobic environment formed by residues
Val134>2%, Met142°7°, 11e294°>° and 1le316".
The phenol group on the ligand likely forms water-
mediated interactions with residues on TM5 (not
shown as water molecules were not visible in the
structure)

VII
VI
lle316 1le294
.
’ 4
’~~~ 'c \Y
1]
Met142
Asp138

Val134 Il Tyr139

Continued



Table 1.1 List of Published GPCR Crystal Structures—cont'd
Target GPCR and Description of Binding Pocket  Ligand Binding Site

pn-Opioid receptor in complex with beta-
funaltrexamine (19), a morphinan antagonist at
2.80 A, PDB =4DKL [34].

Beta-funaltrexamine makes a covalent bond (via
Michael addition) with Lys233°>? and makes key
H-bond interactions with Asp147°°% and
Tyr148>>. As observed in the other opioid
receptors it is also enclosed in the hydrophobic
environment formed by residues Met151°,
Val300°°° and 11e3227.

Val143

1le322

Vi

Asp147

Tyr148

Met151

VI

Val300

Lys233




Nociceptin/orphanin FQ (N/OFQ) receptor in
complex with a peptide mimetic antagonist
compound-24 (20) at 3.01 A, PDB=4EA3 [35].
Compound-24 makes key H-bond interactions
with GIn107*°" and Asp130°? and a ©—n
interaction with Tyr131°?. Tyr309”** does not
interact directly with the ligand but coordinates
both GIn107*%" and Asp130°~? bridging the
network of interactions. The ligand is also
surrounded by the following residues: Asp11
e127°%, Met134°7°, 1121972, Ser223%,
GIn280°°% and Thr3057.

02.63

El

I
VII Vi
Thr305 GIn280
Il
\Y
L4
Asp110 R4 .
' lle219
GIn107 '
Tyr309
Ser223
Met134
Asp130
lle127 ASP Tyr131
"
v
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Table 1.1 List of Published GPCR Crystal Structures—cont'd
Target GPCR and Description of Binding Pocket Ligand Binding Site

Sphingosine 1-Phosphate S1P1 receptor in Lys34
complex with the antagonist sphingolipid mimetic

MLO056 (21) at 2.80 A, PDB=23V2Y [36].

The ligand makes key H-bond interactions with

Tyrz()N—term, LY534N—term, ASD1012‘60, Arg1203,28,

Glu1217* and one water molecule that bridges the

ligand to Glu294”" and also Lys34™"*"™, The R
ligand is surrounded by the residues Tyr98>*7, R4 :
Ser105>%*, Met124°, Phe125>%, Leu128>%, ==l
Val1945“M2 Leu1955“M2 Thr207°*, Phe210°Y, e
Trp269°*¥, Leu272°!, Phe273%%2, Leu276°>° Glu294
and Leu297".
VII ",
Ser105 '
u® IS
o 1
Leu207 4n oF
L | .
Asn101*
Tyr98 Met124
1 Trp269

Tyr29
Vi
Val194
Leu276
Glu121
Thr207
Arg120
Phe125

1
Leu128




NTS1 neurotensin receptor in complex with the
agonist neurotensin peptide fragment NTSg 3 (22)
at 2.80 A, PDB =4GRV [37].

The NTSg_;5 peptide makes key H-bond
interactions with the main chain carbonyl of
Leu55™™ and Phe331%°8, and with the side
chains of Thr226"“"* and Arg327%>*. The C-
terminal end of the peptide interacts with
Tyr146>2° and Arg327°°*.

This structure is notable as the first Class A agonist
peptide receptor structure.

The figure orientation was rotated for clarity,
showing helix TM3 on the right.

Leub55

Tyr347

Thr226

Phe331

]
S

Arg327 Vi

VI

1l
Tyr146
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Table 1.1 List of Published GPCR Crystal Structures—cont'd

Target GPCR and Description of Binding Pocket Ligand Binding Site

Protease-activated receptor 1 (PAR1) in
complex with the antagonist vorapaxar (23) at I
2.20 A, PDB=3VW7 [38].

Vorapaxar makes key H-bond interactions with
the main chain nitrogen of Leu258"“"* and the
main chain carbonyl of Ala349”>'. The pyridine
ring of vorapaxar forms a strong hydrogen bond
with the hydroxyl group of Tyr337%>°. The
fluoro-phenyl ring makes a m—7 interaction with
Tyr183>% and Phe271°2°. One water molecule
bridges vorapaxar to His336°" and Leu340"“".
The ligand is surrounded by the hydrophobic
environment formed by Leu237*%,

His255%", Leu262°", Leu263""2,
Leu332°°* Leu333°°> and Tyr3537°.

Leu258

His255

Ala349

VI

Tyr353

Leu262

Leu237

Tyr183
IV

Leu340
L4
*
*
'
|
| |
| |
) VI
His336
Leu332  Tyr337
Leu333 V
Phe271




5-Hydroxytryptamine receptor 1B (serotonin
receptor) in complex with ergotamine (24) at
2.70 A, PDB=4IAR [39]. A structure with
dihydroergotamine (25) at 2.80 A, PDB=4IAQ
was also solved (not shown) [39].

Ergotamine makes key H-bond interactions with
the main chain nitrogen of Val201"“" and with
the side chain of Asp129°2? and Thr134". Note
the embedded tryptamine fragment within the
ligand forms important interactions with the
receptor. Other residues in the binding pocket are
Trp125>%°, Leu126>%, 1e130>%, Cys1337,
Val2005“"2, Thr2035"2, Tyr208>%, Thr209°,
Ser212°* Ala216>*°, Trp327°*®, Phe330°",
Phe331°7?, Ser334%°, Met337°°%, Pro338°”,
Phe3517%°, Asp3527°, Thr355”*" and
Tyr359"+.

VI

Phe351

Phe330

Phe331

I Asp129

Thr134

Met337

VI

Teell Thr209
v
Val201

Ala216
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Table 1.1 List of Published GPCR Crystal Structures—cont'd

Target GPCR and Description of Binding Pocket

Ligand Binding Site

5-Hydroxytryptamine receptor 2B (serotonin
receptor) in complex with ergotamine (24) at
2.70 A, PDB =4IB4 [40].

Ergotamine makes key H-bond interactions with
the main chain nitrogen of Leu209*“"* and with
the side chain of Asp135°2% and Thr140°>’. Note
the embedded tryptamine fragment within the
ligand forms important interactions with the
receptor. Other residues in the binding pocket are
Trp1317%°, Leu1327%, Val136”%, Ser139°°,
Val2085“", Lys21152 Phe21777% Met218°,
Gly221°*, Ala225°*°, Trp337°*, Phe340°°",
Phe341°°%, Asn344°>°, Leu347°°%, Val348°>”,
Leu362", Glu363°, Val366"~" and Tyr370"*.

Leu347
VI VI
Leu362
Phe340
Phe341
| |
| |
| ]
. Ala225
| }
|
1] Val136

Asp135

1 Thr140

Met218
Leu209




Smoothened SMO receptor in complex with the
antagonist LY2940680 (26) at 2.45 A,
PDB=4JKV [41].

This is the first structure in the Class F receptor
family. The ligand makes key H-bond interactions
with Asn2195PHEer and Arg400°?. The fluoro-
phenyl group makes a - interaction with
Phe484"“"_ The ligand is surrounded by
Leu221ECPlinker N16230135 ) Trp281257,
Asp384°“H? Val386"“"2, Ser387°' 11e389512,
Tyr39452 Lys3955M2 GIng775,
Trp4805“", Glu4815“" | Pro513°“",
Glu518728, Asn5217* and Leu5227-*.

The figure orientation was rotated for clarity,
showing helix TM3 on the right.

Phe484
VI
Arg400
V ~
. Asn219
’0
A
\“
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Glu518
VIl Trp281
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Table 1.1 List of Published GPCR Crystal Structures—cont'd
Target GPCR and Description of Binding Pocket Ligand Binding Site

CREF; receptor in complex with antagonist

CP-376395 (27) at 3.0 A, PDB=4K5Y [18]. Tyr327

The structure of CRFy represents the first family B

GPCR to be determined. Vil

The antagonist CP-376395 is much more deeply Vi

buried in the binding pocket, when compared to all Phe203

published class A structures [18]. Leu323 \
The ligand makes a key H-bond interaction with

Asn283°3° from helix 5, and is surrounded by
3.44

neighbouring hydrophobic residues Phe203”"", L euz80
Met206>Y, Val279>*, Leu280°*, Phe284>",
Leu287%%*, 11e290°%, Thr316°*, Leu319°*, Met206 Val279

Leu320*, Leu323%* Gly324°°” and Tyr327%%.

\J
Leu319 Leu320 .

Thr316

Leu287
I

The figures in this table were prepared with the software Pymol [42].
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proteolytic site or GPS domain) to yield two non-covalently attached sub-
units [43]. Currently, most Adhesion receptors are orphans and their biology
and signalling are not well understood. Several have been reported to be
activated by interactions with extracellular matrix proteins.

Class C GPCRs, which include the glutamate receptor family, also have
a large N-terminus with a bi-lobed amino acid binding domain known as
the ‘Venus fly trap’. The receptors function as dimers and bind simple amino
acids such as glutamate and y-aminobutyric acid (GABA) as well as ions [44].
Three taste receptors also fall into this family, including those for sucrose,
aspartame and umami. Only two members of Class C are the target
of marketed drugs (the GABAg receptor and calcium sensing receptor),
however there are many drugs directed at glutamate receptors currently
in development [45—47]. Drugs for this family of GPCRs can bind either
within the extracellular amino acid binding domain or within the TMD,
where they act as allosteric modulators of the endogenous ligands.

Lastly, the Frizzled Class of GPCRs includes 10 Frizzled (FZD) receptors
and the smoothened receptor (SMO). FZD receptors bind Wnt glycoproteins
whereas SMO is activated by formation of a complex with another membrane
protein called patched [48]. The TMD of this family is linked to a large extra-
cellular domain containing a cysteine rich region that binds the Wnt ligands.
In 2012 the first small molecule drug targeting this family was approved for the
treatment of cancer, vismodegib. This compound binds within the TMD of
SMO [49]. Recently, the structure of the SMO receptor in complex with a
small molecule ligand has been solved (see Table 1.1) [41].

3. GPCR PROTEIN-LIGAND X-RAY STRUCTURES

The difficulty in obtaining diffracting crystals for GPCRs is due to the
inherent flexibility of these receptors, for they exist in multiple conforma-
tional states. Crystallisation requires that the protein be in a single, homog-
enous conformation, which can be obtained at least to some extent by the
addition of a ligand that preferentially binds to a single conformation (e.g.
antagonist or agonist). Crystallisation of membrane-associated proteins is
conducted in a detergent medium. During crystallisation, crystal contacts
are formed between hydrophilic regions of the protein that protrude from
the detergent micelles. So as well as their flexibility, an additional challenge
to crystallising GPCRs is that they contain relatively small hydrophilic
domains, which are unable to serve as useful crystallisation contacts, and
flexible loop regions that often need to be truncated.
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Three approaches have proved successful in facilitating GPCR
crystallisation. The first is formation of a fusion protein by introducing a
well-folded soluble protein such as T4 lysozyme (T4L) into the third intra-
cellular loop (ICL3) of the crystallisation construct. This fusion serves both
to reduce the flexibility of the ICL3 region and to increase the surface avail-
able for crystal lattice contacts. The T4L fusion approach was first applied
successfully to the crystallisation of the P,-adrenergic receptor (P,AR)
[19] and a number of additional GPCR structures have been resolved using
this approach (see Table 1.1). Fusion proteins have also been inserted in the
second intracellular loop and at the N-terminus of the receptor. The second
approach is to generate a complex of the GPCR with antibody fragments;
this approach has been used to obtain antagonist and agonist conformations
of the B,AR. A monoclonal antibody that bound and stabilised intracellular
loop 3 (ICL3) of B,AR was generated by immunising mice with the receptor
reconstituted into proteoliposomes [50]. A Fab (Fragment antigen binding)
fragment of this antibody enabled the first crystal structure of B>,AR to be
solved [51], although at considerably lower resolution than the subsequent
T4 fusion structure [19]. Remarkably, a nanobody that bound selectively
to the active conformation of the B,AR receptor was identified by immu-
nising llamas with purified agonist-bound B,AR. The nanobody appeared
to mimic part of the G alpha subunit in its ability to promote the active con-
formational state of the receptor, facilitating the co-crystal structure of the
receptor and nanobody in a conformation that showed similar conformational
changes to those seen in the active opsin structure [21]. The differences in
conformation between agonist bound as compared to ground state conforma-
tions (inverse agonist or antagonist form) are discussed below.

The third approach to facilitating crystallisation is to engineer the GPCR
to exhibit higher stability, such that when solubilised from the cell
membrane it behaves more like a soluble protein. This conformational
thermostabilisation has been employed for several GPCRs including the
B-adrenoceptors [52], the neurotensin receptor [53] and the adenosine
Asa receptor [54]. These engineered receptors are called stabilised receptors
[55] or StaR proteins, and generally contain four to ten point mutations.
Thermostabilisation has proved a generally applicable approach that greatly
assists in crystallisation of GPCRs using conventional crystallisation
methods. Furthermore, thermostabilisation allows structure determination
with relatively weak ligands, which is critical to its use in drug discovery.

Despite the advances described earlier, the detergent environment required
to crystallise GPCRs can still be unfavourable. In order to overcome this prob-
lem, crystallisation in a more lipidic environment, that perhaps serves to mimic
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the environment of the cell membrane and give further stability to the receptor,
is often required to obtain GPCR crystals. One particular method of choice is
that of lipidic cubic phase (LCP) crystallisation or in meso crystallisation [56]. To
date all of the GPCR structures obtained using the T4 fusion approach have also
required LCP crystallisation [57|. However, use of the thermostabilisation
methodology has allowed the structures of a number of GPCRs with a variety
of ligands to be solved in normal vapour diffusion conditions.

In Table 1.1, each GPCR that has been resolved in complex with a ligand 1s
illustrated and the details of the protein—ligand interactions are described briefly.
‘Where more than one ligand has been solved in complex with its receptor, gen-
erally only one example is given, unless the ligands bind to a different confor-
mation of the receptor (e.g. inverse agonist/antagonist, partial agonist/agonist).
The chemical structure of each ligand is given, along with its Protein Database
code (PDB), immediately preceding the table for reference. It is beyond the
scope of this review to discuss each receptor in detail in the text and instead this
table is intended to give a useful insight into how ligands interact with GPCRs.
As far as possible each complex is shown in a similar orientation to aid compar-
isons of one structure with the next, but if this was not possible this is noted in
the legend. Throughout this chapter and in Table 1.1 the amino acid residues
are denoted both by their number in the sequence and also by the Ballesteros—
Weinstein number, which is a system that gives the relative position ofa residue
within each of the seven transmembrane helices [58]. In the Ballesteros—
Weinstein nomenclature, the first superscripted number is that of the helix
and the value after the decimal pointis the sequence position relative to the most
conserved residue in each helix which is given the number 50. A number of
excellent reviews describe in more detail the published GPCR complexes
and discuss not only the ligand—protein interactions but also the structural
features of the proteins themselves [2,4,5,14,15,23,59—67|.

Crystallographic ligands from Table 1.1
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4. MECHANISMS OF ACTIVATION: AGONIST BOUND
STRUCTURES

Many of the most effective drugs targeted at GPCRs, unlike those for
many other protein classes, mediate their therapeutic response through acti-
vation of the receptor; examples include the opioids, triptans and beta ago-
nists [68]. SBDD for agonists is more complicated than simply increasing the
affinity for the binding site. Agonist drugs that fully activate the receptor
might actually have relatively weak affinity for the binding site of the ground
state of the receptor (antagonist or inverse agonist form). Specific contacts
between the receptor and agonist are sometimes a prerequisite to engage
the activation process and trigger the conformational changes in the receptor
required to bind and then activate intracellular signalling pathways. This
conformational change can be ‘up-hill’ in energy, hence lowering the
apparent overall binding affinity of the compound. To add further to this
complexity, agonists can vary in efficacy, namely in their intrinsic ability
to activate the receptor and downstream signalling pathways, ranging from
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full agonists, which elicit the maximal response, to various degrees of partial
agonists [69].

GPCRs are considered to exist in at least two conformational states that
are in equilibrium and have been described by the ternary complex model
[70]. R represents the ground or inactive state and R* the active confor-
mation that can couple to G proteins. The baseline equilibrium between
R and R * in the absence of a ligand determines the level of basal versus con-
stitutive activity and varies among receptors. Agonist binding alters the
equilibrium in favour of the R*™ form whilst inverse agonists favour the
R state. It has long been understood that the affinity of agonist binding
to the receptor is altered upon formation of the R state. For example, in
the case of agonist binding to the ,-adrenoceptor, biphasic binding affinity
curves indicate a high (2 nM) and low affinity site (300 nM), which can be
regulated by the addition of guanine nucleotides that promote dissociation
of the G protein [71].

To apply structure-based design techniques to agonists, an understanding
of the conformational changes that occur during receptor activation, and in
particular the changes in the binding pocket resulting in high affinity bind-
ing, is of critical importance. The first active state GPCR structures obtained
were of the light sensing receptor rhodopsin [72,73]. These structures were
very informative with regard to the quite large transmembrane movements
that occur upon receptor activation, particularly in TM6, which allow the
G protein to bind to the intracellular face of the receptor. However, these
structures have limited utility when modelling the ligand binding site of
other GPCRs since rhodopsin is unique in having a covalently bound
ligand, retinal, which is activated by light-induced isomerisation. In partic-
ular, retinal is encapsulated within the binding site as the extracellular loops
of the receptor fold over the top of the ligand binding site.

Typically, binding of agonist alone to the receptor is not sufficient to
fully stabilise the R™ state and enable crystallisation. It is necessary to also
have the G protein present, or a G protein mimetic, or alternatively to
use mutagenesis to alter the equilibrium to the agonist state [74,75]. Four
agonist-bound structures have been determined for an avian -
adrenoceptor thermostabilised in the R state (Table 1.1). These structures
did not reveal an obvious active state conformation with respect to, for
example, movement of helices at the intracellular surface; an aspect most
likely due to the thermostabilisation in the R state. Nevertheless, these struc-
tures were particularly useful for drug discovery as they included agonists
with difterent efficacies ranging from the partial agonists dobutamine (5)
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and salbutamol, to the full agonists isoprenaline (7) and carmoterol, with
small but consistent changes evident within the binding pocket around
the ligands [23]. These thermostabilised structures led to the first structural
understanding of the basis of efficacy. For example, the full agonists were

5.46 .
> with a consequent small con-

found to make a hydrogen bond to Ser215
traction of the binding pocket to generate the presumed high affinity state.
In contrast, the partial agonists did not make this particular hydrogen bond
and therefore were less able to stabilise the contraction of the ligand binding
pocket. With regard to the equilibrium position between R and R*, it could
be inferred from these structures that the partial agonists are less able to drive
the equilibrium to the R™ state than full agonists.

In 2011 Brian Kobilka and his team at Stanford solved the crystal struc-
ture of B>AR bound to the agonist BI-167107 (3) (Table 1.1) together with
asingle domain antibody (nanobody), which mimics the G protein. This was
the first structure of a GPCR 1in the fully active state [76]. Binding of the
nanobody to the receptor was shown to increase the affinity of agonist bind-
ing in a similar way to addition of the G protein. In this structure, there were
further contractions of the binding site compared to the agonist bound struc-
tures of Warne ef al. [22-24] and a change in rotamer conformation of
Ser207°*. This was then followed by the agonist bound complex of the
B,AR complexed with the G protein heterotrimer, showing for the first
time the interactions between a G protein and the receptor at the intracel-
lular surface in molecular detail (Table 1.1) [21]. This breakthrough contrib-
uted to the award of the 2012 Nobel Prize for chemistry to Kobilka and
Letkowitz |77].

The first GPCR structure to be solved in complex with its natural ligand
was the adenosine A, receptor. To obtain a co-structure with such a weakly
binding ligand (adenosine (11)) the receptor was thermostabilised by muta-
genesis into the agonist state (Table 1.1) [26]. This approach enabled struc-
tures of the receptor to be solved both with adenosine and the related agonist
NECA (5'-(N-ethylcarboxamido)adenosine (10)). Additionally, a structure
of the very high affinity agonist UK-432097 (9) (Table 1.1) in complex with
the adenosine A,a receptor has also been solved, in this instance using a
fusion protein approach to aid crystallisation and a large and very potent ago-
nist ligand to trap the agonist conformation [25]. A common structural fea-
ture for adenosine agonists is that the ribose ring confers agonist activity. The
ribose moiety sits deep within the receptor binding pocket with the 2’ and 3’
—OH groups making hydrogen bonds with His278”** and Ser277”*?. In the
UK-432097 structure, interaction with these residues results in a 2 A
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movement inwards of helix 7 towards helix 3 enabling hydrogen bonding
interactions with Thr88>° 3.32

Leu85” . These key interactions also result in a 2 A upward movement

and non-polar interactions with Val84””" and
of helix 3. The contraction in the binding site enabling high aftinity binding
also involves an inward bulge in helix 5 in conjunction with an outward
movement of the cytoplasmic end of the helix. In contrast to agonists,
inverse agonists such as ZM241385 (8) (Table 1.1) are not accommodated
within the agonist binding site and serve to maintain the receptor in the inac-
tive state whereas neutral antagonists [78,79] fit equally into both agonist and
antagonist binding pockets of adenosine receptors and mediate their biolog-
ical activity by simple displacement or prevention of agonist binding.

The neurotensin receptor (NTS;) is activated by the relatively short
(13 aa) peptide neurotensin. In 2012 a structure of a thermostabilised
NTS; bound to NTSg_;35 (22) (Table 1.1) was solved in an active-like state.
The peptide was found to bind in an extended conformation perpendicular
to the plane of the membrane [37] although, in contrast to the receptors
described earlier, the peptide was not found to reach deep into the receptor
TMD binding pocket. Major interactions are with the N-terminus, all three
extracellular loops and the upper portion of TM2-TM7 (Table 1.1). This
structure revealed complementary charge interactions between the ligand
and its binding pocket, extensive van der Waals interactions, hydrogen
bonds and a salt bridge with Arg237%>*. The entrance to the binding pocket
appears to be quite open although it is partially capped by a B-hairpin from
the second extracellular loop (ECL2) and part of the N-terminus. A full
understanding of the changes within the peptide receptor binding pocket
upon activation will require a structure of the antagonist bound receptor.
Nevertheless from these data it would appear that the exact mechanisms
of receptor activation for peptide receptors difter from those for aminergic
receptors.

Two other members of the aminergic sub-family of Class A receptors
(5-HT 5 and 5-HT>,p) have been crystallised in complex with the agonist
anti-migraine drugs ergotamine (24) and dihydroergotamine (25)
(Table 1.1) [39,40]. A comparison of these structures provides an under-
standing of subtype selectivity in serotonin receptors. This is particularly
important since activity at the 5-HT g receptors is responsible for toxic heart
valvulopathy [80]. Ergotamine (24) sits deep within the receptor, anchored
through a salt bridge to Asp129°*
serotonin receptor sub-family. The cyclic tripeptide moiety of ergotamine

, a residue highly conserved within the

extends outwards toward the extracellular side of the receptor, occupying an
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‘extended pocket’, which would not normally be occupied by the endog-
enous ligand. Whilst the orthosteric binding pocket occupied by 5-HT is
highly conserved across the serotonin family, the extended pocket is more
diverse and allows the development of highly selective agonists and antag-
onists. Although this group of therapeutic compounds sits in a similar way in
both the 5-HT g and 5-HT5p receptors, the shape of the binding pockets
differs significantly. For example, in the 5-HT,p receptor the pocket is
wider primarily due to differences in the position of the top of TM5 and
also in the conformation of the phenyl group of the ergotamine tripeptide.
Of note, the extended binding pocket occupied by the ergotamine
tripeptide partially overlaps with the analogous site in the muscarinic M,
structure (Table 1.1); this has been suggested to serve as the binding site
for allosteric modulators [30].

5. BIASED AGONISM

GPCRs can activate multiple signalling pathways via both G protein
dependent and independent mechanisms. Recently, it has been shown that
some compounds can act as ‘biased’ agonists, which differentially trigger
downstream pathways [5]. This feature raises the possibility that compounds
can be designed to activate select pathways, mediating therapeutic benefits
whilst having lower activity towards pathways associated with side effects.
Compounds that differentially signal through G proteins and B-arrestin
are of particular interest [81]. For example, p-opioid agonists designed to
signal via G proteins but not P-arrestins would be predicted to result in
higher analgesic efficacy, yet less gastrointestinal dysfunction and reduced
respiratory suppression compared with morphine [82]. SBDD that exploits
this differential signalling potential of GPCRs, together with a precise
understanding of GPCR structure, represents the ‘holy grail’ of GPCR
pharmacology and drug discovery.

Presently, the structural basis of biased agonism is poorly understood,
although it is presumed that biased ligands stabilise different receptor con-
formations that have an altered ability to interact with downstream signalling
effectors. To gain insight, structures need to be solved of the same receptor
complexed with a range of differently biased agonists. Some information has
been provided by the structures of 5-HT g and 5-HT»g receptors in com-
plex with ergotamine (24) and dihydroergotamine (25) (discussed earlier and
Table 1.1), since ergolines display strongly biased signalling towards
B-arrestin via 5-HT,g but are unbiased via 5-HT;g. In the 5-HT,p
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structure, interactions between ergotamine and extracellular loop 2 (ECL2)
are hypothesised to constrain the top of TM5 and TM6, potentially
preventing rearrangements in these helices, proposed to be required to
generate the active G protein coupled state.

6. TRADITIONAL APPROACHES TO GPCR DRUG
DISCOVERY AND THE NEED FOR CHANGE

Although up to 30% of drugs on the market are directed at GPCRs, the
majority of these are targeted at the monoamine subfamily of receptors,
which includes B-adrenergic receptors, dopamine receptors and 5-HT
receptors [83]. These drugs were discovered primarily by screening analogues
of the natural ligand using tissue-based assays [84,85]. Whilst this approach
has been highly successful in identifying effective drugs, many of these com-
pounds are poorly selective versus related receptors and are, in fact, active
across multiple receptors within the monoamine family. Furthermore, when
this approach has been applied to other GPCR families, the resulting drugs
often suffer from problems associated with properties of the endogenous
ligand. For example, drugs targeted at prostaglandin receptors are related
to the prostanoid ligands, which are unstable and have poor pharmacokinetic
properties. In addition, in cases where the natural GPCR ligands are peptides
or larger hormones, it is often not possible to generate orally bioavailable
drugs using a peptidic starting point for lead generation [15].

More recently, the availability of cloned GPCRs has led to development
of miniaturised recombinant functional screening assays, enabling high-
throughput screening (HTS) of large compound libraries of millions of com-
pounds. However, the use of HTS in combination with GPCR functional
screening has a number of problems. Firstly, the false positive hit rate in HTS
is high due to non-receptor specific activation of downstream signalling
pathways. Such compounds must be eliminated by running parallel screens
in cells that lack the target receptor. A second problem is that selection of
‘hits’ is based primarily on compound potency, which creates a bias towards
compounds with a higher molecular weight and higher lipophilicity; often
not the best starting points for lead optimisation [86]. For as these hits
undergo rounds of iterative chemistry to optimise potency, there is a ten-
dency to add on further bulk, thereby increasing the molecular weight
and lipophilicity. Such compounds have been shown to have an increased
likelihood of toxicity and a high attrition rate during development [86].
Examples of GPCR drugs from HTS that have failed in clinical trials and
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possess the aforementioned sub-optimal properties are the dual orexin
antagonist almorexant (28), and the calcitonin gene-related peptide receptor
(CGRP) antagonist telcagepant (29).
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To date only 20% of non-olfactory GPCRs have been drugged with
small molecules. The remaining receptors include many potential therapeu-
tic targets according to biological rationale and clinical validation. For exam-
ple, there are marketed peptides for many receptors including GLP-1 [87],
GLP-2 [88], PTH1 [89] and growth hormone releasing hormone receptor
(GHRH) [90], but no oral small molecule drugs have been identified
for these receptors. SBDD in combination with fragment-based screening
has proved very successful for drug discovery directed at enzyme targets
[91-95]. Such approaches were previously not applicable to GPCRs due
to the lack of X-ray structures and difficulty in obtaining purified protein
for fragment screening by biophysical techniques. However, recent techno-
logical developments in the stabilisation of GPCRs (discussed earlier) now
enable production of large quantities of correctly folded, purified protein
suitable for biophysical and structural studies [96], as well as fragment screen-
ing [97]. Furthermore, additional breakthroughs in protein engineering
and membrane protein crystallisation have facilitated the solution of GPCR
X-ray structures (Table 1.1) [61,98].

7. POTENTIAL OF SBDD AND FBDD FOR GPCR DRUG
DISCOVERY

[t is intuitively obvious that a three-dimensional structure of a ligand
bound to its receptor will be useful in the design of a drug. Therefore, the
primary impact of SBDD on GPCR drug discovery is through more effi-
cient identification, exploitation and optimisation of hits that result in higher
quality lead compounds. However, GPCR medicinal chemists have long
been used to working empirically, that is modifying features of a chemical
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series iteratively and systematically rather than taking bold steps predicted
from modelling or X-ray structural data. Additionally, the potency of a mol-
ecule is only one feature of its therapeutic properties and optimisation of sol-
ubility, pharmacokinetic and other pharmaceutical properties could be
argued to be somewhat tangential to the insight given by protein—ligand
binding information. However, there is now an increasing understanding
in the medicinal chemistry community that smaller, more polar ligands have
amuch higher chance of becoming an approved drug and that SBDD can rad-
ically improve the opportunities to optimise molecules in an atom-efficient
manner [86,94,99,100]. One factor that has driven this move towards
multi-parameter optimisation is the advent of fragment-based drug design
(FBDD) over the last 10-15 years, in which very small and weak but ligand
efficient molecules are used as the starting points for structure-based design
[99]. It is beyond the scope of this review to discuss the FBDD methodology
and precedents but the reader is referred to a number of excellent reviews on
the subject [93,94,101-104]. In the next section, some early examples of
FBDD methodology applied to GPCRs are outlined, both regarding identi-
fication of fragment hits and also their optimisation to lead compounds.

A second impact of SBDD on GPCR drug discovery is likely to be the
rational optimisation of receptor selectivity. This area is still in its infancy,
but in our own research we have been able to use SBDD methods to design
aselective adenosine A, antagonist and highly selective muscarinic M ago-
nists [105,106]. In the next section, a number of examples of FBDD and
SBDD are described which encompass hit identification, hit and lead opti-
misation, as well as design and understanding of selectivity. Over the last
5 years there has been a plethora of published studies exploiting and building
on the newly available GPCR structural data with modelling and drug
design eftorts. As such it is not possible for us to do justice to all of this work
here. Therefore, in the following section we have focused on some repre-
sentative examples and receptors, which serve to illustrate the approaches
that are now possible. The reader is referred to a number of other review
articles that describe further examples and some of the work below in more
detail [4,15,60,62,107-112].

7.1. Beta Adrenergic Receptors

The crystal structures of both antagonist and agonist ligands complexed with
beta adrenergic receptors B;AR and B>,AR have facilitated virtual screening
and hit generation for these targets, which now serve as paradigms of GPCR.
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drug design. Kolb et al. exploited the antagonist-bound structure of f,AR
(2RH1) for virtual screening of one million compounds with lead-like
properties, with the aim of demonstrating the utility of virtual screening
for GPCR targets [113]. In a radioligand binding assay, 25 compounds
selected from the in silico screen resulted in 6 hits (K; values 9 nM—
3.2 uM; 24% hit rate), (30) being one example. Similarly, Topiol ef al. per-
formed docking and virtual screening for B,AR with in-house and external
databases [114,115]. Hit rates were 36% and 12% for the in-house and
commercial libraries, respectively (K; values 0.1 nM—21 puM and K|
14 nM—4.3 uM) whilst only a 0.3% hit rate was achieved with a control
set of randomly selected compounds. Some familiar looking hydroxylamine
chemotypes were re-discovered in the hit set but these included some highly
potent examples, such as (31), offering opportunities for novel chemical
optimisation. De Graaf and R ognan attempted to generate an agonist model
based on the B,AR antagonist-bound structure in which the rotameric states
of Ser212°>* and Ser215 >*° within the binding site were adjusted to enable
H-bonding of the receptor to the hydroxyl groups of agonist ligands [116].
Notably, this prediction was attempted before the agonist co-complex was
published (Table 1.1). The modelled receptor binding site outperformed,
during virtual screening, the original X-ray structure in docking of par-
tial/full agonists from decoy ligands. This study demonstrates that, at least
for some GPCRs, the active state of the receptor can be modelled with rea-
sonable confidence. The agonist conformation has now been crystallised
with agonist ligands (Table 1.1).
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B,AR antagonist B,AR antagonist
pK;=8.0 Kg=0.3nM

In addition to docking and virtual screening studies, SBDD has also
started to be applied to the P-adrenergic receptors. Soriano-Ursta et al.
investigated boron-containing analogues of B,AR agonists, their design
based on the B, receptor structure [117]. One analogue (32) was found to
have higher potency than the corresponding diol in a functional assay (relax-
ation of isolated guinea pig tracheal rings). Several analogues were also shown
to be competitively antagonised by B,AR antagonists. Hattori et al.
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explored structure driven modifications of a series of biphenyl analogues
containing acylsulfonamides, such as (33), with the goal of obtaining potent
and selective B3AR agonists [ 118]. The predicted binding pose was utilised to
rationalise selectivity and potency and is presented as the basis for future
design. A series of high efficacy B,AR agonists (e.g. 34) derived from
Sibenadet, notably devoid of the usual benzylic alcohol group found in most
potent agonists, were generated by Stocks ef al. [119]. The authors propose
an induced fit whereby Trp286 moves to produce a new lipophilic pocket to
accommodate the ligand.
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Selective ;AR agonist High efficacy B,AR agonist

In a recent paper by Christopher ef al., the antagonist-stabilised confor-
mation of B1AR (StaR B;AR) was successfully employed firstly for fragment
screening and then for X-ray crystallographic studies of analogues of
the fragment hits [120]. Simple phenyl piperazine hits were identified using
surface plasmon resonance (SPR) screening of the StaR protein immobilised
on a chip. Modelling of the binding modes of several related hits with
affinities in the range of 10-50 uM led to the purchase of selected analogues
for further screening. In particular, an indole-containing derivative (35) was
selected to interact with the OH of Ser 211°**. This compound had a sig-
nificantly improved affinity of approximately 60 nM (assessed using a
radioligand binding assay). Crystal structures were then solved with this
ligand and another analogue from the same series, confirming the modelling
hypothesis and establishing the basis for further optimisation (as yet not
reported). This case study demonstrates, for the first time, that the principles
and practise of fragment-based drug discovery (briefly outlined earlier) can
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be applied to GPCRs and heralds enormous opportunities for future
research in this area.
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7.2. Histamine Receptor

Publication of the histamine H; receptor structure (Table 1.1) was quickly
followed by a virtual screening study using the ligand—protein binding data
[121]. A large library of 757,728 fragment-like compounds (defined as con-
taining fewer than 22 non-hydrogen atoms) was used as the test set. First the
library was filtered to retain only molecules carrying a formal charge of +1
(after tautomers and protonation states were generated), which reduced the
test set to 108,790 fragments. This was to ensure that the fragments had the
potential to form ionic interactions with Asp107°*% (TM3) with the
assumption that this would be an absolute requirement for binding to the
receptor. The docking program PLANTS was then used to carry out the
virtual screen. Next, fragments forming an interaction with Asp107°~% in
the predicted binding pose were selected, leaving 95,147 molecules. Further
post-processing was conducted, using interaction fingerprints derived from
the contacts made by the ligand doxepin (present in the co-crystallised H;
receptor structure). Finally, the most promising 354 fragments were sub-
jected to Tanimoto-based similarity analysis with known H; antagonists
and visually inspected, such that 30 fragments were finally selected for
empirical study. Of the 26 compounds available for purchase, 19 fragments
exhibited H; affinity, giving an impressive 73% experimental hit rate with
hits in an affinity range of 10 pM—6 nM. Compounds (36) and (37) are rep-
resentative hit molecules. This case study corroborates that fragment-sized
hit molecules can readily be identified for a number of Class A aminergic
GPCRs, indicating that GPCRs are tractable to FBDD approaches that
deliver hits with high ligand efficiency (LE) [99].
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7.3. Adenosine Receptors

Drug discovery research concerning the adenosine receptor family (A4, Aza,
Asp and Aj;) encompasses a large body of work with multiple compounds
(both agonists and antagonists) being investigated clinically for the treatment
of cardiovascular disease, asthma, Parkinson’s disease and cognitive disorders
[112]. The multiple published crystal structures of the adenosine A, recep-
tor bound to small molecule ligands in both antagonist and agonist receptor
conformations are now having a considerable impact on the adenosine
receptor field (Table 1.1). SBDD approaches to adenosine receptors are
the subject of a very recent and excellent review by Jacobson [107].

Even before the first adenosine receptor X-ray structure was published
(ZM241385 (8) complexed with Aypa—T4L [122]), its value was presaged by
Michino ef al. who initiated a community wide, blind prediction assessment
of the ligand—receptor X-ray complex [123]. Indeed, 29 groups submitted
206 structural models before the release of the experimental X-ray co-ordi-
nates. The best model had a ligand root mean squared deviation (RMSD) of
2.8 A and a binding site RMSD of 3.4 A. More generally, the results
highlighted that ligand-binding pose predictions, and conformational
modelling of extracellular loops, remain very challenging. The adenosine
Ao p—T4L X-ray complex was subsequently successfully exploited for virtual
screening by several groups. Carlsson ef al. docked in silico 1.4 million com-
pounds and selected 20 for screening [124]. Seven compounds (35%) were
found to be hits using a radioligand binding assay, with affinities in the range
200 nM—8.8 pM. An example is compound (38). These hits were all shown
to be antagonists in a functional assay and, in general, the hits exhibited selec-
tivity with respect to the closely related adenosine A; and Aj receptors,
building confidence in their specificity of binding. The binding modes of
the best hits were also assessed in more detail and H-bonding with
Asn253°°% and Glu169 (ECL2) seemed to be important. These residues
are likely to be critical for binding of the X-ray ligand ZM?241385 (8)
(Table 1.1) to the receptor. In an analogous study, Katritch ef al. performed
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a virtual screen of adenosine Aypa—T4L with 4.3 million compounds [125].
In this case, 23 of the 56 molecules were found to be active (41%)), with attin-
ities in the range 32 nM—10 uM (an example is compound (39)). The hits in
this study were also shown to be antagonists, but a key difference was that
selectivity was relatively low with respect to the adenosine A; receptor sub-
type. Taken together, these two virtual screening projects demonstrate that
small and polar hits with respectable LE values can be identified for the aden-
osine receptor family by virtual screening.
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A, antagonist A, antagonist
K; =200 nM K =32 nM

Van der Horst et al. carried out a sub-structure-based virtual screen of
adenosine A,a, employing a number of different ligand-based screening
methods and compared their results with previous virtual screens [126].
Thirty-six compounds were selected and screened, of which eight were hits
(>30% inhibition at 30 pM; a 22% hit rate), including compound (40). Sim-
ilarly Areias et al. used ligand-based in silico screening to efficiently identify a
novel series of chromene A,a antagonists (41) [127]. These studies support
the utility of ligand-based data for a target of interest and would suggest there
is value in considering both ligand-based and virtual screening approaches to
hit identification. Indeed, Sanders et al. combined ligand based and virtual
screening methods to study three receptors B,AR, A, and the sphingosine
1-phosphate receptor (S1P1), selecting 300 compounds per target (using
consensus scoring) but screening all 900 compounds in each of the three
screening assays [128]. Screening hits were identified for each target: 6 for
B-AR, 18 for A4 (e.g. (42)) and 3 for STP1. However, a number of the hits
were not actually against the target for which they were initially selected,
highlighting how GPCR pharmacophores overlap, but also perhaps how
serendipity is still an important part of drug discovery. Lastly, van Westen
et al. very successfully employed a virtual screening protocol based on
proteochemometric (PCM) modelling to identify nanomolar hits for A,
and A, receptors, including compound (43) [129].
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The adenosine A, receptor has been a test case for a number of biophys-
ical fragment screening approaches. Target-immobilised NMR' screening
(TINS), is a sensitive method used to detect relatively weak interactions
between proteins and small molecules [97]. The method is based on changes
in the NMR spectrum of the ligand upon binding to the target protein. The
thermostabilised A,x StaR2 protein was successfully immobilised on
sepharose resin and screened at 500 pM with 531 fragment-sized molecules
using the TINS method [97]. The screen identified 94 fragments binding
specifically to A, StaR 2 and six fragments binding specifically to a reference
protein OmpA. The A, hits were then screened in a binding assay with the
wild-type receptor, using both [’H]-ZM241385 (8) and [’H]-NECA (10)
radioligands [97]. Five competitive orthosteric ligands with diverse chemical
structures (e.g. 44) were identified, with ICs values ranging between 70 and
1880 UM in concentration—response studies with [*H]-ZM241385.
Another biophysical screening approach, SPR, already described earlier
for B1AR, has also been employed for the A, StaR 1 protein. The protein’s
suitability for SPR was validated initially using a set of standard ligands, with
affinities ranging from 5.7 M to 0.68 nM, to establish good agreement with
values measured using wild-type AxaR [130]. A library of fragments was
then screened against A4 StaR1 at 200 uM, with standard ligand XAC
(45) serving as a positive control. XAC was found to bind consistently
and the receptor remained active throughout the study. The screen success-
fully identified multiple fragment hits binding significantly above
background. The binding affinities of these hits were assessed using a
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concentration—response format and were found to range from 10 to
5000 pM. A third biophysical screening approach, CEfrag, is a highly sen-
sitive screening technique that uses capillary electrophoresis to identify low
molecular weight (<300 Da), low affinity binders to a target protein [131].
The technique relies on the availability of a competitor probe ligand that
interacts with the biological target of interest and changes in mobility upon
binding, allowing detection [131,132]. In a proof of concept study, CEfrag
was used to detect interactions between fragments and Ay, StaR1; ligands
with a range of potencies, including the fragment-sized molecule caffeine
(46), were successfully detected [112]. These three biophysical methods suc-
cessfully applied to a stabilised GPCR protein, demonstrate that fragment
screening using direct-binding methodologies, previously applied to soluble
targets, has potential to facilitate GPCR drug discovery. Doubtless the utility
of these more stable GPCR constructs with other biophysical methods will
follow over time.
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In a similar way to the B1AR case described earlier, A, protein—ligand
structures are now being extensively utilised for drug design. Ivanov et al.
have carried out a careful analysis of homology models of A4 and concluded
that modelling, extensively supported by a large body of site-directed muta-
genesis data for this receptor, was reasonably predictive of the binding modes
of several ligands [133]. Limitations in the models were found particularly in
the extracellular loops, where ECL2 is involved in ligand binding. Pastorin
and co-workers have reported a number of triazolotriazine derivatives (47)
for which docking experiments, using the computational docking applica-
tion GOLD and the A,a crystal structure co-ordinates, were carried out
[134]. Homology models were also generated of the closely related adeno-
sine Aj receptor. The structure—activity relationship (SAR) and selectivity
for the series of compounds were rationalised and it was concluded that
the presence of a relatively less bulky amino acid (Val169) in the ECL2 of
the adenosine Ajz receptor seems to modulate potency and selectivity for
the A, a receptor versus the Ajz subtype. Further work on this series of com-
pounds by the same team used SBDD to identify the best vector to introduce
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aqueous solubilising groups and in this way successfully generated highly
potent and very soluble lead compounds, such as (48) [135]. Higgs et al.
investigated the SAR of a series of low molecular weight triazolylpurines
(49) and the role of binding site hydration using the programme WaterMap
and the crystal structure: 3EML (PDB code) [136]. The observed SAR was
explained by the finding that small substituents occupied a region containing
stable waters, whilst larger groups accessed a sub-pocket to displace unstable
waters. In a follow up to the virtual screening project described earlier,
Carlsson and co-workers investigated the SAR across a series of 1,2,4-
triazoles, again using modelling information [137]. Remarkably, close ana-
logues of the original virtual screening hit were not more active, but instead
more distantly related compounds selected by computational methods led
to the identification of a 200 nM hit 50 with high LE. There have also
been many studies of the Aj receptor, using homology modelling starting
from Aja crystal structures. In one such study, Catarzi ef al. investigated a
series of pyrazoloquinazolines and carried out docking studies to rationalise
the SAR and overall binding modes of the lead compounds, such as (51)
[138]. In summary, homology modelling of closely related receptors can
generate promising hit compounds and therefore the Aj,s structures
should facilitate the design of antagonists for all four adenosine receptors
[139-150].
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An active area of research is investigation of purine derived agonists of
Asa using the agonist-bound X-ray structures, either directly or in homol-
ogy modelling of other adenosine receptor subtypes [151-156]. Adenosine
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analogues have been studied for many years as agonists of adenosine recep-
tors, but only now are their binding modes and interactions being rat-
ionalised. Deflorian et al. compared previous docking studies, aided by
extensive SDM data, with the X-ray structure of UK-432,097 (9) and
NECA (10) [157]. The base of the agonists, unsurprisingly, overlays the het-
erocyclic portion of antagonist ligands (Table 1.1), but there are key difter-
ences between agonists and antagonists in that the ribose moiety of agonists
forms additional polar interactions with Thr88°, His250%°2, Ser277’-*?
and His278"*, interactions that are largely absent in antagonists
(Table 1.1). In an excellent study, Tosh and co-workers employed
agonist-bound A, crystal structures to design modifications to the ribose
group and create new agonist derivatives [156]. The optimisation process
used in silico enumeration and docking of small groups coupled to the car-
boxylate functional group of the ribose, situated deep in the bottom of the
binding pocket. A number of potent analogues were identified, such as (52)
and (53), some of which exhibit interesting patterns of selectivity across the
closely related adenosine Ay, A1 and Aj receptors and various degrees of
partial to full agonism. Historically, medicinal chemists have not been suc-
cessful in replacing the metabolically susceptible ribose ring system in Aja
agonists with other groups. It is possible that further SBDD efforts will
enable this problem to be resolved.

In the first GPCR SBDD case study in which crystal structures of ana-
logues were solved and used as part of the lead optimisation process, Con-
greve et al. reported the identification and derivatisation of 1,2,4-triazine
derivatives targeting the A, receptor [105]. The original hits had been dis-
covered using virtual screening against a homology model of the receptor,
enhanced using site-directed mutagenesis data [158]. The hit series was fur-
ther characterised using a method called Biophysical Mapping' ', whereby
site-directed mutants of the receptor are made and the constructs captured
onto a chip to carry out SPR screening [159]. In this way, a map of the bind-
ing mode of each compound was produced. One series of hits was then fur-
ther developed [105]. Potent, ligand efficient, selective and orally efficacious
1,2,4-triazine derivatives were then designed via several iterations of
medicinal chemistry optimisation supported by protein—ligand complexes.
The X-ray crystal structures of two compounds, (54) and (55), bound to
the GPCR illustrate that the molecules bind deeply inside the orthosteric
binding cavity in a manner distinct from other classes of A, antagonists.
In vivo pharmacokinetic and efficacy data for lead compounds support the
potential of this series to treat Parkinson’s disease.
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7.4. CXCR4 Receptor

Opverexpression of the CXCR 4 chemokine receptor is associated with mul-
tiple types of cancers, specifically with promotion of metastasis, angiogenesis
and tumour growth [160]. Additionally, CXCR4 is involved in HIV path-
ogenesis as a co-receptor for viral cell entry [161]. The crystal structures of
both small molecule and peptide ligands are starting to impact ligand design
for this very challenging drug discovery target, which is a good example of a
GPCR with relatively low historical tractability for drug design. Mungalpara
et al. have used both peptide SAR analysis and modelling studies to rationally
design conformationally constrained cyclopentapeptide antagonists of
CXCR4 [162]. Docking into the X-ray structure of CXCR4, complexed
with the 16-mer peptide antagonist CVX15 (PDB code: 30EQO), was con-
ducted using induced-fit docking protocols and resulted in a binding pose
consistent with the SAR [27]. Introduction of an o,a-disubstituted amino
acid in position 1 of the peptide was found to improve activity, as illustrated
by compounds (56)—(58). Aboye ef al. have designed novel cyclotides to
target CXCR4 using SBDD [163]. Cyclotides are globular microproteins
(28-37 amino acids) stabilised by three intramolecular disulfide bonds,
which provide a rigid molecular framework with improved metabolic sta-
bility in vivo. The most potent cyclotide was significantly more stable than
the peptide CVX15 used in the X-ray study [27]. Finally, Yoshikawa ef al.
have modelled the three-dimensional complex of the cyclic peptide FC131
(56) with CXCR4, using a molecular dynamics simulation protocol [164].
The resulting predicted binding pose was consistent with experimental
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binding data and predicted a number of water-mediated interactions with
the receptor. The ligand conformation was also supported by an NMR
structure of the peptide FC131 [164].
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7.5. CRF, Receptor

As noted earlier, structures of the first two representatives of Class B recep-
tors, the glucagon receptor and the corticotropin releasing factor receptor,
CRF, have been solved recently [17,18]. Remarkably, small molecule
ligands bind in the CRF; receptor much deeper inside the 7TM bundle
and in a significantly different manner to any Class A receptor ((27),
Table 1.1). The implications of this finding are only just being interpreted,
but since the Class B receptor family is relatively homologous it is likely that
this pocket exists in other Class B receptors. Therefore, it is likely the CRF;
X-ray structure will facilitate design and virtual screening approaches for
Class B receptors, opening the door to drug design for this very challenging
class of drug targets.
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8. CONCLUSIONS AND OUTLOOK

Recent progress in solving high resolution three-dimensional X-ray
structures of GPCRs in complex with small molecule ligands is revolutionising
approaches to GPCR drug discovery. Traditional methods of phenotypic or
High throughput screening are being informed or replaced by structure-based
rational drug design, familiar to those involved in enzyme drug discovery
programmes. Visualisation of the complex and divergent shape and physico-
chemical features of ligand binding sites enables computational and medicinal
chemists to carry out virtual screening and to design optimised small molecule
agonists and antagonists with improved potency, selectivity and LE. Based on
the wealth of structural information, compounds can be developed with
optimised physiochemical properties, including lower molecular weight and
polarity, which should result in improved pharmacokinetics and safety. Tech-
niques developed to obtain purified protein for structural studies are also enabling
biophysical methods, which have the potential to support fragment screening.

Structural information obtained from agonist bound structures is informing
our understanding of features that distinguish agonists from antagonists and par-
tial agonists from full agonists. Complex parameters such as agonist efficacy,
which previously could only be optimised via empirical rounds of compound
synthesis and screening by cellular assays, can now be understood in the context
of structural information, although this often requires multiple co-structures
with ligands of different efficacies. The concept of biased agonism is gaining
validity as an approach to obtain drugs with improved therapeutic potential.
To date there is little structural understanding of what constitutes the basis of
biased agonism but thisis an area of great interest and we look forward to further
co-structures of biased agonists in complex with GPCRs.

Advances in both structural and biophysical methods can also be expected
to shed light on ligand receptor binding kinetics. Previously Ky values were
often measured without consideration of the k., and k.g parameters. For
many GPCR targets, optimising the off rate of ligand binding can significantly
impact the clinical profile with regard to both efficacy and side effects. Direct
measurement of oft rates can now be achieved using techniques such as SPR.
and rationalised by structural information. A future step will be to use struc-
tural information to proactively optimise receptor kinetics.

The field of SBDD for GPCRs is still in its infancy but its promise is enor-
mous. Indeed, the growing number of available GPCR structures is triggering a
renewed interest in GPCRs as drug targets across a wide range of therapeutic
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areas. Highly wvalidated targets previously considered intractable or
‘undruggable’ are now beingrevisited. As new structures emerge, mostrecently
for Class B receptors, the list of medicines directed at GPCRs is sure to increase
further. Ifthe field of SBDD for enzymes serves as a paradigm, then many future
medicines targeted at GPCRs are likely to be derived using SBDD.
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1. INTRODUCTION

P2X7 is a member of the purinergic family of receptors. It is an aden-
osine triphosphate (ATP)-gated ion channel expressed predominantly on
cells of haematopoietic lineage, including macrophages and monocytes in
the periphery and microglia and astrocytes in the central nervous system
(CNYS). The channel presents itself primarily as a homotrimer, with three
alpha subunits assembling together to form a functional channel. Each
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subunit has an intracellular N-terminal domain, a bulky extracellular loop
that hosts the ATP-binding site(s) and a long C-terminal region [1-3].
ATP-mediated P2X7 activation leads to opening of the channel pore,
followed by non-selective cation flux. Prolonged exposure to ATP leads to
formation of alarge opening (termed a macropore) in vitro, although the phys-
1ological significance of this macropore formation is not clearly understood.

One of the hallmark features of P2X7 activation is release of the
pro-inflammatory cytokine IL-1f, known to be involved in a number of
cellular activities. In addition to IL-1PB, experimental data links activation of
P2X7 to the release of IL-18, IL-6 and TNF-ot (the latter two are indirectly mod-
ulated), chemokines [4—6], cathepsins [7,8], glutamate [9—12] and nitric oxide
[13]. Within the CNS, IL-1f is thought to contribute to neuroinflammatory
tone leading to neuropsychiatric and neurodegenerative disorders [14].

In recent years there has been a surge of literature supporting the role of
P2X7 in neuroinflammatory pathways. Studies have been reported that
demonstrate the use of P2X7 antagonists as a viable approach to treating
neuroinflammatory disorders and will be highlighted in this chapter. In addi-
tion, a number of recent patent applications and medicinal chemistry pub-
lications have described novel compounds and their activity as P2X7
antagonists; many of these reports highlight the compounds’ efficacy in
pre-clinical in vivo models of pain, inflammation and arthritis. Further studies
from Pfizer, GlaxoSmithKline (GSK) and Janssen have demonstrated the
ability of small molecule P2X7 antagonists to penetrate the CNS in the
rat. Given the recent data supporting the role of P2X7 as a viable CNS tar-
get, the focus of this chapter will be on developments since 2009 towards the
use of P2X7 antagonists for the treatment of CNS disorders.

2. P2X7 IN THE CNS

P2X7-mediated signalling has been most extensively studied in terms of
its role in IL-1 regulation in the periphery. However, it has been postulated
that CNS P2X7 activation contributes to microglial activation, astrogliosis
and neurodegeneration [3,15—18] although this hypothesis remains to be
tested in vivo. Given the recent interest in P2X7 antagonism as a pharmaco-
logical intervention for CNS disorders, it is anticipated that new biological
understanding will continue to emerge that correlates effects of P2X7 mod-
ulation on the release of cytokines, chemokines and neurotransmitters, as well
asits role in neurogenesis and axonal sprouting [ 19]. This research is expected
to reveal the role of P2X7-mediated signalling in neurophysiology.
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ATP is a major neurotransmitter (and a gliotransmitter) within the CNS
and plays an important role in neuroglia crosstalk [20] via a plethora of cell-
surface ATP-sensitive G-protein-coupled receptors and ion channels. While
the role of ATP-induced P2X7 activation in CNS pathology is clinically
untested, emerging pre-clinical research supports the hypothesis. For exam-
ple, in disease states involving cell death and necrosis such as neurodegen-
erative disorders, ATP is released from intracellular compartments in
millimolar concentrations, probably over 10*-fold higher than under normal
physiological conditions [21-23]. The elevated ATP levels activate P2X7
channels, resulting in IL-1f release and contributing to a neuroinflammatory
tone of the brain. Likewise, during chronic stress ATP release has been pos-
tulated to enhance the P2X7 tone. As such, CNS penetrable P2X7 antag-
onists would be a novel therapeutic approach for treating neuropsychiatric
[24] and neurodegenerative diseases [25].

2.1. Neuropsychiatric Disorders

There is growing evidence that strengthens the role of P2X7 in mood dis-
orders. Several human genetic studies have associated the highly polymor-
phic P2RX7 gene with both bipolar disorder and depression [26-29] and
some of these mutations have been linked to modulation of P2X7 channel
function in vitro [30,31]. In contrast, there have also been reports that show a
lack of correlation of P2ZRX7 with mood disorders [32,33]. The lack of clar-
ity for a genetic association of P2X7 in precipitating mood disorders is per-
haps not surprising as the underlying factors of such pathologies are often a
result of interplay between genetic (often many genes), environmental and
developmental factors. In addition to the equivocal human genetic litera-
ture, several independent laboratories have demonstrated a protective phe-
notype of P2X7 knockout mice in models of depression and mania,
strengthening the hypothesis that P2X7 antagonism may be therapeutically
beneficial in mood disorders [34,35]. The phenotype of the knockout ani-
mals has since been validated using P2X7 selective antagonists. For example,
systemic administration of the P2X7 antagonist brilliant blue G (1) attenu-
ated amphetamine-induced hyperactivity and decreased immobility in a tail
suspension test [36]. Moreover, in a model of sucrose consumption that is
more reflective of anhedonic behaviour, pharmacological antagonism of
P2X7 by AZ-10606120 (2) restored the deficit observed in drinking
sucrose-water (anhedonia) either under chronic stress or by systemic
administration of lipopolysaccharides (LPS) [37]. In addition, there is an
overwhelming body of literature suggesting that manipulation of central
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IL-1P (either by exogenous administration or by selective ablation of signal-
ling by pharmacology or genetics) results in animal behaviours akin to clin-
ical depression when IL-1P is increased, and a diminished depressed state
when IL-1p is decreased [38—41]. In addition, increased levels of IL-1f have
been measured in plasma, cerebrospinal fluid and in post-mortem brain tis-
sue of mood disorder patients [42—44|. Taken together, it remains plausible
that a selective and brain penetrant P2X7 antagonist may be therapeutically
beneficial in neuropsychiatric conditions. Such a mechanism would be a
novel treatment for psychiatric disorders.
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2.2. Neurodegenerative Disorders

It is well established that neuroinflammation, microglial activation and
astrogliosis may all contribute to several neurodegenerative disorders. Since
P2X7 is expressed primarily in glial cells and is possibly activated by
degenerating and/or necrotic cells releasing high local concentrations of
ATP, it has been speculated that P2X7 antagonism will be therapeutically
beneficial in Alzheimer’s disease [45—47], multiple sclerosis (MS) [48],
epilepsy [49] and Huntington’s disease [50].

In 2003 it was reported that P2X7 immunoreactivity in transgenic mouse
models of Alzheimer’s disease was up-regulated near P-amyloid (AP)
plaques [51]. Since then several groups have presented mechanistic data
suggesting an association of P2X7 with the biology of the disease. For exam-
ple, AP induced IL-1 release in primary microglia has been shown to be
P2X7 dependent [52,53]. In addition, exogenous administration of AP
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in the mouse brain was found to cause an increase in IL-1f in a
P2X7-dependent manner [54]. Another report showed silencing of the
P2RX7 gene promoted microglia-induced AP phagocytosis in vitro [46],
suggesting a possible mechanism for clearing AP. This hypothesis has been
further strengthened in vivo [45]. The role of P2X7 is corroborated by a
report showing P2RX7 up-regulation in post-mortem brain tissue that
had a clinical diagnosis of Alzheimer’s disease [54].

The role of P2X7 in MS has been probed in the rat using experimental
autoimmune encephalomyelitis (EAE) models. In one study, P2X7
expressed on oligodendrocytes caused cell death and MS lesions during
the disease progression, and administration of a P2X7 antagonist resulted
in attenuated neurological scores [55]. Because the EAE model of MS
is known to cause microglial activation [56], it is a reasonable hypothesis
that P2X7 is an important player in disease progression. Moreover, P2X7
knock out animals are protected against MS [57], and gain-of-function P2X7
single nucleotide polymorphisms have been linked to increased incidence of
the disease [48]. It remains to be seen whether these pre-clinical findings will
be translated into robust efficacy and proof-of-concept clinical studies.

2.3. Pain

The therapeutic effect of modulating P2X7 has been most widely studied
pre-clinically with respect to its potential role in managing a variety of pain
disorders [58]. Modulating P2X7 activity as a potential approach to treating
inflammatory and neuropathic pain was demonstrated in knockdown studies
of P2RX7 [59,60] and IL-1B [61]. An unanswered question, however, is
whether CNS occupancy of a P2X7 by an antagonist is necessary in order
to achieve this desired therapeutic eftect. Recent reports have emerged val-
idating the use of brain penetrant P2X7 antagonists in animal models of neu-
ropathic and inflammatory pain [62-64]. In addition, the brain penetrant
P2X7 antagonist GSK1482160 (3) advanced into the clinic for neuropathic
and inflammatory pain [65]. Although the pre-clinical studies involving
genetic and pharmacological attenuation of P2X7 predict clinical efficacy
in rheumatoid arthritis (RA) pain, two other clinical compounds, CE-
224,535 (4) and AZD9056 failed in Phase II R A trials due to lack of efficacy
[66,67]. The exact mechanism by which P2X7 contributes to mechanical
allodynia in neuropathic pain remains unclear but it has been speculated that
microglial P2X7 drives neuroglia [68] crosstalk via glutamate release [10],
cathepsins [8] and IL-1f [69], contributing to the increased pain sensitivity.
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Neuropathic pain remains an unmet medical need. Although recent lit-

erature demonstrates the efficacy of P2X7 antagonists in pre-clinical pain
models [70,71], including with compounds that are CNS permeable [64],
it has yet to be determined whether administration of a P2X7 antagonist will
translate into positive clinical outcomes for neuropathic pain.

3. P2X7 MODULATORS IN CLINICAL TRIALS

A number of clinical studies with P2X7 antagonists have been con-
ducted that target peripheral inflammatory indications; however, there are
only a few reports to date in which a CNS condition is identified. GSK
reported results from a Phase I study in which the target indications were
neuropathic and inflaimmatory pain. The study aim was to assess safety
and tolerability of the pyroglutamic acid amide GSK1482160 (3)
[62,64,65,72—74], a negative allosteric modulator, in healthy human subjects
and to determine whether increased levels of GSK1482160 correlate with
decreased ex vivo plasma IL-1B concentrations. The study was carried out
in 29 volunteers. A single dose escalation of up to 1000 mg was well toler-
ated, with a measured drug half-life of 4.5 h. In order to establish a PK/PD
relationship at this stage in the clinic, IL-1 release in the plasma was mea-
sured after ex vivo stimulation with LPS and ATP; IL-1f release was found to
be dependent upon compound dose and ATP concentrations. That is, in the
absence of ATP, no IL-1 was measured and higher doses of GSK1482160
(100-1000 mg) resulted in nearly complete suppression of [L-1f at all ATP
concentrations. It is of note that IL-1p release was found to be lower in sub-
jects containing the Glu496 to Ala polymorphism, corroborating earlier
reports [75]. Nonetheless, the model could be used to assess P2X7 receptor
engagement at specific measured human exposures. The authors hypothesise
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that greater than 90% inhibition of IL-1P release is pharmacologically nec-
essary in order to test the P2X7 mechanism; however, sufficient safety mar-
gins were not attained to reach this level of inhibition safely with
GSK1482160. For this reason the development of GSK1482160 was
terminated.

Disclosed in 2010, Pfizer Inc. conducted a Phase Ila study with CE-
224,535 (4) [66,76,77] in order to assess its effect in patients with R A inad-
equately controlled by methotrexate. This compound displays exceptionally
high potency in several in vitro assays measuring P2X7 I1Cs values; in human
whole blood, for example, IL-1B IC5,=0.8 nM. Due to weak potency in
rodents however, Pfizer reported that pre-clinical disease models were not
assessed. The compound was evaluated in a trial of 100 RA patients over
12 weeks. Patients taking the drug received 500 mg of CE-224,535 twice
a day. The compound was found to be generally safe and well tolerated.
However, these patients showed no significant improvement in American
College of Rheumatology 20% response rate (ACR20) compared to the pla-
cebo group. It was noted that plasma concentrations of CE-224,535 were
estimated to be 25 times the ICq for IL-1p inhibition, as measured ex vivo
in a previous study, suggesting that P2X7 receptor blockade is not an effec-
tive approach to treating RA.

AstraZeneca’s AZD9056, an adamantane-based antagonist (5) of undis-
closed structure, was the subject of a 75 person Phase Ila study also targeting
RA [67]. This was a 4-week trial and the compound was also found to be
safe and well tolerated at the two doses assessed. In addition, statistically sig-
nificant improvement in several parameters of clinical relevance compared
to placebo was reported, with the most significant results seen in reduction
of tender and swollen joint counts. AZD9056-treated healthy human vol-
unteers exhibited significant inhibition of ex vivo ATP-induced monocyte
IL-1 release. A subsequent Phase IIb trial in 385 patients did not demon-
strate efficacy versus placebo in all doses while the positive control
etanercept elicited distinguishable improvements. The negative outcome
of this study was similar to Pfizer’s results in their later Phase Ila study
(vide supra).

Evotec reported results of a Phase I trial in 96 healthy volunteers with
EVT 401, a compound of undisclosed structure [78]. This study was con-
ducted in healthy males who received single ascending doses. The com-
pound was found to be safe and well tolerated, and as was shown by
GSK, Pfizer and AstraZeneca’s compounds, it also prevented ATP-
stimulated release of IL-1B. The authors state that the oral dosage needs



72 Christa C. Chrovian et al.

further optimisation; however, they anticipate Phase II studies in patients
with RA will proceed once this adjustment has been made [79]. Further
studies will probably also be initiated by Conba Pharmaceuticals, who have
an agreement with Evotec to develop and commercialise the compound
for the Chinese market [78]. Disease areas reported to be pursued by
Conba are ophthalmological, chronic obstructive pulmonary disease and
endometriosis.

4. P2X7 RECEPTOR ANTAGONISTS

A number of recent reports describing novel P2X7 antagonists are dif-
ferentiated from previous disclosures, which had commonly featured amide-
based chemotypes such as Pfizer’s phenyl-6-azauracil amides (4) [77] and
AstraZeneca’s adamantanes (5) [80]. In addition, many of the recent com-
pounds are not only potent human P2X7 antagonists but have desirable
potency at the rat receptor as well. Molecules with several difterent structural
teatures have been exemplified, and for the purposes of this review are
described in two groupings—those featuring one or more monocyclic core
systems, and those containing bicyclic systems. However, it will be
recognised that many compounds in these two groups share key function-
ality and pharmacophore similarity. Nonetheless, these structural advances
have allowed for the application of pre-clinical models to probe the role
of P2X7 in various inflammatory diseases and the final section of this review
describes antagonists from a variety of pharmacophores with recent data in
animal models of CNS disorders. It is still the case, however, that much of
the data described in the patent applications only details potency for the
human receptor.

The studies reviewed herein typically report in vitro inhibition by mea-
suring recombinant human or rat P2X7-mediated calcium flux in the pres-
ence of synthetic agonist benzoylbenzoyl ATP (Bz-ATP) (6). As an
alternative method, sustained activation of P2X7 by ATP or Bz-ATP leads
to a macropore opening, which allows for accumulation of dyes such as Yo-
Pro-1 or ethidium bromide. Either calcium flux or dye accumulation can be
measured by fluorescence to determine 1Cs values. Less common is the use
of native whole cells such as monocytes to measure IL-1f release.
Radioligand binding assays have also been utilised with recombinant human
and rat P2X7 and results are reported as K; values. Note that caution should
be applied when attempting to compare ICs values across assays due to dif-
ferences in experimental conditions.
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4.1. Monocyclic Hetero and Carbocyclic Antagonists

GSK hasbeen one of the mostactive research groups over the past several years
in submitting new P2X7 patent applications and publications. One area of
focus of their P2X7 medicinal chemistry programme has been on compounds
that feature N-benzyl- or piperazine-based amides. In 2009, they reported the
use of pyrazolyl or isoxazolyl P2X7 modulators in combination therapy for
several indications, including for the treatment of pain in combination with
opioids, monoamine reuptake inhibitors or other pain therapies [81,82].
GSK’s pyrazole and oxazole-based antagonists were identified from a
high-throughput screen [63]. The pyrazolyl acetamide (7) was identified
as a reasonable starting point for further optimisation, demonstrating good
P2X7 potency in an ethidium bromide accumulation assay (human
plCs0="7.4, rat pICs5,="7.0) and good ligand efficiency (0.39) [83]. Mod-
ifications to (7) included altering the N-benzyl substituents, changing the
amide linker (such as urea incorporation and reversing the amide) as well
as modifying the pyrazole or pyrazole N1 substitution. Most of these changes
led to reduced P2X7 potency relative to (7), with some notable exceptions.
First, pyrazole replacement by imidazole (8) was found to be equipotent to
compound (7) (human pICsy=7.3). Second, dichloro-substituents on the
benzamide resulted in maintained or improved human pICs, values and
third, removal of the N1 phenyl group to give the pyrazole (9) demonstrated
a modest increase in P2X7 human potency (pIC50=7.7). Based on in silico
profiling, it was hypothesised that this pyrazole N-phenyl group was the
likely site of metabolism. Indeed nearly every attempt to replace the pyrazole
N1 phenyl group resulted in lowering in vitro clearance. The pyrazole (9)
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was chosen for in vivo studies in rat. It demonstrated an in vivo i.v. clearance
of 15 mL/min/kg, a volume of distribution of 1.6 L/kg and bioavailability
of 90%. It should be noted that the heteroaromatic change from pyrazole to
imidazole also led to an improvement in metabolic stability in wvitro
(CLipe=9.5 mL/min/g in human liver microsomes) in the case of (8) [84].

Further optimisation of the pyrazole group and the N-benzyl substituent
of (9) was conducted [74]. Modifications to the 3,5-dimethyl pyrazole led to
a 3,5-diethyl substituted pyrazole with an improved human P2X7 pICs, of
8.0. However, further bulkiness was not well tolerated as the 3,5-diisopropyl
pyrazole (10) displayed diminished potency (pICso=6.9) and the 3-methyl-
5-phenyl pyrazole (11) was even weaker (pICs, < 6). Compound (12) con-
taining a 3-methyl-5-trifluoromethyl pyrazole was found to be a potent
P2X7 antagonist (pICso=7.9) and demonstrated improved in vitro stability
in rat microsomes (CL;,=1.6 mL/min/g). Further improvements were
achieved by modifying the N-benzyl substituents to 2-chloro-3-
trifluoromethyl in place of the previously favoured 2-chloro-4-fluoro
(pICsq of 8.6 compared to 7.7). It was noted that compounds within this
series generally have reasonable rat oral pharmacokinetic profiles only when
the clearance in liver microsomes is lower than 2 mL/min/g liver. Ulti-
mately (13) was chosen for in vivo studies based on its favourable balance
of human and rat P2X7 pICs, (8.1 and 7.1, respectively) as well as low
rat in vitro clearance of 1.3 mL/min/g. Indeed (13) demonstrated low blood
clearance in rat (9 mL/min/kg) and an oral bioavailability of close to 100%.
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Compound (13) was dosed orally in the rat acute complete Freund’s
adjuvant (CFA) model of inflammatory pain in order to study target valida-
tion in a pain model. The compound was found to exhibit a dose-dependent
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reversal of induced hypersensitivity with an EDsq of 2.5 mg/kg, with effi-
cacy comparable to 10 mg/kg of the celecoxib standard. It is of note that rat
brain concentrations of (13) were measured at 10 mg/kg and determined to
be 4.9 uM. However, later studies showed the methyl pyrazoles to be prone
to time-dependent inhibition (TDI) of the CYP3A4 isozyme [62]. Metab-
olism studies indicated that oxidation of the methyl substituents was the most
likely cause of the TDI.

GSK’s clinical compound GSK1482160 (3) was part of a series of pyro-
glutamic acid amide P2X7 receptor antagonists that were identified using a
fingerprint-based similarity search [62,72,73,85]. These compounds feature
a proline amide in place of the dimethyl pyrazole moiety of (9). The finger-
print screen sought to maintain a hydrogen bond acceptor in the pyrazole
N1 position as well as at the carbonyl of the amide. The authors suggest that
the hydrogen bond acceptors are likely to be beneficial for P2X7 activity,
based on findings from the pyrazole GSK1482160 overlaid with other
chemotypes of P2X7 antagonists previously identified. The pyroglutamic
acid amide (14) was identified and pursued based on its promising human
P2X7 potency (pICs0=6.5) and good ligand efficiency (0.43) [83]. A range
of substituents on the proline nitrogen as well as on the N-benzylamide were
investigated. This led to the discovery of (15) and the clinical candidate
GSK 1482160, which have human P2X7 pICs;, values of 8.8 and 8.5, respec-
tively. GSK1482160 was found to have 100-fold lower affinity for the rat
receptor over human but also showed low clearance in rat and human liver
microsomes and no appreciable inhibition of the CYP450 enzyme isoforms
or TDI of any of these isoforms. It was also found to have excellent solubility
and low protein binding. The combination of these desirable properties
prompted further in vivo profiling.

In a rat pharmacokinetic study, GSK 1482160 was found to have alowi.v.
clearance (9 mL/min/kg), a half-life of 1.5 h and 65% oral bioavailability.
However, short half-lives were measured in dog and monkey, potentially
indicative of a short human half-life [64]. For this reason, further SAR was
conducted on the pyroglutamate moiety, which was where the metabolism
was thought to be occurring. Reasonable success was attained by replacing
one of the methylene groups with nitrogen to form a cyclic urea [62]. Indeed
urea (16) displayed a 7- h half-life in monkey, which is a significant improve-
ment over the 0.9- h half-life of GSK1482160. It also showed a highly signif-
icant reversal of CFA-induced hypersensitivity in the knee joint model of
chronic inflammatory pain in rats at a dose of 20 mg/kg. This is despite a
relatively low rat P2X7 plCsy of 6.4 (human P2X7 plCs,=28.0) and
P-glycoprotein 9 (Pgp) efflux ratio of 2.3. Substituted cyclic ureas were also



76 Christa C. Chrovian et al.

prepared and profiled (adding heterocyclic substituents on the unsubstituted
urea nitrogen of (16)); human P2X7 pICsq values ranged from 7.1 to 8.6.
Most of these analogues had Pgp eftlux ratios greater than 2.0.

capciieages

(14) (15)

s L,

Further work was reported in a 2009 patent application in which the
carbonyl of the pyroglutamic acid amides was replaced by a sulfone [86].
Several of these compounds including (17) and (18) have human pICs5 values
in the range of 6.5—8.0. Expanding the ring of (18) to an oxo-piperidine as in
compound (19) resulted in loss of activity (P2X7 pICs, 4.8-5.4).
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Other patent applications published by GSK detail modifications of the
oxo-pyrrolidine system [87,88]. Exemplified in these patents are 14 com-
pounds comprised of 5-oxo-3-pyrrolidinecarboxamides and sulphonyl
ureas. Two of the most potent examples are (20) and (21), with reported
pICsq values in the range of 7.2-7.3 and 7.5-7.9, respectively. It should
be noted that these compounds maintain the two carbonyl hydrogen bond
acceptor positions proposed to be beneficial based in earlier modelling stud-
ies. Similar to the other GSK patent applications discussed in this review, a
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broad range of proposed clinical indications were outlined for their P2X7
antagonists including pain, inflammatory conditions, bone disease, cardio-
vascular disease and neurodegenerative disease.

Me\N /\@/ Me\N/\Hj\ /\@/
(20)

0/n “Me  (21)

Two series of piperazinones were also reported by GSK in 2009 and 2010
[89,90]. Aromatic-substituted piperazinones such as (22) were claimed, most
of which contain chloro-, fluoro- or trifluoromethyl-benzamides [89]. Forty
compounds were reported with human P2X7 pICs values greater than 7.0
and over 30 of them, such as (22), have an ortho-substituted N-aryl group.
Three examples contain an N-substituted methylpyridine and are likely to be
less potent, with reported pICs values of 6.2—7.0. However, the presence of
an N-aryl substituent was not required on the internal amide for P2X7 activ-
ity, as exemplified by N-methyl piperazinone (23). This molecule has a low
molecular weight of 287 and a pICs, >7.0.

Moving the amide carbonyl group from the exocyclic to endocyclic
position of the piperazinone resulted in active P2X7 diketopiperazine amide
antagonists [90]. Numerous compounds were reported as having human
P2X7 pICsq values above 6.5, including the 4-chloro-2-morpholinophenyl
substituted diketopiperazine (24). This patent application includes com-
pounds with substantial variation on the N-phenyl substituent while
maintaining a P2X7 plCs, of greater than 6.5. No examples of N-alkyl
substituted piperazines were reported in this application.
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Between 2010 and 2011, Hoftman-La Roche disclosed in six patent
applications examples of over 600 P2X7 antagonists that contain an
amide or urea in conjugation with a six-membered heterocycle, such
as a O-lactam, six-membered urea or o,B-unsaturated ketone [91-96].
The target indications are peripheral inflaimmatory diseases such as
RA and pain. Respiratory and gastrointestinal disorders are also indi-
cated, as well as memory disorders and treatments for the enhancement
of cognitive function. Several of the applications describe an in wvivo
asthma challenge model to assess lung function when a P2X7 antagonist
is administered. Two protocols are outlined in the applications for
measuring P2X7 ICsq values: inhibition of human P2X7-mediated cal-
cium flux and rat and human whole blood IL-1P release. It was not
specified which of them was used to determine the ICsq values reported
therein.

Three of the applications claim the use of 3,4-dihydropyridin-2-ones
as P2X7 antagonists. In addition to having good P2X7 potency, exam-
ples are generally CNS drug-like, many with molecular weights less than
430 and cLogP wvalues of about 3. Frequently featured is an (S)-4-
fluorophenyl-substituted dihydropyridone and all compounds have a
benzamide, either minimally substituted [91], substituted with a
heteroaryl [92] or as part of a fused heterocyclic system [93]. The loca-
tion of the benzamide substituents appears to be important for potency.
For example, compound (25) has a P2X7 pICs, of 8.0 but changing the
placement of the methyl- and methoxy-groups to give (26) results in a
compound with 100 times lower potency (P2X7 pICs,=6.0) [91]. The
biaryl systems have P2X7 pICs, values in the range of about 68 for the
159 exemplified compounds. One of the most potent examples is (27),
with a P2X7 ICsy of 8.0 [92]. It is interesting to note that benzamides
containing an ortho-substituent typically showed improved activity over
their unsubstituted counterparts. This trend was also evident in the other
Roche patent applications, including one claiming fused aryls [93],
where all but one of the compounds exemplified contain an
ortho-substituent on the benzo-fused amide. A particularly potent
compound is the dimethylquinoline (28) (P2X7 plCs0=7.9). Many
examples of other types of fused heterocycles including isoquinolines
and indazoles as well as di- and tetra-hydroisoquinolinones were also
included.
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A pilot plant preparation of the (S)-4-fluorophenyl-substituted
3,4-dihydropyridin-2-one core was also disclosed [97]. A catalytic de-
symmetrisation of an anhydride precursor with a bifunctional thiourea-
based organocatalyst was utilised as a key step. This intermediate was
prepared on a multikilogram scale to give 5.75 kg of the key intermediate.
[t contains an ester handle and would be amenable to accessing the com-
pounds described in the three applications described previously.

Another patent application establishes dihydropyridones appended to an
aromatic group by a urea linkage as P2X7 antagonists [94]. In this publication,
compounds show improved P2X7 activity when the N-aryl urea ortho-
substituent is -Me, —OMe, —Cl or —Br. For example, (29) has a pICsq of
8.6 and a molecular weight of 354. A second application disclosing
dihydropyridones replaces the exocyclic nitrogen of the ureas with carbon
[95]. These compounds have similar SAR trends to the ureas but are generally
less potent. One particularly active example is (30) which has a pICs, of 7.9.
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Roche’s dihydropyridone patent application claiming cyclic ureas exem-
plifies 78 P2X7 antagonists, many with molecular weights above 450.
Besides high molecular weight, the cyclic urea moiety has the potential
to reduce their ability to cross the blood—brain barrier. Even so, their use
in the treatment of memory disorders is declared [96]. Compound (31)
has a P2X7 pICsq of 8.3. Typified by (31), nearly all of the exemplified com-
pounds contain an (S)-4-fluorophenyl group and have a 1-methyl-
substitutuent on a cyclic urea. Changing the pyridinone (31) to the pyri-
dazinone (32) reduces the affinity by more than 500-fold, resulting in a
pICsg of 5.5. The (R)-enantiomer was shown to be less potent than (S)
in the single direct comparison given; compounds (33) and (34) demon-
strated pICsq values of 7.2 and 6.4, respectively.

Recent patent applications from Nissan Chemical disclose pyridazinone
P2X7 inhibitors for the treatment of inflaimmatory and immunological
disorders. The inventors indicate they soughtlow molecular weight antagonists
[98,99]. A number of highly potent compounds were exemplified; however,
most have molecular weights 0of450-500. The exemplified compounds contain
a chloro- or bromo-substituted pyridazinone and a bridged amino carbocycle.
Many were reported to have human P2X7 ICs, values below10 nM in a
Yo-Pro-1 dye uptake assay. Two examples are (35) and (36), which differ only
by their halogen substitution and both exhibit P2X7 IC5 values of 4 nM [98].
Other examples include amides or substituted imines in place of the halogen,
several of which are extremely potent P2X7 antagonists with ICs, values of less
than1 nM [99].

A 2012 patent application from Actelion features chemotypes similar to
that of Pfizer’s clinical compound (4) with a benzamide linked to a hydrox-
ymethylcarbocycle [100]. Thioether (37) was found to be the most potent
antagonist with a human ICs, of 8 M in a Yo-Pro-1 dye uptake assay. The
application claims use of a P2X7 antagonist for the treatment or prevention
of pain and of neurodegenerative or neuroinflaimmatory disorders.

Scientists at Neurogen in 2009 reported pyrazole and thiazole core com-
pounds containing amide-linkages to adamantanes or other carbocycles or
heterocycles [101]. Several indications are suggested in this application,
including neuropathic pain, Alzheimer’s disease and traumatic brain injury.
A number of the exemplified compounds have potential for CNS penetra-
tion, some with molecular weights as low as 288. However, the molecular
weights of the exemplified compounds vary greatly, to more than 500, and
the relative potencies of the molecules are difficult to ascertain, given that all
compounds were reported to have human P2X7 ICsq values below 2 pM in
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a calcium flux assay. Compound (38) is an example of one of the lower
molecular weight compounds reported.
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4.2. Heteroaromatic-Fused Core Antagonists

In the years 2009-2012, Affectis Pharmaceuticals detailed their interest in
P2X7 antagonists for the treatment of a variety of inflammatory disorders
in a series of five patent applications. These included CNS-specific indica-
tions such as Alzheimer’s and Parkinson’s diseases [102—106]. Four of the
Aftectis applications describe a number of N-indol-3-yl-acetamide and
N-indazol-3-yl-acetamide P2X7 antagonists [102,103,105,106] while a fifth
patent describes the large-scale synthesis of the indole NTR-035 (39) [103].
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All compounds were reported to inhibit human P2X7 in a calcium flux assay
with in vitro 1Cs( values ranging from 1 nM to 1 pM.

The first Affectis patent application describing P2X7 antagonists
appeared in 2009 and contains nearly 300 compounds [102], exemplified
by (40). A majority of the exemplified compounds in this disclosure are
indol-3-carboxamides containing an aliphatic amide, alkyl or alkoxy moi-
ety, the indole nitrogen and a substituent (commonly a halide) in the indole
4-position. Aftectis also reported that four unspecified compounds in this
invention significantly reduced the P2X7-mediated release of IL-1B in
the human monocyte cell line THP-1 when treated with 1 pg/mL LPS
followed by 2 mM ATP. An unspecified compound with a human ICsq
of approximately 134 nM was administered orally 1 h following carrageenan
(1% suspension, 0.1 mL) challenge and showed a significant decrease in paw
withdrawal latency and decrease in paw volume with respect to vehicle in a
mouse paw edema model [102].

In 2012, Affectis reported that AFC-5128, a compound of undisclosed
structure claimed in the 2009 application [102], was nominated for Investi-
gational New Drug filing [107]. They reported that it is a highly potent
P2X7 antagonist that crosses the blood—brain barrier. In addition, they
reported efficacy in an undisclosed mouse model of multiple sclerosis as well
as in animal models of neuropathic and inflammatory pain. Its expected
development for the treatment of neuropathic pain and multiple sclerosis
was noted [107].

The second Affectis patent application describing P2X7 antagonists
was published in 2010 and claims both N-indole-3-yl-acetamides and
N-azaindole-3-yl-acetamides [103]. The exemplified compounds are simi-
lar to (in some cases identical to) their 2009 application [102]; only
N-indole-3-yl-acetamides are exemplified, most of which contain a
hydroxyl or amine moiety attached to the indole nitrogen, an aliphatic
amide, and a substituent in the 4-position of the indole. Compound (39)
was reported to have an ICs value of approximately 3.8 nM and was shown
to dose dependently reduce the P2X7-mediated release of IL-1f at 30 and
100 nM 1n isolated human monocytes treated with 1 pg/mL LPS followed
by 100 pM Bz-ATP. In addition, (39) was reported to have both analgesic
and anti-inflammatory effects in the carrageenan-induced mouse paw
oedema model. In this model, (39) was administered orally 1 h following
carrageenan (1% suspension, 0.1 mL) challenge and showed a significant
decrease in paw withdrawal latency and decrease in paw volume comparable
to that achievable with indomethacin [103]. A novel method for the
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synthesis of (39) (NTR-035) was claimed and the preparation of 29 g
described [104].

Two Aftectis patent applications detailing P2X7 antagonists were pub-
lished in 2012 and disclose very similar, often identical, sets of compounds
with only subtle differences in the structural claims. Compound (41) appears
in both applications and was reported to have an ICs, of 18 nM [105,106]. It
was also reported to have analgesic and anti-inflammatory effects in the
carrageenan-induced paw oedema model. The compound was administered
by i.p. injection (50 mg/kg) 1.5 h following carrageenan (1% suspension,
0.1 mL) challenge and showed around a 42% reduction in paw withdrawal
latency and an approximately 47% decrease in paw volume with respect to
vehicle. The biological data provided showed (42) to have both in vitro
human efficacy and in vivo mouse efticacy [106]. Compound (42) was also
found to inhibit the P2X7-mediated release of IL-1f in human whole blood
from four different donors, induced by treatment with LPS and ATP with
ICsq values of 3.8, 3.8, 5.3 and 6.1 uM. In mice, oral dosing of (42) was
shown to decrease IL-1p release in a dose-dependent manner in response
to LPS/ATP challenge in both the plasma and peritoneal lavage. A
150 mg/kg dose resulted in an 81% and 92% reduction in IL-1f release
in the plasma and peritoneal lavage, respectively. Treatment with dexameth-
asone resulted in similar reductions in IL-1f in both the plasma and perito-
neal lavage. A 50 mg/kg dose of (42) resulted in 55% and 52% reduction in
IL-1B release plasma and peritoneal lavage, respectively. No significant
decrease was observed with a 15 mg/kg dose [105].

In early 2009, Neurogen Corporation published a patent application
detailing their interest in P2X7 receptor agonists for the treatment of a vari-
ety of disorders including pain, inflammation and neuropsychiatric diseases
[108]. The in vivo efficacy model described is the carrageenan-induced
mechanical hyperalgesia assay for determining pain relief. However, no effi-
cacy data for any specific antagonist exemplified in this invention is
provided.

The Neurogen application describes a series of heteroaryl amides, for
example, the indoles (43) and (44). The compounds exemplified in the dis-
closure were reported as belonging to one of two categories, either
inhibiting human P2X7-mediated calcium flux with 1Cs values of 2 pM
or less, or greater than 2 pM. No additional biological characterisation is
provided in this invention. The same inventors, now associated with
Lundbeck, filed an identical application with an expanded set of antagonists
in February 2009 [109].
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In 2010, GSK filed two patent applications detailing their interest in
two series of P2X7 antagonists, tetrahydrotriazolopyrazines and tet-
rahydroimidazopyrazines, typified by (45) and (46), respectively
[110,111]. The potency of the patent’s exemplified compounds was eval-
uated in an ethidium bromide accumulation assay and was reported as a
pICsg range of less than 6.0, 6.3 or greater, 7.0 or greater or 8.0 or greater.
No additional biological data or efficacy data were provided in these dis-
closures. Both (45) and (46) were reported to have plCsq values greater
than 8.0 [110,111].

The GSK disclosure containing tetrahydrotriazolopyrazines [110] has
the larger compound set of the two disclosures. It contains 207 examples,
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71 of which were reported to have a pICsy value of 8.0 or greater
at the human P2X7 receptor. The disclosure containing tetra-
hydroimidazolopyrazines contains 45 compounds of which 15 com-
pounds were reported to have plCsq values of 8.0 or greater [110].
While it 1s difficult to gain specific SAR from these disclosures, common
structural features of the more potent compounds include a heteroaryl
moiety on the 3-position of the 1,2,4-triazole or imidazole, and
substitution at the 2-position of the benzamide. Prominent across all
exemplified compounds are 2-halo-substituted benzamides, with
chloro-, fluoro- and trifluoromethyl-substituents most often recurring
in the 2-, 3- and 4-positions of the benzamide ring.
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A 2011 patent application from Hoffman-La Roche claims a series of
fused triazole amines as P2X7 antagonists for use in treating a variety of con-
ditions associated with inflammatory cytokine release [112]. A total of 66
compounds are exemplified in the application with pICs(, values ranging
from 5.1 to 8.3. The antagonists in this disclosure are typified by (47) and
(48). As in the Roche application described earlier in this chapter, it was
not specified which of the described methods was used to determine the
ICs values reported (P2X7-mediated calcium flux, or rat or human whole
blood IL-1f release).

The two most potent antagonists reported by Roche are (47) and (48).
The compounds in the Roche disclosure all contain a phenyl, 4-
fluorophenyl or 3-fluorophenyl moiety adjacent to the triazole and the ste-
reochemistry of the benzylic carbon was shown to have a significant impact
on the potency of the antagonists. Compounds containing the S-
configuration were shown to have superior potency, exemplified by
(49). All compounds exemplified in this disclosure have either an aryl or
a heteroaryl moiety appended to the 3-position of the triazole with an
amino-linkage, despite the variety of other linkages present in the
claims [112].
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In 2012, Schering Corporation reported a series of triazolopyrazinone
P2X7 antagonists, exemplified by (50) and (51), for use in the treatment
of inflammatory disease and pain [113]. A total of 171 compounds were
included in the Schering disclosure with ICsq values measuring P2X7-
mediated calcium flux ranging from 7.0 nM to 6.0 pM.

The two most potent antagonists in this disclosure are (50) and (51)
(IC50=7 and 30 nM, respectively). In general, having a 2-methyl-3-
trifluoromethylphenyl substituent appended to the pyrazinone nitrogen
appears to be optimal and is present in a high proportion of the compounds.
Small variations to this moiety were found to result in significant losses in
potency. Additionally, a lipophilic moiety linked to the 3-position of the
triazole via a benzylic sulfone (50) or benzylic thioether (51) produced
the most potent antagonists [113].

In 2009, Janssen Pharmaceuticals reported a series of quinoline- and
isoquinoline-based compounds, exemplified by (52) and (53), for use
in the treatment of diseases related to the P2X7 channel [114]. The dis-
closure contains 654 quinolone or isoquinoline compounds. The exam-
ples are predominantly quinolones with substitution at the 2-position and
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an amide at the 5-position. All compounds described have at least
one chiral centre; most are reported as either racemic or a mixture of
diastereomers (52) and (53). Polar functionality appended to the
2-position of the quinoline via an amino-linkage appears to provide the
most potent compounds. However, an oxygen-linkage at the 2-position
of the quinoline also appears to be tolerated. Substitution at the 6-position
of the quinoline, often a halogen, is common among the compounds in the
disclosure but was not found to be required for potency. The amide frag-
ments of the antagonists are geminally substituted ethylamines with an aryl
or heteroaryl moiety and a cyclic amine. Examples (52) and (53) contain the
two amide fragments most commonly present in the exemplified com-
pounds and were reported to have human plCs, values of 8.2 and 7.9,
respectively, in a Yo-Pro-1 uptake assay. All tested antagonists have human
P2X7 pICs values ranging from less than 5 to more than 9 and the potency
of the compounds was assessed through the inhibition of human P2X7-
mediated calcium flux or Yo-Pro-1 uptake.
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4.3. P2X7 Antagonists in Animal Models of the CNS

The literature reports reviewed in this section describe P2X7 antagonists
that have been shown to be efficacious in CNS rat models of neuropathic
pain, nerve injury or diabetic neuropathy, or antagonists that have been
measured in the brain of the rat at potentially therapeutic levels.

Measurement of the brain penetration of GSK’s clinical compound was car-
ried outin conjunction with a pain modelin which GSK1482160 (3) wasadmin-
istered in a CFA-induced hypersensitivity in the knee joint model of chronic
inflammatory pain [62]. Brain concentrations of GSK1482160 at a dose of
50 mg/kg were measured to be 12.9 uM at 1.5 h post-dose. In this study,
GSK 1482160 produced a maximal reversal of hypersensitivity at 20 mg/kg,
although the effect was not statistically different from the positive control
celecoxib. The compound was alsoadministered to aratina chronic constriction
injury (CCI) model ofnerve injury-induced allodynia. Efficacy of GSK 1482160
in this model was observed to be on par with that of the gabapentin standard. In
this experiment, compound blood and brain concentrations measured were
5.91 and 3.36 pM, respectively, and efficacy was confirmed at free exposures
higher than the rat pICsin both the periphery and CNS in in vivo studies. Based
on its excellent pre-clinical, physicochemical and pharmacokinetic profile in
rats, GSK1482160 (3) was selected for clinical studies [62].

Abbott Laboratories recently reported on a series of cyanoguanidine
P2X7 antagonists as potential treatments for neuropathic pain [115]. The
authors revealed that a high-throughput screening campaign led to the dis-
covery of the thiourea (54) with human and rat P2X7 pICsq values of 6.8
and 6.3, respectively, in a calcium flux assay. Because of the potential tox-
icity of the thiourea moiety the authors focused on cyanoguanidine replace-
ments for the thiourea. This work generated a number of interesting
structures including (55) (human and rat P2X7 plCsq values of 6.9 and
7.9, respectively), (56) (human and rat P2X7 pICsq values of 6.9 and 7.9,
respectively) and (57) (human and rat P2X7 pICs, values of 8.0 and 8.2,
respectively). It should be noted that although (54) showed a strong
enantiopreference with respect to P2X7 affinity, all the SAR and in vivo
experiments used racemic material as the drug substance. The authors also
note that for the cyanoguanidines prepared, a single geometric isomer was
obtained in each case; however, they did not prove that the isomer shown
was the one synthesised. All three compounds were shown to reduce tactile
allodynia in the Chung model of neuropathic pain following i.p. adminis-
tration. Compound (56) was the most potent compound in this assay with an
EDs of 38 pmol/kg. The compound was also efficacious following p.o.
administration and this effect was retained upon chronic administration.
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Investigators from Abbott also recently disclosed A-804598 (58), a very
potent and selective ATP competitive P2X7 antagonist that was labelled
with trittum in order to study its binding to rat recombinant P2X7 receptors
[116]. The authors showed that (58) effectively blocked Bz-ATP-induced
calcium concentrations in cells expressing human, rat or mouse P2X7 recep-
tors (ICs50 10.9, 9.9 and 8.9 nM, respectively). They also demonstrated high
selectivity for (58) over a variety of transporters, ion channels and receptors.
Unlike many earlier compounds, (58) is a very potent P2X7 antagonist at the
rodent and human receptor, and as such the authors propose the use of this
compound to further study the function of rodent P2X7 receptors.
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Janssen Research and Development recently reported on the discovery of
two piperazine-based brain-penetrating P2X7 antagonists [117]. These
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compounds are proposed as tools to determine the role of the P2X7 receptor on
neuroimmune modulation. Compounds (59) and (60) were found to have high
affinity for both the human and rat P2X7 receptors ((59): human pK;=7.9, rat
pK;=38.7; (60): human pK;=7.9, rat pK; =9.1). Compound (60) also has high
affinity for the serotonin reuptake transporter with a reported pK; of 7.7. This
presumably could have interesting implications for CNS indications, particu-
larly in the area of mood disorders. Focusing on (59), the authors demonstrate
dose-dependent P2X7 target engagement in rat via ex vivo autoradiography
with an EDs5q of 2.5 mg/kg following s.c. dosing. This robust target engage-
ment makes (59) a compound suitable for characterisation in pre-clinical
models of depression and other mood disorders.
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Starting with a rather high molecular weight lead identified by high-
throughput screening ((61), MW =487), with a weak P2X7 human ICs, of
248 nM (calcium flux) and human whole blood ICs, 03372 nM (IL-1p), sci-
entists at the Merck Research Laboratory optimised this 7,8-dihydro-1H-
imidazo|2,1-b|purin-4(5H)-one core which led to the discovery of compound
(62) [71]. Their optimisation efforts focused on improving the human whole
blood activity and pharmacokinetic properties of the lead molecule in order to
assess utility for the treatment of pain and neurodegenerative diseases. As such,
compound (62) has much improved human P2X7 aftinity (human P2X7
IC50=50 nM, human whole blood (IL-1B) IC5,=82 nM) and even better
rat whole blood affinity (IC50= 17 nM). The authors also demonstrated that
(62) was efficacious in the monoiodoacetate (MIA) model of pain (p.o.
30 mg/kg). However, the compound showed only marginal activity in the
rat CCI model of pain at 100 mg/kg p.o. The authors contend that this is prob-
ably due to the fact that (62) does not efficiently penetrate the CNS.

In a second report, the same group at Merck further optimised the 7,8-
dihydro-1H-imidazo|2,1-b]purin-4(5H)-one core with a focus on improved
exposure and efficacy in models of neuropathic pain. This work led to the dis-
covery of (63). Compound (63) has a human whole blood ICs of 24 nM, as
measured by IL-1f inhibition [70]. It was efficacious in a streptozocin-induced
diabetic neuropathy model at 10 mg/kg p.o. and showed efficacy in both the
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MIA and CCI models in rat at 1-3 mg/kg p.o. Although (63) had promising
in vivo efficacy in rat, the authors report that glutathione adducts were observed
in higher species, precluding further development.
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Pfizer Global Research and Development recently reported on the use of’
["H]-A-804598 (*H-58) as a tracer useful for determining ex vivo receptor occu-
pancy of centrally penetrating P2X7 antagonists [ 1 18]. This work represents the
firstreport demonstrating native tissue P2X7 binding. In agreement with earlier
work, the authors showed widespread specific binding throughout the CNS,
with moderate to high binding in the colliculus and areas of the cerebral cortex.
As ex vivo receptor occupancy is a powerful technique for assessing target
engagement for CNS drugs, this report is also an important advance in deter-
mining the utility of centrally penetrating P2X7 antagonists in CNS disorders.

A difterent research group at Pfizer utilised the 2-chlorobenzamide lead (64)
asa starting point with the goal of discovering brain penetrant P2X7 antagonists
for the treatment of inflammatory and/or neuropathic pain [119]. According to
their report, (64) is a potent drug-like lead (IC50=232nM, cLogD=3.5,
human liver microsomes (HLM) CL;,. =80 mL/min/kg); however, the com-
pound suffered from poor metabolic stability. Efforts to improve the metabolic
profile of this series of compounds led to the discovery of (65), a potent P2X7
antagonist with reduced cLogD and with much improved metabolic stability
(IC50=27 nM, cLogD=1.8, HLM CL;,;=<8.8 mL/min/kg). This was
accomplished by strategically locating fluorine atoms at two potential metabol-
ically susceptible positions, namely the methyl pyridine and cycloheptanol
moieties. Compound (65) had low clearance in vivo in rat (3.3 mL/min/kg),
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an acceptable half-life of 4.6 h and high bioavailability (84%). Based on this data
and the fact that (65) was shown to effectively penetrate the CNS (brain : plasma
concentration ratio of 1.3), the authors report that the compound was endorsed
for development.

Yet another research group at Pfizer sought to improve the predicted
pharmacokinetic profile of a related series of compounds derived from
the clinical candidate CE-224,535 (4) (IL-1B IC5,=1.3 nM) via modifica-
tions of the 6-azauracil ring. The authors assert that it was the acidic nature of
this ring which presumably led to a low Vg in vivo, as well as the short half-
life observed [120]. This work led to the discovery of (66), in which the
azauracil is replaced by a methyl pyrazole. Compound (66) was found to
be a potent P2X7 antagonist with an ICsq of 0.5 nM (Yo-Pro-1) and whole
blood ICsy of 3 nM. It demonstrated a high V4 (11.7 L/kg) and suitable
half-life (8.36 h) but suffered from a low bioavailability (9%), believed to
be due to poor cell permeability (as measured by Caco-2). Compound
(67) contains no pyrazole N-alkyl substitution and has an improved bioavail-
ability of 59%. It was found to be a potent P2X7 antagonist with an ICs of
3nM (Yo-Pro-1) and whole blood ICsy of 121 nM. Its relatively poor
rodent potency precluded its evaluation in standard rodent inflammation
but a specialised mouse model measuring ATP-induced IL-1 output was
developed in which (67) demonstrated in vivo activity.
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5. CONCLUSION

Recently, there have been many reports detailing novel P2X7 antag-
onists and their potential to treat diseases of the CNS. The ability of a P2X7
antagonist to reduce or eliminate IL-1P production in the periphery has
been demonstrated several times in the clinic. However, Phase II trials from
two companies have resulted in the failure of human P2X7 selective antag-
onists to improve symptoms in patients whose RA was not well controlled
by other therapies. Given these disappointing results, the discovery of novel
antagonists that allow for pre-clinical determination of efficacy in animal
models has been an important advance. Many of the novel antagonists have
excellent P2X7 in vitro potency both in human and rat and some have been
measured in the CNS. In addition, there is significant data indicating that
IL-1p ablation in P2RX7 knockout studies and from P2X7 antagonists atten-
uates the negative effects of neuropsychiatric conditions, neurodegeneration
and pain. However, it remains to be seen whether these pre-clinical observa-
tions will translate into the clinic.
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1. INTRODUCTION

1.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive, neurodegenerative disease of
unknown cause and is the most common form of dementia among older
people. An estimated 11% of people over the age of 65 and a third of those
over age 85 have AD [1]. More than 5 million people in the United States
and more than 15 million people worldwide currently suffer from the
disease, with numbers expected to increase with ageing populations [1].
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The hallmark of AD is the degeneration and loss of neurons in cortical
and subcortical regions, associated with the formation of senile plaques and
neurofibrillary tangles. Currently, only the symptoms of Alzheimer’s disease
are treated using agents typified by acetylcholinesterase inhibitors (done-
pezil, galantamine or rivastigmine) or glutamate antagonists (memantine).
These therapeutics improve the symptoms of AD, noticeably in those where
declining cognitive function affects the activities of daily living and behav-
iour, but do not alter the underlying pathology of the disease. The search for
a therapeutic that can stem the progression of the disease, or a method for
controlling the causative pathology of Alzheimer’s disease, is an area of focus
by a number of pharmaceutical and biotechnology companies.

The plaques and tangles associated with AD pathology have been iden-
tified as containing B-amyloid (AP) and tau proteins, respectively. It is
believed that AB-proteins, as proteolytic degradants of amyloid precursor
protein (APP), are critical to the degeneration and loss of neurons and
the onset of symptoms of dementia. APP is processed in a two-step proteo-
lytic process. The primary cleavage of APP is performed by P-secretase
which results in soluble B-APP and a membrane-bound C-99 fragment.
This C-99 fragment serves as a substrate for a secondary cleavage performed
by y-secretase. The result of the secondary cleavage is an APP intracellular
domain and fragments of AB with varying lengths of amino acids including
peptides of 40 (AB4o) and 42 (AB,,) amino acids. The APy and APy pro-
teins are known to be highly prone to aggregation and to be the main com-
ponents of the senile plaques linked to AD [2].

1.2. y-Secretase Biology

v-Secretase is 2 member of the aspartyl protease family of enzymes and con-
sists of multiple units. The mechanism of action of y-secretase 1s thought to
be via an intramembrane proteolysis at specific transmembrane residues.
One of the hallmarks of y-secretase is that it targets multiple substrates in
addition to APP, including Notch, Jagged and other cell proliferation pro-
teins. The y-secretase complex consists of four main components: anterior
pharynx-defective 1, presenilin enhancer protein-2, presenilin and nicastrin,
with presenilin constituting the protease catalytic subunit [3]. There are two
types of presenilin (PS-1 and -2) both of which are encoded on human chro-
mosome 14. The four protein components exist as a monomeric complex
which uses water to hydrolyse substrates. Initial structural identification
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has been performed using transmission electron microscopy, however, as yet
no detailed NMR or X-ray crystal structure has been elucidated [4,5].

A number of mutations have been identified in APP that lead to early
onset of familial forms of AD. The common thread between the various
mutations is the resultant increased production of the AP, peptide which
is more prone to aggregation than Af4o. The amyloid hypothesis proposes
that the processing of APP to form amyloid peptides is the central compo-
nent of the aetiology and pathophysiology of AD. In support of this, muta-
tions have been identified in presenilin-1 and -2 which lead to increased AP
production and increases in the ratio of AB4,:AB40. In addition, mutations
have been identified on APP, proximal to the P-secretase cleavage site,
which lead to either increased (A673V) or decreased (A673T) amyloid (both
APy 40 and AP 45) production and correlate with increased or decreased
risk of developing AD, respectively [6].

Recent findings have implicated AP, as a potential causative agent in
AD and have suggested that reducing AP levels in the brain, in particular
A4s levels, is a viable therapeutic strategy for the treatment of AD. One
major therapeutic approach, based on the amyloid hypothesis, has been
the development of y-secretase inhibitors. A review of the status of the main
y-secretase inhibitors has been previously been published by Oehlrich and
colleagues [7]. A number of y-secretase inhibitors have advanced into Phase
II and Phase III clinical trials; Lilly (Semagacestat/LY 450149), Elan
(ELNDO006), Bristol Myers Squibb (Avagacestat/BMS 708163) and Wyeth
(Begacestat/GSI-953) have all terminated clinical trials with their respective
agents [8—11]. The reasons for termination were varied with liver toxicity,
gastrointestinal (GI) effects, dermatological effects and absence of an effect
on cognition amongst those described [8—10].

The termination of these trials has been a setback to the continued
targeting of the amyloid hypothesis. Adverse events have been related to
the possible non-selective nature of these inhibitors and this has focussed
efforts on the identification of y-secretase modulators (GSMs) which may
offer selective targeting of amyloid cleavage over other substrates, such as
Notch. Their mode of action is thought to be via modulation of the proteo-
lytic activity of the enzyme complex leading to either the production of
shorter length AP peptides, which would have lower propensity to aggre-
gate, or to compounds that are termed ‘Notch-sparing’ as they prevent
the processing of APP to AP peptides but do not have any effect on the activ-
ity towards Notch [12]. In addition, various modes of action are possible,
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such as selective lowering of ABy,, or simultaneous lowering of A4, and
AP0, which can force scientists to make a strategic decision about which
may be the main pathogens. In addition to this, the levels of shorter amyloid
species such as ABs; and Asg are increased, which again forces questions
about the functional importance and potential adverse consequences due
to increased levels of these lesser studied peptides.

The current chapter provides an overview of recent progress in the
development of GSMs, focussing mainly on the peer reviewed literature,
but drawing on the patent literature where necessary. In addition, this sum-
mary does not seek to recapitulate everything that has been covered recently
in three excellent review articles [7,13,14] but offers some context to the
data and studies that have been published and summarises the authors’ opin-
ions on the current state of research in the field.

2. GSMs: CHEMICAL CLASSES

The search for GSMs has led to the identification of multiple
pharmacophores that have formed the basis of medicinal chemistry efforts
to identify potent and safe molecules. A discussion of the characteristics
of the compounds is described below.

For the purposes of this chapter, unless otherwise stated, cLogP values
have been calculated using ChemDraw™. Note that in certain instances
there is a marked difference between these and the literature values.

2.1. Acid Derivatives
2.1.1 Myriad and Chiesi
The original report that non-steroidal anti-inflammatory drug (NSAID)
derivatives modulate 7y-secretase activity [15,16] sparked numerous
researchers to discover novel carboxylic acid derivatives with increased
v-secretase modulatory potency. Unsurprisingly, most of the structures of

Me Me

CO,H CO,H
® )
F O F
Cl

(1) R-flurbiprofen (2) CHF5074
(flurizan)

Figure 3.1 Structures of flurbiprofen and CHF5074.
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the early derivatives were closely related to NSAIDs such as ibuprofen; the
most prominent of these being flurbiprofen (Flurizan™) (1) developed by
Myriad [17] and CHF5074 (2) developed by Chiesi [18] (Figure 3.1). These
early compounds showed weak modulatory potency in vitro and although
pre-clinical efficacy was demonstrable, the corresponding concentrations
appeared somewhat discrepant with the in vitro data. Furthermore, these
compounds have failed to show an effect on amyloid levels in the clinic,
adding credence to the scepticism over their pre-clinical efficacy.

2.1.2 Janssen

Still closely related to the NSAID class is JNJ-40418677 (3) (Figure 3.2)
which was developed by Cellzome in collaboration with Janssen. This com-
pound shows much improved potency over the above compounds with an
AP, ICs0 of 200 nM (SKNBE-2 neuroblastoma cells expressing wild-type
APP, 16 h incubation) and an A, ICs, of 185 nM in rat primary cortical
neurons (48 h incubation) (Figure 3.2) [19]. Efficacy has been demonstrated
in a range of studies. In a single time-point study (4 h post-dose) in the
mouse (non-transgenic), (3) showed a dose-dependent reduction in brain
AP, (18%, 36%, 61% and 69% at 10, 30, 100 and 300 mg/kg, respectively,
with brain being extracted using diethylamine (DEA)). In a time course
study in non-transgenic mice at 30 mg/kg p.o. (3) had a maximal effect
on brain amyloid 6 h post-dose. Interestingly, the T, of the compound
in brain was 4-8 h, thus showing a minimal PK—PD lag. Brain A3z levels
were increased, in line with the in vitro profile. In a 7-month efficacy study in
Tg2576 mice, starting from 6 months of age, doses of 60 and 120 mg/kg p.o.

CF3
(3) JNJ-40418677 (4) EVP-0015962
(thought to be EVP-0962)

Figure 3.2 Structures of JNJ-40418677 (3) and EVP-0015962 (4) (thought to be
EVP-0962).
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caused a large reduction in brain AP, both soluble and deposited, 20 mg/kg
did not affect AB4,. In contrast to the in vitro profile, brain A, levels were
also reduced in a similar manner including at the 20 mg/kg dose. Surprisingly,
it was found that the levels of deposited AP35 were decreased in brain while
the levels of soluble ABsg were unaffected. These results are in contrast to the
in vitro profile where the compound shows an increase in ABsg. Further anal-
ysis showed a reduction in plaque burden. Although the total brain concen-
tration (0.42, 2.4 and 12 uM after 20, 60 and 120 mg/kg, respectively) and
total plasma concentration (0.38, 2.7 and 13 pM after 20, 60 and 120 mg/
kg, respectively) are above the in vitro ICs values for AP,,, it is unlikely that
the free concentrations in either compartment would be higher than the ICs
and therefore sufficient to cause the observed effect. The progression of JNJ-
40418677 (3) was halted before Phase I due to toxicological findings, mainly
in the liver, which may be related to its high lipophilicity (cLogP 8.5) [20]. Itis
also noteworthy that this compound has (S)-stereochemistry at the chiral cen-
tre o to the carboxylic acid, in contrast to all other acid GSMs which have (R)-
stereochemistry. Early research showed that the (R)-stereochemistry does not
affect y-secretase activity but generally abolishes cyclooxygenase (COX)
activity, whereas (S)-stereochemistry retains COX activity. Despite having
an (S)-stereocentre, (3) is reported to be inactive at both COX-1 and -2
up to and including a concentration of 60 pM.

2.1.3 EnVivo

The pre-clinical profile of EVP-0015962 (4) (Figure 3.2), thought to be the
Phase II development compound EVP-0962, has recently been disclosed
[21]. In a cellular assay (human neuroglioma H4 cells stably transfected with
wild-type human APP751), the compound lowered AP, with an ICsq of
67 nM and increased AP35 with an ECs, of 33 nM, thus making it one of
the most potent acid-derived GSMs, although it is not clear from the struc-
ture how this high level of potency is gained. Cellular mass spectroscopic
analysis (MALDI-TOF) revealed that AB,, and AP3 were decreased while
APs3g and As3 levels were increased. In rat primary neocortical cultures, the
potency was found to be almost 10-fold lower with an AB,, ICs, of 427 nM
and an Afsg ECso of 384 nM. In Tg2576 mice (21 weeks old), 4 h post
30 mg/kg dose, brain APy, levels were reduced by 39% with corresponding
brain concentrations of 4.3 uM; however, the effect at 10 mg/kg was not
statistically significant, despite brain levels of 1.3 uM. A follow-up 50-week
study in Tg2576 mice, starting from 17 to 26 weeks of age, was conducted at
doses of 20 and 60 mg/kg p.o. which resulted in corresponding brain
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concentrations of 2.5 and 8.3 UM, respectively. Interestingly, the compound
showed a reversal in the contextual fear conditioning model following
11 weeks treatment at 20 and 60 mg/kg in Tg2576 mice, when dosing
started at 19-22 weeks of age.

In 2006, scientists at Merck disclosed a novel series of zwitterionic GSMs
in which the phenyl acetic acid moiety has been replaced by a piperidin-4-yl
acetic acid, such as in (5) [22] (Figure 3.3). The consequence of this is a
reduction in aromaticity, increased sp> character and addition of a basic
centre. These salient points have sparked a new area of chemical optimisation
by many other companies.

F,C

F
FiC CO,H /N | CO,H F
N X N FiCan N A, COM
Me/(lvle Me/(l\/le Me/FMe
Me
CF.

CF, CFy 3
(5) Merck piperidine derivative (6) GSM 10h (GSK) (7) Merck derivative
cLogP 7.6 cLogP 6.7 clLogP 7.2
Me
F,C
3 COH FiC COH
N N
Me
e ) el
CFy F CF,
(8) Biogen Idec (9) BIIB042 (Biogen Idec)
cLogP 7.5 cLogP 7.9
N N )
CF, CF,

(10) Pfizer/Astellas aminocyclohexane (11) Pfizer aminotetrahydropyran
cLogP 6.8 cLogP 5.7

Figure 3.3 Acid derivatives from Merck, GSK, Biogen Idec and Pfizer/Astellas.
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2.1.4 GSK

GSK have disclosed their investigations into related compounds, in which
the goal was to incorporate heteroatoms in order to reduce lipophilicity.
The best characterised compound of this series is GSM 10h (6) [23]
(Figure 3.3). In SH-SY5Y neuroblastoma cells stably expressing human
APPSwe (48 h incubation) (6) reduced A, production with an ICs, of
300 nM and AB4o with an ICs, of 6.3 tM [24]. In the same assay, but using
ashorter (24 h) incubation period, the compound reduced A4, production
with an ICs, of 1 UM and increased ABsg with an ECs of 500 nM [25]. Ina
primary rat cortical neuron assay (48 h incubation) (6) reduced AP, with an
IC5g of 350 nM [24]. In a mouse central nervous system (CNS) penetration
study at 5 mg/kg p.o., the compound showed good CNS penetration with
concentrations of 5.6 and 4.2 UM in brain and blood, respectively, 2 h post-
dose. Pharmacokinetic (PK) parameters were evaluated in mouse, rat and
dog where (6) displayed low blood clearance (Cly,) values of 4 mL/min/
kg (mouse and rat) and 3 mL/min/kg (dog), moderate distribution volumes
(Vges) values of 1.4, 2.3 and 1.1 L/kg in mouse, rat and dog, respectively,
which are in excess of total body water, a moderate half-life (4.3—6.6 h)
and high oral bioavailability. Profiling of (6) was conducted in TASTPM
mice [25] and rat [24]. In an acute study in the rat at doses of 3, 10, 30
and 100 mg/kg, with sampling 6 h post-dose, (6) showed strong reduction
of plasma and cerebrospinal fluid (CSF) APy, but weaker efficacy in brain
AB4> with only 21% and 30% reductions at doses of 30 and 100 mg/kg,
respectively. However, it should be noted that brain amyloid was extracted
with guanidine hydrochloride, which extracts both soluble and deposited
amyloid. It would be expected that the compound could only reduce soluble
amyloid levels which would be a small proportion of the extracted amyloid.
At the 100 mg/kg dose, the brain and blood concentrations were 34 and
28 UM, respectively. In a 5-day study, with samples taken 6 h after the final
dose, a somewhat increased effect was observed in the brain, but not in
plasma or CSF, with reductions of brain AB4, of 38% and 48% at 30 and
100 mg/kg, respectively. However, it should be noted that the brain and
plasma concentrations, at 52 and 79 pM, respectively, were higher than
in the acute study, which could account for the marginal increase in efficacy.
Finally, a time course study at 30 mg/kg showed the T, occurred about
3 h post-dose whereas the maximal pharmacodynamic eftect occurred 6 h
post-dose in all three compartments. Furthermore, after 24 h, the amyloid
levels had returned to baseline and showed no rebound, unlike the effects
observed with y-secretase inhibitors.
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2.1.5 Merck

Working in a related series, Merck have disclosed optimisation efforts
around (5) leading to compound (7) [26] (Figure 3.3), in which the acetic
acid moiety is translocated one position around the piperidine ring relative
to (5). This compound shows the high tolerance of structural variation on
GSM templates as not only has the acid been moved, but a trifluorophenyl
ring has been replaced by a trifluoroethyl group. Compound (7) was found
to exhibit moderate potency in a cellular assay with an APy, IC5o of 600 nM
and good rodent (species not specified) PK, similar to that of (6), plasma
clearance (Cl,)=3.8 mL/min/kg, volume of distribution (V)=
1.9 L/kg, half life (t;,»)=5.1 h and oral bioavailability (F,,) =160%. Again
the volume of distribution and oral bioavailability are perhaps indicative of
extra-hepatic recirculation. In the APP-YAC mouse, (7) demonstrated an
84% reduction of brain AP, (10 mg/kg, p.o.) 7h post-dose, with
corresponding brain and plasma concentrations of 0.58 and 1.1 uM, respec-
tively. In a follow-up dose—response study (1, 3, 10 and 30 mg/kg), the cal-
culated EDsq was 5 mg/kg, the brain ECs was calculated to be 1 M and
the plasma EC5, 3.7 uM. It was also noted that (7) showed no Notch effects
in a 7-day rat study at doses of up to 250 mg/kg; however, no mention was
made about eftects in the liver.

2.1.6 Biogen Idec

Biogen Idec has recently described the research efforts which led to the iden-
tification of the clinical candidate BIIB042 (9) [27] (Figure 3.3). In a prelim-
inary disclosure, the group described the identification of phenylacetic acid
(8) (Figure 3.3), which is structurally related to (5), except that the piperidine
has been exchanged with one of the phenyl rings [28]. Compound (8)
reduced AP, in CHO cells expressing V717F APP with an ICs, of
630 nM. In a single-dose study in the mouse at 30 mg/kg, brain amyloid
was reduced by 50% 4 h post-dose, with corresponding brain and plasma
concentrations of 32 and 37 uM, respectively. Pharmacokinetic assessment
in rat and dog revealed very low clearances of 2.5 and 0.6 mL/min/kg,
respectively. In follow-up work, the same group identified the development
compound (9) [27] (Figure 3.3). In CHO cells expressing V717F APP, (9)
reduced APy, with an IC5 of 170 nM, while showing no effect on AP, and
increasing APsg with an ECs, of 150 nM, while in human H4 cells, which
express wild-type APP, the calculated A, ICsy was 70 nM. In non-
transgenic (CF-1) mouse at a dose of 10 mg/kg (9) reduced brain A,
by 40% 4 h post-dose. Bioanalysis indicated good brain (4.6 pM) and plasma
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(10 uM) exposure. In Fischer rats (9) reduced brain AB4;, by 30% 4 h
post-dose, while in the monkey it reduced plasma AB4 by 30% 5 h post-
dose, with both species receiving an oral dose of 10 mg/kg. Compound
(9) had low Cl,, values of 1.5 and 3.7 mL/min/kg in rat and monkey, respec-
tively, but showed moderate Cl, in the dog (14 mL/min/kg). The V, was
around total body water in rat (0.8 L/kg) and in dog (0.9 L/kg) but was
higher in monkey (1.7 L/kg). These parameters were associated with long
half-lives in the rat (7.2 h) and monkey (11.2 h), but a shorter half-life in the
dog (1.3 h). As a result, bioavailability was good in both rat and dog
(44-47%) and high in the monkey (106%). Further profiling revealed
CYP450 ICs( values >35 pM and weak hERG inhibition with an ICs
of 15 uM. However, these off-target effects need to be put into context
as the in vivo efficacy concentrations are approximately 10 pM, although
plasma protein binding (ppb) is very high with <0.1% free across species.
Based on these data (9) was advanced into pre-clinical development; how-
ever, it is assumed that progression has been terminated as the compound has
not appeared in Biogen Idec’s published pipeline.

2.1.7 Pfizer/Astellas

A recent patent application from Pfizer [29] has detailed related to
aminocyclohexane derivatives such as (10), which has an AP, ICsq of
229 nM, and aminotetrahydropyran derivative (11), with an AP, ICso of
357 nM (Figure 3.3). This latter compound represents one of the least lipo-
philic derivatives in the acid series. Closely related compounds, including
(10) have also recently been disclosed by Astellas [30]. In this publication
(10) was reported to reduce hippocampal AP, in mouse in a dose-
dependent manner with 25%, 45% and 61% reductions at doses of 3, 10
and 30 mg/kg, respectively.

2.1.8 Summary
Despite extensive research for a sustained period, few derivatives from the
acid series of modulators have entered clinical development, although sev-
eral publications describe potential development candidates. Only EnVivo
and Chiesi have managed to advance a compound through the clinical
phases, compound (2) has since failed to show efficacy on its primary bio-
markers and (3) is the sole remaining hope to modulate amyloid levels in
humans from this acid class.

It is clear from the literature that scientists have struggled to contain
lipophilicity in this series, and to balance this with potency, which with
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the exception of (3) appears limited. Many of the interactions seem some-
what non-specific. There is a wide tolerance of lipophilic groups and large
structural changes lead to only moderate increases or decreases in potency.
Furthermore, although the total plasma and brain concentrations are consid-
erably in excess of the in vitro ICs( values when in vivo efficacy is observed,
the free concentrations are certainly not, and most compounds have very
low unbound concentrations, typically less than 0.5%. For example, in
the case of BIIB042 (9) less than 0.1% is free in plasma, and for GSM
10 h (6) 0.5% is free in blood and 0.2% free in brain tissue. Thus, there is
no correlation with either total or free concentrations and efficacy. In addi-
tion, while compounds from this series demonstrate very good pharmaco-
kinetic parameters and yield very high in vivo concentrations, this may be a
consequence of high ppb, which may also result in consequences in safety
studies. Thus, it appears that the chances of a compound from this class being
able to balance efficacy and safety and make it to the market are limited.

2.2. Imidazoles and Related Analogues

Research on this chemotype of GSMs was pioneered by TorreyPines Ther-
apeutics and Eisai. An Eisai patent application published in 2005 [31] has
seeded an entire field of research. Although Eisai has not yet disclosed the
structures of the Phase I GSMs E2012 and E2212, it is widely accepted in
the literature that the structure of E2012 is represented by (12), while others
have speculated that the structure of E2212 is that represented by (13)
[32,33], (Figure 3.4). The pharmacophore of this series is exemplified by
(12) and consists of a hydrogen bond acceptor (HBA) on the left-hand side
(imidazole), a HBA in the central region, fulfilled by the amide and a lipo-
philic/aromatic moiety on the right-hand side. In addition, the methoxy
group and the methyl group on the imidazole tend to increase potency
slightly, presumably by forming lipophilic interactions and/or by subtly
modulating the HBA strength of the imidazole.

2.2.1 TorreyPines

TorreyPines Therapeutics recently disclosed their work, in which (14)
(Figure 3.4) was identified from an 80,000 compound HTS follow up
and was found to reduce AB4, in SH-SY5Y neuroblastoma cells stably over-
expressing human APP751 with an 1C5, of 1512 nM [34]. Optimisation of
(14) led to (15) (Figure 3.4). Profiling in a range of cellular assays revealed
(15) to be a potent modulator. In SH-SY5Y cells (15) had an ICs5, of 10 nM,
whereas in mixed brain cultures from Tg2576 mice (15) displayed an A,



112 Adrian Hall and Toshal R. Patel

/Me
o
=\
N N o Me
Me e N CF3
N Ng\N B N
WO W W
€
N/N
(12) F (13)
cLogP 4.0 cLogP 6.3

//Me E Me
N=\ i S N Me N=\ % S Me
N—< >—< N N—g >—<
'~ NJ\N/Q/ Me)\/ NJ\N
H H
Me Me
(14) (15)

cLogP 6.0 cLogP 7.3

Figure 3.4 Literature consensus of the structures of E2012 (12) and E2212 (13), and
compounds (14) and (15) from TorreyPines Therapeutics.

IC50 of 29 nM, an AP,y ICs0 of 90 nM and an ABsg ECso of 170 nM.
Slightly weaker activity was observed in a Hela cell membrane assay
(AB42 IC50=131 nM, AB4o IC50=531 nM). Dosing to female C57BL/6
mice, 2-3 months of age with 50 mg/kg for 3 days showed that the com-
pound penetrated the CNS, with a brain to plasma ratio (Br:P1) of 0.93. Dos-
ing for 3 days to Tg2576 mice, 3—4 months of age, at 12.5, 25, 50 and
100 mg/kg showed a large reduction of plasma Ay, at all doses, but only
moderate, approximately 30% and 40%, reductions in brain APy, at the
two highest doses, despite high total brain concentrations of approximately
12 and 27 nmol/g, respectively. A subsequent study investigated a dose of
approximately 50 mg/kg/day p.o. for a period of 7 months to 8-month-
old (pre-plaque bearing) Tg3576 mice. There were no observed GI abnor-
malities or changes in bodyweight gain relative to vehicle-treated animals.
GI changes are a hallmark of GSI treatment, whereas decreased bodyweight
gain has been observed with some GSMs. Upon completion of the study, the
brains were serially extracted with DEA, sodium dodecyl sulfate (SDS) and
then formic acid, to allow quantitation of the effects on soluble and total
amyloid pools. Surprisingly, APsg levels were reduced to a similar level to
AB4o and A4, in contrast to the in vitro profile. Thus, reductions in
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DEA-extracted amyloid levels were 76%, 73% and 76% for ABsg, AB4o and
APy, respectively, while formic acid extraction revealed reductions of 45%,
48% and 55%, respectively. In concordance with these data, the compound
reduced plaque area in the cortex and hippocampus relative to vehicle-
treated control. Despite having an encouraging profile, no further character-
isation or development of this compound or related derivatives has been
reported.

2.2.2 GSK
In addition to divulging medicinal chemistry and pharmacological characteri-
sation of selective A4, modulators from the carboxylic acid series, GSK has
recently disclosed work on non-acid imidazole derivatives. The first paper
[35] detailed compounds such as (16) (APsy IC50=60nM, Ay
IC50=200nM) and the optimised derivative (17) (AB4> ICs50=60 nM,
AP, IC50=200 nM) (Figure 3.5). Assessment of the rat pharmacokinetics
of (17) showed a low Cl, (5.1 mL/min/kg), a moderate Vg4, (1.4 L/kg), a
half-life of 3.1 h and excellent oral bioavailability (98%) when dosed as the
HCl salt in 1% methylcellulose. Administration of a 30 mg/kg oral dose to rats
revealed a high blood and brain exposure 5 h post-dose, 16 and 9 M, respec-
tively. This compound was also specifically claimed in a patent application [36].
A subsequent paper [37] detailed replacements of the central pyridazine
group and showed that a range of nitrogen-containing six-membered rings
were tolerated including compound (18) (AB4> ICs50=126 nM, A4
ICs50=794 nM) (Figure 3.5). This compound also demonstrated good
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Figure 3.5 GSK heterocyclic derivatives.
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pharmacokinetic  parameters in the rat (Cl,=12.2 mL/min/kg,
Vais=3.7 L/kg, t,,=3.3 h, oral bioavailability (F,,) 100% as the HCI salt
administered in 1% methylcellulose). Using the same CNS penetration study
design as for compound (17), (18) showed good concentration in blood and
brain, 5 and 8.7 uM, respectively, with an apparent increase in CNS pen-
etration, (Br:Bl=1.74 cf (17) Br:Bl=0.49). Further characterisation of
(17) and (18) (also known respectively as GSM-C and GSM-D) has recently
been published [38]. The in vitro activity was confirmed in rat primary cor-
tical neurons (48 h incubation) where (17) showed an AB4, IC5, of 100 nM
and an AP, ICsy of 63nM. (18) showed similar AP, activity
(IC50 =63 nM), but a weaker effect on AP,y (ICs 398 nM). The modula-
tory profile of both compounds was confirmed by spectroscopy (LC—
MS/MS) which showed relative increases in ABs7 and APB;g concentrations.
Both compounds were found to have high brain tissue binding (btb) and ppb
with (17) showing ppb 0f 99.07% (Fraction unbound (Fu) =0.0093) and btb
0f99.21% (Fu=10.0079) while (18) gave a ppb of 99.85% (Fu=0.0015) and
a btb of 99.89% (Fu=0.0011). Correction of the total Br:BI ratios above
results in unbound concentration Br,:Bl, values of 0.41 and 1.10 for (17)
and (18), respectively. Dosing in vivo revealed much better efficacy for
(17) than for (18). In an acute study at doses of 3, 10, 30 and 100 mg/kg,
with sampling 6 h post-dose, (17) demonstrated a dose-dependent reduction
in amyloid in plasma, CSF and brain, although CSF reductions were signif-
icant only at 30 and 100 mg/kg whereas brain and plasma reductions were
apparent at all doses. The magnitude of the effect was greater in plasma than
brain. In contrast, (18) showed very weak eftects in brain and CSF. In a time
course study at 30 mg/kg neither compound showed a rebound of AB,, or
A4 in plasma or brain. Compound (17) showed a maximal reduction
(91%) in plasma AB,,, approximately 16 h post-dose and a maximal reduc-
tion of brain amyloid about 8-10 h post-dose, 54% and 40% reductions of
AB4o and APy, respectively. Again, the efficacy of (17) was found to be
superior to that of (18). In a sub-chronic, 5-day u.i.d. dosing regimen,
(17) reduced brain AP, levels by 58% and brain A4 levels by 63% whereas
(18) caused reductions of 23% and 17% in brain AP, and AP, respectively.
Using the concentration data from earlier publications, brain concentrations
were found to be 9.1 pM for (17) and 8.7 uM for (18), resulting in a calcu-
lated free brain concentrations of 72 and 10 nM. These data highlight a
recurring theme for GSMs of this class, as pointed out for the acid class, that
there is a poor correlation between in vivo efficacious concentrations and in
vitro activity. While the total brain concentrations for both compounds are



v-Secretase Modulators 115

very high and considerably in excess of their in vitro activity, ((17); A4
IC50=60 nM, (18); AP4» ICs,=125 nM), the free concentrations are in
line with the ICsq for (17) but not for (18). Thus, the free concentrations
do not appear to correlate with efficacy. Additionally if one assumes that
the compound T, 1s 2 h, based on the compounds’ half-lives one would
expect C,. values to be two to three times higher than the 6 h concentrations,
which may explain the efficacy for (17) but again the free concentrations for
(18) would still be inferior to the in vitro levels necessary to modulate amyloid.
Replacement of the imidazole in (18) was also investigated [37].
Replacements were designed to mimic the HBA ability of the imidazole
and several active derivatives were identified. These included isothiazole
(19), thiazole (20), pyridazine (21) and pyridine (22) (Table 3.1). Activity
correlated well with the HBA strength of the heterocycle, supporting the
pharmacophore as discussed earlier. However, all suffer from decreased
solubility owing to the removal of the ionisable imidazole group.

Table 3.1 Variation of Imidazole Group on GSK Pyridine Template
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Figure 3.6 Structures of hit (23) and optimised derivative (24) from Roche.

2.2.3 Roche

In 2011, Roche published some of their work detailing an HTS hit (23)
(AB4> IC50=3815 nM, AP,y [C50=3.7 uM, AP35 EC50=1.5 pM in human
neuroglioma H4 cells overexpressing human APP, 22 h incubation) [39]
(Figure 3.6). Optimisation of (23) resulted in the identification of (24)
(ABs> IC50=44 nM) (Figure 3.6) which displayed acceptable mouse
pharmacokinetics (Cl,=18.3 mL/min/kg, Vg4, 4.6=L/kg, t,=25h,
Foo=25%, Br:P1=0.4-2.1). Profiling in vivo (APPSwe Tg mouse) at 10,
30 and 100 mg/kg demonstrated reductions in brain AP, of 18%, 35%
and 65%, respectively (DEA extraction) leading to a calculated EDsq of
40 mg/kg.

The Roche group also investigated some imidazole replacements, a sum-
mary of which is presented in Table 3.2. Again, a HBA in this region of the
molecule was found to be important. The nitrile group was significantly wea-
ker than the heteroaromatic rings, (R =CN, X=0Me, 1C5,=3358 nM),
despite providing a good pharmacophoric overlap.

The oxazole derivative (27) was also evaluated in vivo in APPSwe Tg
mice and produced a 47% reduction in brain AP 4 h after a 100 mg/kg
oral dose. Bioanalysis revealed a Br:Pl ratio of 0.34.

2.2.4 Janssen

The Janssen research group has been active in the GSM area for a consid-
erable period of time. In recent times, their focus appears to have changed
to the imidazole series. A recent publication [40] details some of their work.
Starting from Eisai derivative (12) (Figure 3.4), the primary objective was to
generate novel compounds without an o,B-unsaturated amide and this
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Table 3.2 Variation of Imidazole on Roche Template
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resulted in the identification of aminopyridone (31) (Figure 3.7) which was
considerably less active (AB4y ICs50=>550nM in SKNBE2 cells which

express wild-type APP695) than (12) (AP IC50=281 nM).

Maintaining the putative HBA of (31) and cyclisation gave imi-

dazopyridine (32) (Figure 3.7) which displayed improved potency (AP,
IC50 =182 nM), albeit at the cost of increased lipophilicity. Further optimi-
sation resulted in the identification of aminobenzimidazole derivative (33)
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Figure 3.7 Initial lead compounds (31) and (32), and subsequent optimised analogue
(33) from Janssen.

(JNJ-42601572) with an A4, ICsy of 16 nM (Figure 3.7). (33) proved to
be effective in vivo and produced a 62% reduction of brain APy, after a
30 mg/kg oral dose in non-transgenic CD1 mice 4 h post-dose. Further
profiling revealed that the compound was not genotoxic although it had
moderate hER G activity (30% inhibition at 3 pM), moderate CYP activity
(2C19 IC50=3.5puM, 2D6 IC50=3.6 uM, 3A4 IC5,=2.9 uM) and
showed very high ppb (0.13% free in human, 0.04% free in mouse and
rat and 0.03% free in dog). Despite suffering from very low solubility,
(33) displayed good pharmacokinetic parameters across mouse, rat and
dog (Cl=0.94, 0.53 and 2.4 L/h/kg, respectively, Vy,=2.4, 1.8 and
4.6 L/kg, respectively, 2=1.7, 2.3 and 1.6 h). Oral bioavailability was
high: >100% in mouse, 95% in rat and 64% in dog, when administered
in 20% captisol at pH 4. A time course study in the mouse at 10 and
30 mg/kg resulted in a large reduction of brain AB,, 50% and 71%, respec-
tively at 8 h post-dose. Brain APsg showed a maximal effect 4 h post-dose,
with a 41% increase at 10 mg/kg and a 65% increase at 30 mg/kg. The brain
concentration was found to be 15.6 pM 4 h post-dose and 10.5 pM 8 h
post-dose in the 30 mg/kg group, and 2.8 and 1.9 UM 4 and 8 h after a
10 mg/kg dose, with the Br:Pl ratio ranging from 0.53 to 1.14 across all time
points and doses. Furthermore, no rebound in amyloid was observed and
levels returned to baseline within 48 h. In the dog, following a 20 mg/kg
oral dose, CSF AP, decreased by 19% at 4 h and 48% at 8 h, with APsg
levels increased by 34% at 4 h and 84% at the 8 h time point. In a rat time
course study at 10 mg/kg, (33) showed a Br:Pl ratio of approximately 0.5 at
all time points with a very flat exposure profile with brain concentrations of
2.5,2.2and 2.0 pM at 2, 4 and 7 h post-dose, respectively. Brain APy, levels
were reduced by 25%, 36% and 34% at the 2, 4 and 7 h time points, whereas
CSF ARy, levels were reduced by 35%, 34% and 43% at the same time
points. The AP, levels in both compartments showed almost identical
effects. Brain AP;g levels were affected less than CSF APsg, which showed
increases of 62%, 79% and 53% at 2, 4 and 7 h post-dose. Interestingly, ABs7
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in CSF and brain levels showed much more dramatic increases than Asg at
all time points in CSF and brain and the peak increase in CSF of 855%
occurred 4 h post-dose. Further profiling of (33) revealed several issues
which resulted in the termination of its development [41]. (33) caused
increases in alanine transamine (ALT) and aspartate aminotransferase
(AST) plasma levels at 20 mg/kg in the dog in one in six animals. This effect
was also produced by (12) at 80 mg/kg and indicates liver damage or
impaired liver function. Furthermore, gene expression profiling revealed
that (33) affected gene levels in multiple pathways, including bile transport,
lipid transport and inflammation.

In subsequent publications, the Janssen group has detailed further work
which resulted in the identification of fused triazole derivatives such as (34)
and (35) [42] (Figure 3.8). Both of these compounds displayed potent in vitro
activity (AB4z ICs50=71 and 28 nM, respectively). Four hours after a
30 mg/kg oral dose to mice, (34) showed a concentration of 3.6 UM in
plasma and 3.4 pM in brain, resulting in a Br:Pl ratio of 0.93. This gave a
22% decrease in brain AB4, and a 17% increase in brain APsg levels. In
the same study, (35) showed similar brain levels of 2.8 pM, but much higher
plasma levels at 12.3 pM, which resulted in a Br:PI ratio of 0.23. This com-
pound was more active and decreased brain AP, by 62% and gave a 66%
increase in brain APsg. It was also found that (35) showed a much higher
free fraction in plasma (8.5%) and brain (2.2%) compared with other GSMs.
Thus, the calculated free plasma and brain concentrations from the in vivo
mouse study are 1046 and 62 nM, respectively, which results in a Br,:Pl,
ratio of 0.06. This implies that the compound is actively effluxed from
the CNS. There also appears to be a good correlation between the free brain
concentration and the in vitro activity for this compound. However, periph-
eral side effects such as cardiovascular activity may be an issue due to the high
peripheral concentrations relative to those in the CNS. In the dog, a dose
of 20 mg/kg resulted in a plasma concentration of 19 uM with a concom-
itant reduction in CSF AB4» of 50% and an increase in CSF Af3g of 28%.
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Figure 3.8 Fused triazole derivatives from Janssen.
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In the same study, there were no changes in bilirubin or ALT levels, rep-
resenting an improvement over predecessor compounds. In a subsequent
publication [41], (36) (Figure 3.8) has been described as a ‘next-generation
GSM’ as it combines potency (A4 ICso =56 nM) with lower lipophilicity
(Janssen cLogP = 3.1, ChemDraw cLogP = 5.5) and an increased free frac-
tion in brain at 3.9%. For comparison purposes, note the disparity between
ChemDraw cLogP values for (34), (35) and (36), (Figure 3.8) versus Janssen
values; cLogP 3.4 for (34), 4.5 for (35) and 3.1 for (36).

2.2.5 BMS

At a recent investor meeting [43], BMS claimed to have a GSM in the pre-
clinical development phase. As this group has not yetreleased any peerreviewed
publications, only patent literature is available and discussed here in chronolog-
ical order. In 2010, the group described fused aminotriazole derivatives (37) and
(38) with AP4, ICs0s of 8 and 4 nM, respectively (human H4 cells transfected
with APP751 containing Swe mutations, incubated for 19 h) [44] (Figure 3.9).
The tolerance of the chloro-imidazole moiety is noteworthy as this group has
not frequently been employed by other research groups. Furthermore, the Cl
atom on the imidazole should significantly decrease its HBA strength. The
compounds nevertheless display high potency. A second patent application
the following year described closely related fused diaminopyrimidine deriva-
tives, such as (39) and (40), with AP, [Cs( values of 4.6 and 4 nM, respectively
[45] (Figure 3.9). A follow-up patentapplicationin 2012 detailed closely related
fused diaminopyrimidine derivatives where the imidazole had been replaced by
a nitrile group, such as in (41) with an ARy, IC50 of 11 nM [46] (Figure 3.9).
Earlier in the same year, the BMS group detailed work where they linked the
phenolic substituent to the alkylamino moiety on the pyrimidine to give mac-
rocycles such as (42) and (43); A4, IC50 3.9 and 7.8 nM, respectively [47]
(Figure 3.9). The activity appeared relatively insensitive to the nature of the
macrocyclic linker, and a range of imidazole replacements were found to be
acceptable including the 1,2,4-triazole. It is interesting to note that the
chloro-imidazole HBA moiety in this series can be replaced by a nitrile group,
forexample, (42) versus (43), whichisin contrast to that found by other research
groups with their series, for example, Roche, Table 3.2.

2.2.6 Pfizer

To date, there is only one peer reviewed publication from the Pfizer group
which follows on from some published patent applications. The early Pfizer
templates are centred on benzamide derivatives as replacements for the
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Figure 3.9 Summary of BMS compounds from the patent literature.

cinnamide moiety found in front runner compounds such as (12)
(Figure 3.4). The most potent example from a 2010 patent application
[48] is (44) (AB42 IC50=137 nM) (Figure 3.10). The SAR in this series
appears relatively flat with most examples displaying AP, ICso values in
the range 300-700 nM. A follow-up disclosure [49] described closely related
examples where the methoxyphenyl moiety had been replaced by pyridine

and pyrazine, leading to compounds such as (45) (AB4s 1C50=207 nM)

(Figure 3.10), which incorporate the same amide group as that identified

by scientists at Merck (see below).
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Figure 3.10 Summary of Pfizer compounds from the patent literature.

Further optimisation of this series has recently been disclosed [50)].
Optimised compounds (46) and (47) (Figure 3.10) (Pfizer cLogP for
both=4.0) showed moderate in vifro activity (AP4> IC50=>531 and 188 nM,
respectively). Neither compound was a substrate for Pgp (efflux ratios of 1.6
and 1.4, respectively) and both showed moderate stability in human liver micro-
somes. In the rat, (46) showed good metabolic stability (Cl=3.6 mL/min/kg)
and amoderate volume of distribution (V 4, = 1.87 L/kg). This translated to a /%
of 2.43 h and high oral bioavailability (100%). In contrast (47) showed lower
metabolic stability (C1=31.4 mL/min/kg) buta similar V4, (1.78 L/kg) which
resulted in a shorter half-life of 0.64 h. The molecule also hadalower F,,, of 51%.
Efficacy was assessed in the guinea pig 4 h after a 100 mg/kg oral dose. While
(46) caused a 57% reduction of brain A4, with a corresponding free brain
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concentration of 1038 nM, that is, 2.1 X ICs, (47) caused a 36% reduction of
brain AP, with a corresponding free brain concentration of 89 nM, that is,
0.3 x ICsy, thus highlighting non-correlation between free brain concentrations
and in vivo efficacy. Even considering the relatively short half-life of (47), the free
brain concentrations are still likely to be similar to the in vitro ICs( at the maximal
brain concentration and therefore are unlikely to explain the efficacy seen with
this compound. The most recent patent application describes fused pyridone
derivatives. The most pertinent examples are (48) (AB4> ICs0=23.54 nM)
and (49) (AP42 IC50< 6.64 nM) [51] (Figure 3.10).

2.2.7 Merck

Prior to the Merck-Schering Plough merger, both legacy companies had
active GSM projects and began publishing work from 2010 onwards.
The legacy Merck research from the Boston site will be discussed first.

In a first paper, the group disclosed a piperazine-linked pyrimidine series
which bears a close resemblance to the TorreyPines Therapeutics series (14)
(Figure 3.4) and is exemplified by compounds (50) and (51), both of which
showed high in vitro potency (A4, IC50=169 and 34 nM, respectively) [52]
(Figure 3.11). Major points of interest with this series are that the
methoxyphenyl core has been replaced by a dimethyl piperazine, and the
imidazole HBA moiety has been replaced by methoxyphenyl group.
Cyclisation resulted in derivatives such as (52) (AB4 IC50=21nM)
(Figure 3.11) which demonstrated a 73% reduction in brain AP, in the
APP-YAC Tg mouse 6 h after a 100 mg/kg oral dose. The resultant brain
and plasma concentrations of 7.8 and 23 pM, respectively, indicated high
exposure. Interestingly, this series appeared to have a wide tolerance of func-
tional groups that could be used as spacer or for HBA. For example, (53)
(Figure 3.11) demonstrated potent in vitro activity with an Afy, ICsy of
16 nM and in the APP-YAC Tg mouse gave a 69% reduction of brain
AP, 6 h post 100 mg/kg dose, with corresponding brain and plasma con-
centrations of 7.8 and 27 uM, respectively [53].

Subsequent work from the same group detailed efforts to remove the
cinnamide from what is postulated to be E2012 (12) (Figure 3.4) and resulted
in trans-olefin derivatives such as (54) (AB4» ICs50=660 nM) [54]
(Figure 3.11). Despite demonstrating acceptable rat pharmacokinetics
(Cl, 6.8 mL/min/kg, V4,=1.8 L/kg, t/2=5.8h, F,,=59%), this series
was plagued by poor solubility which resulted in variable exposure at higher
doses. A search for trans-olefin replacements led to in the identification of
1,2,3-triazoles such as (55) (AP4s [C50=400 nM) (Figure 3.11) which also
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Figure 3.11 Summary of compounds from Merck Boston.

N

showed good pharmacokinetic parameters in the rat (Cl,=13.7 mL/min/kg,
Vas=2.8 L/kg, t/2=5.4 h, F,,=49%) [55]. This compound produced a 42%
reduction in brain APy, levels in the rat 6 h after a 60 mg/kg oral dose,
resulting in brain and plasma concentrations of 9.4 and 40 pM, respectively.
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In the final publication on this series, azide cycloaddition chemistry was
utilised to optimise the right-hand side of the 1,2,3-triazole series. This
resulted in the identification of derivatives such as (56) (Figure 3.11), which
showed potent in vitro activity (AP ICs0=20 nM) [56].

In a parallel effort, researchers at the Merck Rahway site have successfully
replaced the amide moiety of (12) (Figure 3.4) by cyclic amidoximes, giving
derivatives such as (57) (AB42 ICs0=75 nM) (Figure 3.12). Optimisation of
this chemotype resulted in the identification of (58) (AB4s IC50=233 nM)
(Figure 3.12). When dosed to rats at 10 mg/kg, (58) reduced CSF APy,
by 62% 3 h post-dose. The Br:Pl ratio was found to be 0.4, 6 h after an oral
dose. Rat pharmacokinetic parameters proved promising with a low clear-
ance of 1.4 mL/min/kg, a low Vg, of 0.4 L/kg and a moderate half-life of
3.5 h together with 100% oral bioavailability. Furthermore, (58) showed no
QTec prolongation in the dog, despite exhibiting 76% inhibition of hRER G at
10 uM. Further optimisation resulted in the identification of (59) (AP4
IC50=11 nM) (Figure 3.12) which caused a 60% reduction of APy, in rat
CSF 3 h after a 20 mg/kg oral dose.

Researchers at Schering Plough had also initiated lead generation activ-
ities using the Eisai template. Early work led to the discovery of (60) (AP
IC50=285 nM) (Figure 3.13) in which the 8-lactam of (12) (Figure 3.4) has
been replaced by an iminohydantoin. When dosed orally to the rat, (60)
elicited a 38% reduction in CSF A, 3 h after a 100 mg/kg dose. Despite
delivering high plasma (7.1 pM) and brain (5.9 pM) concentrations 3 h after
a 30 mg/kg dose, efficacy was weak with only a 10% reduction in CSF A,
[57]. Other efforts from the group centred on replacement of the cinnamide
moiety which resulted in the identification of aminopyridazone (61) (A,
ICs0 =44 nM) [58] (Figure 3.13), a close analogue of aminopyridine deriv-
atives such as (31) (Figure 3.7) from Janssen, which delivered weak efficacy
in the rat following a 100 mg/kg oral dose, causing a 26% reduction in brain
APB4, and a 40% reduction in CSF ABy4,. An alternative strategy used a tri-
azole to mimic the cinnamide moiety delivering derivatives such as (62)
(AB4z IC50=116 nM) [59] (Figure 3.13). This compound showed no
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Figure 3.13 Key compounds from former Schering Plough.

efficacy in the rat at 30 mg/kg (at the 3 h time point), which might be attrib-
uted to insufficient brain concentration (0.49 uM). Further optimisation
resulted in the pyrazolopiperidine derivative (63) (AP4s IC50=122 nM)
(Figure 3.13) and this compound reduced CSF A, in the rat by 16%
3 h after a 30 mg/kg dose. No exposure data was provided for (63) to
put the efficacy into context.

A subsequent publication detailed the aromatisation of the
pyrazolopiperidine moiety to deliver the pyrazolopyridine/7-aza-indazole
scaffold, exemplified by (64) (AB4, IC50=97 nM) [60] (Figure 3.13). When
dosed orally to the rat at 30 mg/kg, this compound failed to lower CSF amy-
loid. Bioanalysis revealed low brain concentrations (0.17 pM) in comparison
to plasma concentrations (2.88 uM), which was attributed to the compound
being a Pgp substrate, with an efflux ratio of 33.8. Addition of a chlorine
atom to the 5-position of the 7-aza-indazole diminished Pgp efflux and
led to compounds such as (65) (A4, IC50=107 nM) (Figure 3.13). In a sin-
gle dose rat efficacy study, (65) reduced CSF APy, by 45% 3 h post-dose
(30 mg/kg), with corresponding plasma and brain concentrations of 5.02
and 1.22 pM, respectively.

2.2.8 AstraZeneca

Researchers at AstraZeneca have described studies on fused triazole deriv-
atives such as (66) (AP4» ICs50=25 nM in HEK cells and 50 nM in PCN
cells) [32] (Figure 3.14). An investigation into imidazole replacements on
this template led to the conclusion that the HBA strength correlated with
potency and the 6-methyl-4-pyridazinyl group proved optimal for potency.
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Figure 3.14 Fused triazole derivatives from AstraZeneca.

These compounds were not pursued further as fused triazole derivatives have
been described by other companies; for example, (35) (Figure 3.8) from Janssen.
Thus, efforts were directed to improve novelty. Insertion of an amino linker
between the phenyl ring and the triazole, and concomitant replacement of
the fused piperidine moiety by a fused dihydropyrimidine, resulted in (67)
(AB4> IC50=10 nM in HEK cells and 20 nM in PCN cells) (Figure 3.14).
Solubility was improved over earlier examples, but was still low (6 LM), while
hERG activity remained an issue (ICs50=3.7 pM). Mouse developability
profiling demonstrated the compound possessed good CNS penetration with
a Br:Pl, ratio of 0.72, in addition to moderate clearance (21 mL/min/kg)
and volume of distribution (0.9 L/kg), a short half-life of 0.6 h and 32% oral
bioavailability. In wild-type (C57BL/6) mice, a dose of 150 pmol/kg produced
a reduction of 24% in brain AP, levels 1.5 h post-dose, whereas a dose of
50 pmol/kg was inactive.

2.2.9 Boehringer Ingelheim

Recently, Boehringer Ingelheim has disclosed some of their efforts to iden-
tify novel GSMs containing a fused diaminopyrimidine, such as (68) (A
IC50=90 nM) [61] (Figure 3.15), which is closely related to the template
described by BMS in Figure 3.9. This template lacks the aromatic ring on
the right-hand side of the molecule, which appears to be obligatory in other
templates.
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Figure 3.15 Compounds from Boehringer Ingelheim and Shionogi.
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2.2.10 Shionogi

Shionogi has described a sulphonamide template, exemplified by (69) [62]
with weak activity (ICso=2.21 pM) and a similar lactam template, exem-
plified by (70) (IC5,=800 nM) [63], Figure 3.15.

2.2.11 Dainippon Sumitomo

The group at Dainippon Sumitomo has recently become active in the GSM
area and has disclosed several chemotypes, such as (71) (Figure 3.16) in
which the amino-oxadiazole acts as a cinnamide replacement [64], the amide
derivative (72) [65] (Figure 3.16) which is closely related to Pfizer derivatives
such as (44) and (45) (Figure 3.10) and trans-olefin (73) [66] (Figure 3.16)
which is very closely related to Eisai derivative (13) (Figure 3.4).
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Figure 3.16 Selected chemotypes from Dainippon Sumitomo.

2.2.12 Summary

Many research groups have commented on the issues encountered by com-
pounds with this chemotype. These include P450 inhibition (especially 2D6
and 3A4), hERG inhibition, Pgp-mediated efflux, toxicology issues, effi-
cacy limits and poor correlations between exposure and efficacy. As with
the acid series, the total concentrations associated with in vivo efficacy tend
to be very high, whereas the free concentrations tend to be low, with respect
to in vitro activity. Although many scientists have worked within this chem-
ical series and considerable structural diversity has been achieved, it could be
said that the pharmacophore is broadly associated with these developability
issues, many of which can be attributed to the high lipophilicity of the com-
pounds as highlighted by the calculated log P values provided in this review.
Balancing lipophilicity and potency has proved to be a challenge [67]. Incor-
poration of polar groups such as hydroxyls often leads to Pgp eftlux, whereas
addition of nitrogen atoms may reduce potency or have a minimal effect on
lipophilicity. The SAR within each compound series appears somewhat
nebulous, which makes significant jumps in potency difficult to achieve.
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This may be due to the allosteric nature of the target-binding site, which
could be more two-dimensional than three-dimensional, or it may be a
shallow-binding pocket, or simply due to the fact that by the very nature
of its allosteric location it can impart only limited effects on the orthosteric
substrate. Although the literature contains details of several well-
characterised compounds, few seem to have progressed beyond toxicolog-
ical studies into the clinic. So, it seems that optimisation of analogues from
within this series will require a long-term commitment. To this end, it
appears that Janssen has made the most progress and may be the first to make
a breakthrough in this area [67,68].

2.3. Natural Products

Satori reported on a novel series of GSMs that was identified from a natural
product screen. The active component (74) (Figure 3.17) was an extract from
the black cohosh plant and displayed an unusual modulatory profile whereby it
decreased AP 4, and Asg, increased ABs9and did notaffect AR5 or AB4o, mea-
sured in CHO 7PA2 cells expressing V717F mutant APP [69]. In CHO 7W
cells expressing wild-type APP, the compound reduced AB4, and Asg, but
increased ABs; in addition to Afsy while slightly reducing APy levels. In
H4 cells stably expressing wild-type human APP, the compound inhibited
AP, production with an ICs of 100 nM. In vivo profiling of (74) revealed that
the acetate group was rapidly hydrolysed, in addition to the much slower
hydrolysis of the tri-hydroxy THP. Optimisation included reduction of the

(77) SPI-1802 (78) SPI-1810 (79) SPI-1865

Figure 3.17 Key compounds from Satori.
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enol ether and replacing the tri-hydroxy THP moiety with esters [70] and O-
linked morpholine derivatives which resulted in (75) (AB4, IC50 =55 nM) and
(76) (AP4> 1C50=270nM) [71] (Figure 3.17). In a mouse PK study,
compound (75) displayed a moderate clearance of 3.1 L/h/kg, a high
distribution volume of 12.1 L/kg, a long half-life of 6.5 h and moderate oral
bioavailability at 37%, in addition to good CNS penetration with a Br:Pl ratio
of1.7 atthe 6 h time point. Compound (76) also displayed a moderate clearance
of3.3 L/h/kg, amoderate volume (V4= 0.6 L/kg), a short half-life (0.3 h) and
low oral bioavailability (11%) in addition to moderate CNS penetration
with a Br:Plratio of 0.23 at the 6 h time point. Neither compound proved efti-
cacious in the CD1 mouse despite reasonable exposure: (75) achieved brain
concentrations of 1336 ng/gat4 h, 1628 ng/gat 6 hand 2263 ng/gat 8 h after
a 30 mg/kg dose, resulting in a Br:Pl exposure (AUC) ratio between 4 and
24 hours of 1.86. Even at a higher dose of 100 mg/kg, (76) gave much lower
brain concentrations: 185 ng/gat 4 h, 453 ng/g at 6 h with the resulting Br:P1
AUC 561 0f 0.39.

Subsequent optimisation studies investigated replacement of the acetate
group. The mostinteresting examples of this approach were found to be the ethyl
derivatives (77) (AB42 IC50=270 nM) and (78) (AB42 IC50= 100 nM) [72,73]
(Figure 3.17). Both compounds were found to be highly bound to plasma pro-
tein: 98.9% for (77) and 99.2% for (78), as well as brain tissue; 99.9% for (77) and
99.8% for (78). In vivo pharmacokinetics were assessed in the mouse, where (77)
displayed low clearance (0.29 L/h/kg), a low distribution volume (0.42 L/kg)
and low oral bioavailability (19%) whereas (78) displayed low clearance
(0.15 L/h/kg), a moderate distribution volume (5.3 L/kg) and high oral bio-
availability (75%). CNS penetration was assessed in the CD1 mouse 6 h after
an 1.v. dose of 1 mg/kg. In this study, the plasma concentration of (77) was
35 nM (0.4 nM free) and the corresponding brain concentration was 9 nM
(0.01 nM free), resulting in a Br:Pl ratio of 0.26 and a Br,:Pl, ratio of 0.025,
implying that the compound is actively effluxed. In a similar study, the plasma
concentration of (78) was 107 nM (0.9 nM free) and the corresponding brain
concentration was 52 nM (0.1 nM free), resulting in a Br:PI ratio of 0.49 and
a Br:Pl, ratio of 0.11, again implying the compound is actively effluxed. When
(77) was dosed at 100 mg/kg i.p., it elicited a 46% reduction of brain AP, and a
31% reduction of brain ABsg 6 h post-dose. The corresponding brain concen-
tration was 23 LM, resulting in a free brain concentration of 23 nM which is con-
siderably below the in vitro ICs. The plasma concentration was 12 1M, that is,
Pl, 12 nM, resulting in Br,:Pl,, of 2, which is very different from the i.v. study
result. In a corresponding study, (78) administered at 100 mg/kg p.o. effected
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a26% reduction of brain AP, and a 31% reduction of brain AP35 6 h post-dose.
The brain concentration was 20 LM, resulting in a free brain concentration of
40 nM which is still below the in vitro ICso. The plasma concentration
was 15 uM, that is a P1, of 120 nM, resulting in Br,;:Pl,, of 0.3, which is slightly
higher than in the 1.v. study. Finally, in a 5-day dosing study, (78) administered
at 50 mg/kg p.o. effected a 42% reduction of brain AP, and a 38% reduction
of brain AP35 8 h post-final dose. The corresponding brain concentration was
31 uM (Br, =62 nM) and the plasma concentration was 16 uM (Pl, =128 nM).
Further optimisation resulted in the identification of SPI-1865 (79) [74]
(Figure 3.17) (full structure not disclosed) which was selected as a development
compound. In CHO-2B7 cells (stably transfected with human BAPP695), (79)
reduced AP 4, with an IC5 of 106 nM. Profiling in the mouse revealed a volume
of distribution 0f 9.2 L/kg and a Br:Pl ratio between 0.4 and 1.4, while in the rat
the distribution volume was 5.8 L/kg, and the /2 was extremely long at 129 h
with the Br:Pl ratio between 0.5 and 1.5. In an acute dose—response study in the
rat, efficacy was assessed 24 h after oral doses (due to the T}, of 6-8 h) of 10, 30
and 100 mg/kg which produced 21%, 37% and 50% reductions in brain AR,
respectively, with corresponding brain concentrations of 2.8, 11 and 33 pM and
plasma concentrations of 3.3, 8.5 and 14 pM, respectively. A 6-day dosing study
in the rat was conducted at oral doses of 10, 30 and 60 mg/kg which resulted in
24%, 44% and 66% reductions of brain AP, respectively 24 h post-final dose.
The brain concentrations were 4.4, 16 and 45 pM, with corresponding plasma
concentrations of 8.0, 13 and 19 pM. Although exposure in the brain is some-
what higher than in the acute study, it does not appear to be as high as might be
anticipated given the extremely long half-life in rat. Both acute and repeat dose
studies in the rat showed similar reductions in ABsg and AB4,. A 6-day dosing
study was also conducted in Tg2576 mice, 3 months of age, with doses of 10,
30, 60 and 90 mg/kg administered once daily with efficacy assessed 24 h after
the final dose. None of these dose levels gave a statistically significant reduction
of either CSF or brain AP, although plasma AP, was reduced at the 60 and
90 mg/kg doses. Total brain concentrations were 0.5, 1.3, 3.9 and 6.9 uM with
corresponding plasma concentrations of 1.1, 2.5, 5.4 and 6.4 uM, respectively.
Thus based on rat efficacy and exposures, one might have predicted 20-30%
reduction of brain amyloid in the 60 and 90 mg/kg dose groups. Although
reductions in brain AP, approaching the expected levels were observed the
changes were not statistically significant. High ppb (97.6%) and btb (99.9%) were
postulated as a potential reason why efficacy was not observed. Although the spe-
cies used for the ppb/btb assays is not noted, it is assumed that this is mouse or rat
data. Asit has been found that there is little variation in btb across species | 75], the
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btb data can be used to calculate both mouse and rat free brain concentrations
from the in vivo efficacy studies. Hence it is unclear why similar total (and there-
fore free) brain concentrations result in amyloid lowering in the rat but not the
Tg2576 mouse. An alternative explanation for the lack of efficacy in the Tg2576
mouse could be because it overexpresses the Swedish mutant APP which is
known to be a better BACE substrate and therefore poses a higher hurdle to
reduce amyloid production. In a follow-up study, the efficacy of SPI-1865
was assessed in CD1 mice at doses of 15, 30 and 50 mg/kg b.i.d. for 6 days, with
efficacy measured 6 h after the final dose. Brain AP, levels were reduced at all
doses, by 22%, 39% and 47%, respectively, while brain Az levels were reduced
by 30% and 28% in the 30 and 50 mg/kg groups only. The brain concentrations
from this study were measured at 3.6, 8.7 and 22 pM at doses of 15, 30 and
50 mg/kg, respectively. Thus, similar levels of brain AP, reduction were
observed at similar brain concentrations in the CD1 mouse and rat but not in
the Tg2576 mouse. Thus, the fact that efficacy is observed in non-transgenic
mice but not Tg2576 mice is consistent with the hypothesis above, that lack
of efficacy in Tg2576 mice is due to the overexpression of the Swedish mutant
form of APP. Calculation of the free brain concentrations from the CD1 mouse
study results in values of 4, 9 and 22 nM for the dose groups 15, 30 and 50 mg/kg,
respectively, all of which are considerably lower than the in vitro IC5( value of
106 nM. The calculated Br,:Pl, ratio for the three ascending dose groups are
0.05, 0.08 and 0.12 which implies active efflux.

Unfortunately, it has recently been disclosed that the development of SPI-
1865 has been halted due to the finding that it disrupted adrenal function in mon-
keys, an observation that is believed to be unrelated to y-secretase modulation.

While the Satori work has established that complex natural product
derivatives with multiple HBA/HBD motifs can penetrate the CNS to some
extent, the pre-clinical efficacy appears somewhat limited, perhaps more so
than the other series discussed herein. The fact that SPI-1865 did not prove
efficacious in the Tg2576 model, despite achieving similar free and total
brain concentrations that were efficacious in the wild-type mouse and rat,
should raise considerable concern [74].

3. CHEMICAL BIOLOGY

A frustration for researchers working on y-secretase over the years has
been the lack of structural information and a desire to improve the under-
standing of the mechanism of action of GSMs. A crystal structure of a
presenilin homologue PSH has recently appeared [76], but a solved crystal
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structure of y-secretase in complex with a modulator is still some way off. In
recent years, there have been some elegant studies conducted to elucidate
the binding site of difterent modulator chemotypes.

The Pfizer group in conjunction with academic collaborators has used
piperidine acetic acid derivative (80) (Figure 3.18) to elucidate the binding
site of compounds from this series [77]. Incubation with HeLa membranes
containing the y-secretase complex, followed by UV irradiation, caused loss
of nitrogen with concomitant covalent bond formation with nearby
proteins. Azide cycloaddition onto the acetylene group with a streptavidin
containing moiety allowed capture. Western blot analysis revealed the com-
pound bound to the N-terminal fragment (NTF) of presenilin-1. The bind-
ing could be blocked by pre-incubation with related piperidine acid GSMs.
Further work with a photoaffinity-labelled orthosteric substrate revealed
that compounds from the piperidine acetic acid series bind to an allosteric
site and enhance the labelling of the orthosteric substrate in the S1 pocket
but not the S2, S1” or S3 pockets.

Weggen ef al. have conducted similar work, using a diazirine moiety in
place of the azide, which allows use in live cells. (81) (AR243) (Figure 3.18),
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Figure 3.18 Structures of photoaffinity labelling probes.
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with a biotin tag incorporated to allow atfinity purification, was also found to
bind to the NTF of presenilin-1 following irradiation of N2a-NPP cells which
stably overexpress APP and the four y-secretase subunits [78]. In related work,
the same group found that (81) binding to presenilin-1 NTF was blocked by
(4) [15,79]. A non-acid derivative from the Merck series of compounds, a
close analogue of compound (50) (Figure 3.11), was also able to block the
binding of (81) as effectively as the acid derivatives. Compounds (12)
(Figure 3.4) and (17) (Figure 3.5) also diminished the binding of the probe
to some extent; with the effect of (17) being weak, implying that there
may be a partial overlap of binding sites for the two distinct modulator series.
A further recent publication [80], describes the utilisation of (82)
(Figure 3.18) as a ligand, this time with a benzophenone photoactivation
group. Photoaffinity labelling experiments were conducted on mouse brain
microsomes which revealed (82) bound to the NTF of presenilin-1. Further
studies confirmed an allosteric-binding site, and that ligands of this class
modulate the conformation of the orthosteric-binding site, shifting it to
an ‘open form’. More detailed experiments have refined the binding site
to a lipophilic region on the extracellular/luminal side of the transmembrane
domain 1 (TMD1). These results counter the rationale that the free concen-
trations needed for in vivo efficacy are not applicable, as the binding site is
neither on the intracellular surface nor deep within the cell membrane.
Photoaffinity labelling studies have also been conducted on compounds
from the imidazole and related series, that is, those derived from the Eisai and
TorreyPines Therapeutics templates (Figure 3.4). To this end, a photo-
affinity probe Ro-57-BpB (83) (Figure 3.18) derived from a Roche
GSM has been prepared and studied [81]. Surprisingly, (83) was found
not only to label presenilin-1 NTF but also presenilin-2 NTF when
HEK293 cell membranes were irradiated in the presence of 1 uM (83).
Presenilin-2 labelling was more pronounced. The binding could be blocked
by Eisai compounds such as (12) (Figure 3.4), but interestingly one Tor-
reyPines Therapeutics derivative blocked the binding while another did
not. A piperidine acetic acid derivative (GSM-1), which is a close analogue
of (5) (Figure 3.3), weakly diminished the labelling of presenilin-1 by (83)
but more strongly diminished the labelling of presenilin-2 by (83). Again this
is somewhat surprising as the studies discussed earlier have identified the
NTF of presenilin-1 as the binding site for ligands such as GSM-1. A recent
publication has detailed similar work using ligands E2012-Bpyne (84) and
RO-57-Byne (85) [82] (Figure 3.18). Utilising HeLa cell membranes, both
(84) and (85) were found to bind to presenilin-1 NTF. No binding to
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presenilin-2 N'TF was observed, in contrast to that observed for (83). Similar
results were obtained in H4 cells overexpressing wild-type APP. The bind-
ing of (84) to presenilin-1 NTF was blocked by E2102, but not by GSM-1
from the piperidinyl acetic acid class. In complementary studies, it was
shown that the binding to presenilin-1 by probe (80) could be blocked
by a compound from the same series (GSM1) but not by E2012. Further
studies revealed that orthosteric ligands enhance the binding of (84) to
presenilin-1 NTF, which is driven by an increase in affinity in the presence
of an orthosteric ligand.

In summary, the consensus is that GSMs bind to the NTF domain of
presenilin-1, although there may be some binding of particular ligands to
presenilin-2 NTF, and the dependency of the probe and assay systems
requires verification. It seems that the binding site of GSMs from the two
structural classes may be complementary or even partially overlap, although
this could be due to the nature of the photoaffinity group used and the length
and position of the linker employed in each probe. Additionally, some pro-
bes contain the capture group (biotin with a linker) already in place which
may also affect binding. Going forward, it would be interesting to see if
compounds with a different modulatory profile, for example, those from
Satori and other novel structural classes, also bind to presenilin-1 NTF,
and determine if this binding site overlaps or is complementary to the acid
and imidazole derivatives. Needless to say, all researchers actively involved
in the y-secretase field would welcome a detailed crystal structure with each
class of modulator to give a definitive understanding of how and where these
ligands bind to enable further medicinal chemistry efforts.

4. OUTLOOK

A considerable amount of research has been expended on the acid
series. Despite the efforts of many research groups to optimise the
potency of these derivatives, limited success has been achieved. Driving
potency down to below 100 nM and into single digit nanomolar potency
range has proved a significant challenge. That, coupled with the high
lipophilicity of these analogues, has posed a huge hurdle to the identi-
fication of the next generation of clinical candidates. Discovering com-
pounds with good ADME properties and even CNS penetration has not
been a challenge for these classes. However, these properties may be
linked to the extremely high plasma protein and brain tissue binding
of these derivatives and this gives rise to other issues. Additionally, there
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appears to be no direct correlation with efficacious in vivo concentrations
and in vitro activity data, and equally the corresponding free plasma or
brain concentrations are out of step with in vitro values. One explanation
for the discrepancy between free concentrations in in vive and in vitro
data could be because the binding site of the y-secretase complex is
on the inner side of the plasma membrane and it is possible that the
intracellular and extracellular concentrations are not equal due to active
influx or efflux. However, this hypothesis is not supported by the work
of Iwatsubo and colleagues who have found that the binding site, at least
for the acid modulators, is a hydrophobic region on the extracellular side
on TMD1 of presenilin-1 [80,83] which would therefore predict that
free concentrations should be reflective of those at the binding site.
Binding kinetics could also play an important role, as a slow off-rate
could influence this aspect. An alternative explanation would be that the
total concentrations more accurately mimic the in vitro activity as all assays
are whole cell assays which require the presence of serum albumin or equiv-
alent. It would be expected that this would also be the case for another AD
target, B-secretase (BACE) where cell assays are also used. However, in the
case of BACE many groups have reported a good correlation between cellular
ICsq values and in vivo free plasma/brain concentrations.

With all these facts in mind, it seems many research groups have now
terminated their effort on the acid derivatives and instead shifted to the
Eisai/TorreyPines Therapeutics imidazole series and related derivatives.
Again, despite many years of sustained research by many companies, there
has been limited success in terms of compounds entering clinical develop-
ment, only Eisai, with E2012 and E2212, have done so thus far. As with the
acid series, identifying compounds with good in vivo ADME properties is
generally not an issue with these derivatives. However, there have been
numerous other issues observed such as hER G inhibition, CYP450 inhi-
bition and high plasma and brain tissue binding, all of which are linked to
the high lipophilicity of the compounds from this series. Furthermore, as
with the acid series, there appears to be no direct correlation between total
(plasma and brain) concentrations and in vivo efficacy. The total concen-
trations achieved are far in excess of in vitro activity and the calculated free
concentrations are almost always inferior to in vitro activity values. Achiev-
ing high levels of efticacy in vivo has also presented a considerable challenge
to researchers in the GSM field, and compared to BACE inhibitors, the
efficacy achieved with GSMs seems considerably weaker, although this
is obviously influenced by the brain extraction reagents used. Taken
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together, it appears that there remain daunting hurdles to overcome in this
field. Sustained effort may bear fruit as evidenced by the progress made by
the Janssen group.

5. CLINICAL STUDIES

(R)-Flurbiprofen (1), CHF 5074 (2) (Figure 3.1), EVP-0962 (3)
(Figure 3.2), E2012 and E2212 are the only GSMs for which information
in the public domain shows that they have entered clinical trials
(Figure 3.19).

(R)-Flurbiprofen (1) was evaluated in a large Phase III trial where
patients with mild AD were dosed with 800 mg b.i.d. [84]. There was no
significant improvement in the cognitive decline or activities of daily living
over the 18-month trial period. The failure of this trial may be attributed to
its failure to reduce amyloid in humans, most likely due to its weak
y-secretase modulatory activity, (AB4z IC50=307 uM) [85]. This hypothe-
sis is supported by data from early clinical trials which showed the compound
failed to have any effect on CSF Ay levels, although modest acute

Development status of y-secretase modulators

Amgen Astellas BMS E2212 EVP-0015962
i (Eisai) (EVP-0962
Biogen Idec BMS (EnVivo)

Boehringer Ingelheim
CHF5074
Dainippon Sumitomo (Chiesi)

EnVivo Janssen/J&J

Merck Pfizer
Roche Shionogi
Takeda
Active
Discontinued JNJ-42601572 E2012
(Janssen) (Eisai) Flurizan (Myriad)
AstraZeneca Eisai JNJ-40418677
GSK (Janssen)
Torrey Pines Theraputics SPI-1865

(Satori)
BIIB042 (Biogen)

Figure 3.19 Proposed current status of GSM development based on press releases and
published patent applications.
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reductions in plasma A5 levels were observed [86,87]. Analysis of the pre-
clinical data for (R)-flurbiprofen reveals that it reduced formic acid extracted
brain APy in 3-month-old Tg2576 mice following oral administration for
3 days at doses of 10, 25 and 50 mg/kg, n=3/dose, by 26%, 60% and 34%,
respectively [88]. The lack of dose—response could be explained by the drug
concentrations in plasma (83, 117 and 78 uM at 10, 25 and 50 mg/kg,
respectively) which also did not show a linear increase with dose. Despite
the fact that the plasma drug levels were reported to be similar to that
achieved in humans at therapeutic doses (131-483 uM), the total brain con-
centrations in the Tg2576 mouse study were 1.5, 2.6 and 2.5 pM at 10, 25
and 50 mg/kg, respectively, which are far below the compound’s in vitro
ICsq. Thus, it is unclear how the compound elicits its efficacy pre-clinically,
however, the lack of dose—response and the disconnect between in vivo brain
concentrations and in vitro activity may provide a clue as to the failure to
reduce amyloid in a clinical setting.

CHF5074 (2) (Figure 3.1) is another carboxylic acid agent that has
advanced into clinical trials with the pre-clinical evidence indicating that
the compound has weak GSM activity (IC50=23.6 M) [89]. The clinical
data to date have failed to demonstrate that this agent modulates the A4,
levels in man. The compound is still progressing; however, the mode of
action has been rebranded as modulation of microglial activation, based
on recent clinical data, from its Phase II trial [90] where it showed eftects
on TNFa and sCD40L. There have been no reports on the effect on
APy, levels in this trial. CereSpir has recently released a letter of intent to
say they intend to licence worldwide development and commercialisation
rights to CHF5074 (2) [91].

Further information, released by EnVivo Pharmaceuticals, has indicated
that EVP-0962 (3) (Figure 3.2) achieved sufficient exposure in man to war-
rant advancing this molecule into Phase II clinical trials [92].

E2012 was the first imidazole derivative GSM to enter clinical trials and
some data has been presented from these trials at recent conferences. Pre-
clinical data for E2012 has demonstrated that the molecule reduces the pro-
duction of AP, and A, in rat primary cortical neurones (IC5,=100 nM)
with an increase in AP_3g being measured [93]. There was no accumulation
of APP-CTF and no inhibition of the production of notch intracellular
domain (NICD) indicating that E2012 has the characteristics of a Notch-
sparing GSM [94]. In an acute dosing study in the rat, oral administration
of E2012 (10 and 30 mg/kg, oral) reduced plasma, brain and CSF levels
of AB4o and AP, in a dose-dependent manner by approximately 50% over
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a 12 h period [93]. Data for E2012 from a single ascending dose study in
human volunteers demonstrated a dose-dependent increase in drug plasma
concentrations between 1 and 800 mg [95]. A dose-dependent reduction in
AP, levels was reported above 50 mg with a 53% reduction in plasma AP,
reported at the 400 mg dose [95]. Although there have been no public
announcements, there are currently no clinical trials listed for this com-
pound and it does not appear on the company pipeline at the FY2012 Finan-
cial Results Presentation on 13 May 2013 [96].

E2212 has one single ascending dose trial listed which was scheduled for
completion in November 2012 [97]. There is no publicly available informa-
tion on the current status of this compound and it also did not appear on the
recent company pipeline presentation [96].

Several other companies appear to have progressed compounds to the
pre-clinical development stage, such as Biogen Idec, GSK, Janssen and
Satori. However, it seems the development of these compounds has been
terminated based on either press releases or the lack of reported develop-
ment or listed clinical trials. As discussed previously, BMS has recently dis-
closed that they have a GSM around the pre-clinical development stage,
and thus appear to be one of the companies that have made recent
progress.

6. CONCLUSIONS

There has been a considerable effort by scientists to identify potent and
safe GSMs. A number of different pharmacophores have been explored with
varying degrees of success. Several compounds have advanced into clinical
trials but as yet there is no sign of a successful drug emerging from these
efforts. Based on the continued publications of patents, some which have
been reported in this chapter, there is still on-going activity in this field.
Safety and efficacy remain the main challenges in developing drugs for
this target.

Although considerable challenges remain in the GSM field, the BACE
field is making good progress with compounds moving through the clinical
development pipeline, several of which have demonstrated near full reduc-
tions in CSF amyloid. Thus, although the BACE field appears more likely to
deliver an answer to the amyloid hypothesis in the near term, researchers
who have worked in the amyloid area for a sustained period will appreciate
that favour has fluctuated from y-secretase to [B-secretase and back several
times. Thus, sustained effort is required, as disease modifying or disease
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retarding drugs are urgently required to address the huge burden imposed by
AD on individuals, carers, family and the healthcare systems.
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1. INTRODUCTION

The superfamily of ion channels encompasses a diverse set of multi-
subunit pore complexes capable of transporting a variety of monovalent
and divalent ions, both positive and negative, across cellular membranes
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in response to signals ranging from tactile, thermal, chemical to electrical. As
the name suggests, the family of ion channels categorized as voltage-gated
calcium channels (VGCCs) transport calcium ions into the cell in response
to changes in plasma membrane voltage. The VGCC family consists of at
least 10 distinct subtypes defined by genetically distinct a1 subunits and
characterized by a spectrum of biophysical properties, tissue distribution
and biological functions (see Table 4.1). The importance of VGCC:s to basic
physiological processes such as cardiac and neurological function has gener-
ated decades of intense interest in these proteins as targets of pharmacological
intervention. The fruits of this investment are presently exemplified by
L-type calcium channel blockers, a class of approved drugs useful in cardiac
arrhythmias, hypertension and angina.

The targeting of VGCCs found in the central and peripheral nervous sys-
tem for therapeutic intervention is also an area of intense interest and inves-
tigation, although relatively fewer approved drugs have emerged from these
efforts. In particular, both N-type and T-type calcium channels play a role in
neuronal hyper-excitability and the pathophysiology of hyper-excitability
disorders including pain and epilepsy. The approved N-type calcium chan-
nel blocker ziconotide provides crucial human validation of the importance
of this target in pain. However, with the approval of ziconotide now nearly a
decade in the past, we have not yet seen additional N-type blockers entering
the market. Several recent and comprehensive reviews discuss multiple indi-
vidual aspects of VGCC biology, physiology and pharmacology. This
review will focus on N-type calcium channels as targets for pain drugs
and attempt to highlight recent advances and clinically relevant findings.
Peer reviewed and patent literature for the past decade was considered with
an emphasis on new findings of the past 5 years.

2. VOLTAGE-GATED CALCIUM CHANNELS
2.1. Ca, Channel Architecture

Our understanding of the structure of VGCCs comes from endogenous
channels purified from tissue membranes and from crystallization and
modelling of bacterial ion channels. VGCCs are multi-subunit complexes
composed of an a1 subunit of approximately 190 kDa responsible for the
formation of the calcium transporting pore and defined by individual genes
(Table 4.1). The pore forming a1 subunit is found in complex with a single
cytoplasmic B subunit, a transmembrane Y subunit and an extracellular ori-
ented disulphide linked 028 dimer (Figure 4.1). The large ol subunit



Table 4.1 Voltage-Gated Calcium Channel Types, Nomenclature and Relevance
Channel a1

Category Type Type Subunit Gene Name Localization Therapeutic Relevance Pharmacology
HVA L-type Cayl.1  «alS CACNAI1S Skeletal muscle Dihydropyridines
Cayl.2  alC CACNAI1C Cardiac muscle, Cardiovascular disorders Phenylal.lianllpes
. Benzothiazepines
endocrine cells, neurons
Cayl1.3  alD CACNA1D Endocrine cells, Parkinsons disease,
neurons cardiac arrhythmia

Cayl.4 olF CACNA1TF Retina

Neuronal P/Q-type Cay2.1  alA CACNATA Nerve terminals, Epilepsy, migraine o-Agatoxin IVA
dendrites »-Conotoxin
MVIIC
N-type Cay2.2 «alB CACNA1B Nerve terminals, Pain ®-Conotosin GVIA,
dendrites MVIIA, CVID
R-type  Cay2.3 «alE CACNAIE Cell bodies, nerve Diabetes SNX-482
terminals, dendrites
LVA T-type  Cay3.1 «alG CACNAI1G Cardiac muscle, skeletal Cardiac arrhythmia, Nickel
muscle, neurons epilepsy, hypertension, Ethosuximide
sleep disorders Zonisamide
Mibefradil
Cay3.2 olH CACNA1TH Cardiac muscle, Pain, epilepsy ibe r%dl
Kurtoxin
neurons
Cay3.3  all CACNAI1I neurons Sleep disorders, epilepsy

From [1-5].
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Figure 4.1 Subunit architecture of VGCCs. (A) Schematic of VGCC subunits illustrating
plasma membrane topology and transmembrane spanning sequences. Sequences
predicted to be a-helical are shown as cylinders. The glycophosphatidylinositol anchor
of the & subunit is illustrated as a circle. (B) Schematic of the three-dimensional archi-
tecture of VGCCs illustrating the fourfold symmetry of the a1 pore forming subunit.

consists of four repeating domains each consisting of six transmembrane
sequences each with an intervening membrane-embedded loop that defines
the voltage sensing domain. These loops participate in the binding of reg-
ulatory proteins and contribute to pharmacological selectivity.

Models of the three-dimensional structure of Cay channels, built
through image reconstruction techniques and similarities to crystallized bac-
terial ion channel subunits, give clues to the functional organization of the
a1 subunit. These models predict fourfold symmetrical organization of the
repeating transmembrane domains of the a1 subunit into a pore forming
unit tightly bound to the scaffold-like B subunit which extends into the
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cytoplasm. The transmembrane helices S5 and S6 and the intervening pore
loop or P-loop of each repeated domain together form the inner lining of the
pore with a pair of glutamate residues in each P-loop defining selectivity for
calcium ions. Channel opening is tightly regulated by conformational
changes in the voltage sensing domains of each of the four repeated domains.
These so-called S4 segments move outwards into the membrane with a
twisting motion in response to membrane depolarization, resulting in a con-
formational change that allows pore opening [6,7]. These general structural
features are conserved across the Cay family of channels although the amino
acid sequences of the S6 segments, which confer selectivity for L-type
VGCC pore blocking antagonists, are found only in the Cay1 channels.
It is generally accepted that venom peptide toxins act as pore blockers of
the Cay2.2 a1 subunit, although the specific structural and peptidic deter-
minants of binding are complex and not clearly elucidated. The residues
involved in peptide binding have been mapped to the external vestibule
of the pore, in the S5-S6 region of the third repeat domain; however, bind-
ing interactions can be further modulated by channel subunit composition
and membrane voltage. Notably, multiple splice variants of the Cay2.2 ol
subunit have been identified, some with differential expression in the central
and peripheral nervous system and others with differential selectivity to
M-conotoxins [8].

While expression of the ol subunit can be sufficient to form functional
channels, expression at the plasma membrane, voltage dependence and
channel gating characteristics are heavily influenced by the B subunit and
to a lesser extent @20 and Y subunits. Models of channel three-dimensional
architecture suggest tight interactions between channel subunits and predict
the a1, v and d subunits embedded in the lipid membrane and the B and a2
subunits extending into the cytoplasm and extracellular space, respectively.
The o2 subunit is tightly linked through disulphide bonding with the 6 sub-
unit (formed through post-translational cleavage of the a2 subunit).

The Cay B subunit was first purified from skeletal muscle VGCC com-
plexes, and subsequent molecular biology efforts resulted in the cloning
and sequencing of four distinct subfamilies of Cay B subunits (B1-p4) [9]
each encoded by distinct genes with multiple possible splice variants. Cay B
subunits bind with high affinity to the cytoplasmic linker region connecting
repeat domains 1 and 2 of the Cay1 and Cay?2 a1 subunit [10-12]. Crystal
structures of the Cay, B subunit have revealed that this ‘o interaction domain’
or AID binds to a hydrophobic groove in the Cay B subunit causing dra-
matic changes to the secondary structure of the AID region resulting in
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the formation of rigid and continuous & helical structures that are important
for the regulation of calcium channel gating [9]. The Cay B subunit also
plays an important role in channel surface expression, degradation and intra-
cellular signalling pathways regulating channel function (reviewed in [13]
and [9]).

The Cay 020 subunit is important in both the sub-cellular trafficking and
plasma membrane localization of the channel as well as in modulation of bio-
physical and pharmacological properties. It is formed by post-translational
proteolytic cleavage into distinct a2 and & peptides which remain tethered
by disulphide bonds [14,15]. The & subunit anchors the heterodimer to the
plasma membrane via a glycosylphosphatidylinositol linker [16] while the o2
subunit extends entirely into the extracellular space [8,13,17]. There are four
subtypes designated o028 1-4. Isoforms 1 and 2 are the targets of the
gabapentinoid drugs gabapentin and pregabalin [8,18-20]. The molecular
mechanism of gabapentinoid drug action after binding to the o423 subunit
is not fully understood, but it is thought to result in downregulation of
Cay2.2 sub-cellular trafficking as well as regulation of Cay2.2 channel cur-
rents [13,20-22].

The v subunit is relatively less well studied than other VGCC subunits,
but is now understood to be defined by a family of eight genes with differ-
ential expression in skeletal muscle and brain. The protein consists of four
transmembrane sequences, with intracellular N- and C-terminal domains.
Three-dimensional architectural models of Cay channels based on cryo-
electron microscopy propose tight interactions between the y subunit and
the o1 subunit [17]. While the eftects of the y subunit are highly dependent
on the profile of other subunits in the complex, in general they result in small
reductions in current, mainly caused by a hyperpolarizing shift in the voltage
dependence of inactivation and/or a positive shift in the voltage dependence
of activation [13]|. The recent discovery that mutations in the y2 subunit
underlie the stargazer mouse model of absence epilepsy highlights the
importance of the y subunit in regulating normal VGCC function [23].

2.2. Ca, Channel Physiology

When defined by physiological and pharmacological calcium current char-
acteristics, VGCCs are further subdivided into high voltage-activated
(HVA) and low voltage-activated (LVA) channels, distinguished by the
membrane potential at which channel opening occurs [17]. The LVA chan-
nels open at relatively lower membrane potentials (=55 to —20 mV) [24],
are rapidly inactivated (1-5 ms) and recover from inactivation relatively
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more slowly. Also called T-type in reference to their rapid voltage-
dependent inactivation, and thus transient nature, T-type channels and
the Cay3 a1 subunits associated with them are widely distributed through-
out the central nervous system (CNS) and peripheral nervous system (PNS)
as well as visceral innervation. Of the HVA channels, L-type or Long-acting
channels of the Cayl family demonstrate relatively slower voltage-
dependent inactivation (1-5s) and channel activation at relatively higher
membrane potentials (+30 to +50 mV) [25-28]. These form the major
Cay channels in cardiac, smooth and skeletal muscle and are defined phar-
macologically by their sensitivity to inhibition by dihydropyridines (DHPs),
phenylalkylamines and benzothiazepines [17]. Cay2 channels, initially
described by current recordings in dorsal root ganglion (DR G) neurons,
activate at intermediate membrane potentials and inactivation rates. Cay2
channels are pharmacologically distinct from the L-type Cay1 channels in
their insensitivity to small molecule L-type blockers. The Cay?2 family is
now known to consist of N-, P-, Q- and R-type channels which all dem-
onstrate intermediate physiological properties with pre-synaptic N- and P/
Q-type channels being the predominant mechanism initiating neurotrans-
mitter release. Defined by three distinct genes, this group can be further cat-
egorized pharmacologically by their exquisite selectivity to the peptide
toxins found in the venom of spiders, scorpions and marine snails (summa-
rized in [17]). In particular, N-type channels are defined by the binding and
inhibition by cone snail peptide w-conotoxin peptides [29].

The families of Cay channels share some common characteristics of
voltage-dependent gating. All are stimulated to open in response to positive
changes in membrane voltage and demonstrate voltage-dependent inactiva-
tion. As mentioned earlier, voltage-dependent channel opening or activa-
tion occurs in response to membrane depolarization, resulting in the
outwards movement and rotation of a1 S4 segments, producing a confor-
mational change that allows pore opening [6,7]. After channel opening, the
resulting influx of calcium ions leads to further membrane depolarization,
activation of additional ion channels (sodium and potassium) and the forma-
tion of the ascending phase of the action potential. In parallel, membrane
depolarizations result in voltage-dependent inactivation and channel clo-
sure. This negative feedback loop (along with the voltage-dependent acti-
vation of outwards potassium currents) determines the duration of the action
potential.

Cay P subunits are important regulators of voltage-dependent gating. All
Cay Bs shift the voltage dependence of channel activation to more
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hyperpolarized membrane voltages by about 10-15mV [13]. Channels
without a B subunit tend to open less frequently, for a shorter duration,
and require more positive activation voltages [13]. Cay B (with the excep-
tion of Cay [2a) subunits also shift the voltage dependence of inactivation to
more hyperpolarized voltages by approximately 10-20 mV, thus in the pres-
ence of these subunits, weaker membrane depolarizations are able to inac-
tivate VGCCs [13]. Voltage-dependent gating of Cay channels is also
regulated by a number of intracellular factors including binding of the
B/v subunits of hetero-trimeric G-proteins to Cay o1 subunit.

2.3. Ca, Channel States

Calcium channels reside in several different conformational states that are
closely interconnected and modulated by electrical fields, associated auxil-
iary subunits, signalling molecules and calcium concentrations. These con-
formations include closed or resting, activated or open and several
inactivated states [30]. The differential kinetics of voltage-dependent chan-
nel transition from one conformational state to another is an important fea-
ture of channel function and regulation. Channel activation (i.e. transition
from closed to open conformation) occurs on a timescale of milliseconds,
while recovery from inactivation (i.e. transition from inactivated to resting
conformation) is substantially slower, occurring on a timescale of tens of mil-
liseconds or seconds. These differential kinetics of channel state transitions,
along with changes in resting membrane potential, result in differing propor-
tions of calcium channels in any given state. Calcium channels dwell in the
inactivated conformation for longer than in the open conformation and
must recover from inactivation before being able to open again. Thus, if
the frequency of action potentials is such that a membrane depolarization
arrives before recovery from inactivation is complete, subsequent channel
opening, and therefore Cay-dependent current, is reduced. The magnitude
of the cell’s resting membrane potential significantly impacts the steady-state
populations of closed and inactivated channels, with more depolarized volt-
ages resulting in a higher probability of channel inactivation. The steady-
state equilibrium between resting and inactivated states therefore dictates
the ability of Cay channels to respond to action potentials [30].

It has been reported that the intracellular loop linking repeat domains 1
and 2 play a role in voltage-dependent inactivation through an interaction
with the ends of the S6 segments, effecting a physical block of the channel
pore [31]. An analogous mechanism of conformational change resulting in
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pore blockade is seen with sodium and potassium channels [31]. This intra-
cellular loop is also a key determinant for binding of the cytoplasmic 3 sub-
unit, so important in the regulation of voltage dependence, as well as being a
binding site for modulatory G-proteins.

2.4. Implications for Therapeutic Intervention

The multiple subunit compositions, splice variants, expression patterns and
conformational states of Cay channels result in staggering diversity in this
target class. This is in addition to the fact that there are multiple intracellular
signalling molecules and processes that are tightly linked to Cay channel
function. This diversity offers opportunities for engineering molecular
and functional selectivity in pharmacological agents. The notion of use-
dependent inhibition of channel function is of particular interest. As the
name suggests, a use-dependent inhibitor would demonstrate differential
activity depending on the physiological ‘use’” of the channel. One manifes-
tation of such ‘use’ would be found in situations where a Cay channel is
undergoing high frequency firing, such as occurs during rapid trains of
action potentials. In this situation, the impact of rapid membrane potential
changes on the populations of various channel conformational states, and
their associated constellation of signalling complexes, creates a distinct
molecular profile of the channel population involved in this type of ‘use’.
This distinct profile offers an opportunity to develop agents with pharma-
cological selectivity for channels undergoing this type of use. A subset of
use dependence is referred to as state dependence. In this case, a pharmaco-
logic agent may have greater affinity for a particular conformational state of
the channel (closed, open and inactivated) and thus be most effective when
channels are predominantly found in this state. The concept of use depen-
dence has important implications for the clinical use of Cay channel blockers.
This is illustrated by the clinically important dihydropyridine (DHP) class of
L-type calcium channel blockers widely used in treatment of angina, hyper-
tension and cardiac arrhythmias. These drugs demonstrate voltage- and use-
dependent channel block [32,33]. High-attinity DHP binding to the Cay1.2
channel has been mapped to amino acids deep within the hydrophobic trans-
membrane sequences of repeats 3 and 4 of the o1 subunit, a region important
in channel inactivation [31], and it is facilitated by calcium binding in the
selectivity filter region [34]|. Current models suggest that DHP binding pre-
vents Cay channel conductance by stabilizing a non-conducting, blocked con-
formation of the outer pore [34]. Similarly, many anti-epileptic drugs exert
their therapeutic action by modifying the inactivation properties of voltage-
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gated sodium channels [35]. It may be possible, by targeting a specific state of
VGCGs, to selectively target channels functioning in a pathological manner
while sparing channels operating under normal physiological states [36].

3. N-TYPE CALCIUM CHANNELS
3.1. N-Type Biology

The N-type or Neuronal-type VGCCs were originally described on the
basis of current recordings in dissociated DR G neurons, distinguishable
from L-type currents by their voltage dependence and inactivation rate as
well as insensitivity to classical L-type channel blockers [37]. Further
described by the cloning and sequencing of the a1B subunit and defined
pharmacologically as Cay2.2 by ®-conotoxin sensitivity, the N-type chan-
nel is prominently expressed at synapses in the somatic and autonomic com-
ponents of the peripheral nervous system and some synapses in the central
nervous system [38—41]. In cooperation with P/Q-type channels (Cay2.1
a1A) calcium entry through N-type channels is responsible for triggering
neurotransmitter release through exocytosis from pre-synaptic vesicles
[42,43]. In the somatic nervous system, N-type channels are concentrated
in the pre-synaptic nerve terminals in lamina I and II of the dorsal horn
of the spinal cord and are prominently overexpressed in response to injury
that induces chronic neuropathic pain [41,44]. In the perivascular nerve net-
work, N-type channels are expressed in the synapses of vascular smooth
muscle, equivalently in vein and artery. Under high frequency stimulus of
post-ganglionic  perivascular nerves, release of the co-transmitters
norepinephrine and ATP from artery smooth muscle cells 1s modulated
by N-type channels and P/Q-type channels, respectively, thereby playing
a role in fine tuning of vascular tone by the autonomic nervous system
[45]. Indeed early experiments with ®-conotoxin GVIA, a potent peptide
inhibitor of N-type calcium channels (see below) in rat mesenteric artery
neurons, demonstrated a role for N-type channels in the frequency-
dependent contraction of artery smooth muscle cells [46].

Investigation of N-type channels in heterologous expression systems and
in native sympathetic and hippocampal neurons suggests that alternative
splicing in the S3-S4 repeat linkers of Cay2.2 results in modulation of
channel gating kinetics and not steady-state voltage dependence [47]. These
effects appear to be regulated by differential association of auxiliary
Cay B subunits with important binding sites in this region. Expression of
the Cay B subunit increases channel conductance by at least 10-fold in
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heterologous expression systems [48]. The Cay P subtype plays a critical role
in modulating the voltage dependence and inactivation properties of the
N-type channel.

3.2. N-Type Physiology

As is true of all Cay?2 channels, the N-type channel opens in response to
moderate levels of membrane depolarization, opening at higher potentials
than T-types but lower than L-type channels. N-type channels tend to show
slower kinetics of activation than T-types but return from open to closed
states with relatively fast kinetics and at less negative voltages as membranes
repolarize. This biophysical profile is well suited to channel conductance
occurring only after achievement of action potential thresholds and where
channels can rapidly reset in response to membrane repolarizations. Addi-
tionally, the kinetics of inactivation and recovery from inactivation of
N-type channels are relatively slower than those of T-types, with inactiva-
tion being favoured at higher frequency depolarizations [49]. Inactivation of
N-type channels would appear to preferentially occur via the closed channel
state where the channel moves directly from the closed to the inactivated
state under conditions of sub-threshold depolarizations [50]. The biophys-
ical and kinetic properties of N-type channel inactivation and recovery sug-
gest that under tonic conditions, that is, low frequency action potentials with
adequate time for full membrane repolarization, N-type channels are rela-
tively resistant to inactivation. In contrast, under conditions such as high fre-
quency action potential firing, where repetitive membrane depolarizations
result in increased transition between open and closed states and reduced
repolarization potentials, access to the inactivated state would increase
resulting in accumulation in an inactivated state [49]. By this model, some
degree of accumulation in the inactivated state would occur in response to
any action potential train, but the high frequency action trains characteristic
of damaged neurons would favour a greatly increased inactivated population.
Given that pathological pain is characterized by spontaneous and persistent
activation of primary afferent neurons [29], and that neurons of the somatic
peripheral nervous system can signal at frequencies of up to 100 Hz during
transmission of painful signals, this accumulation could have profound impli-
cations to the selective targeting of analgesic drugs [36]. Targeting the
inactivated channel state may afford an opportunity to selectively modulate
pathological pain signalling while sparing normal, low frequency autonomic
functions of central and peripheral control [36].
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3.3. Role in the Pathophysiology of Pain

A pivotal role for N-type channels in the pathophysiology of pain has been
demonstrated by numerous lines of pre-clinical and clinical evidence. Mice
lacking the N-type Cay2.2 al1B subunit demonstrate reduced pain
responses and modified anxiolytic and reward behaviours, but are other-
wise normal [51-53] with the exception of reduced baroreflex function
and elevated heart rate and blood pressure [54]. This is in contrast to
the phenotype associated with P/Q-type Cay2.1 alA subunit knockout
which, in addition to reduced pain responses, demonstrates severe ataxia,
absence seizures and early death, suggesting additional important functions
outside pain signal transmission and sympathetic nerve function [55]. These
results highlight the importance of N-type channels to functional pain sig-
nal transmission, as well as emphasizing the importance of selectivity over
the P/Q-type channel in the development of pain therapeutics. The
expression of N-type channels at crucial pre-synaptic terminals also sup-
ports a critical role in synaptic transmission and neurotransmitter release.
Numerous pharmacological experiments with the exquisitely selective
peptide toxins from the venoms of marine snails, spiders and scorpions pro-
vide further support for the role of N-type channels in pain. This body of
work has demonstrated anti-nociceptive effects of specific conotoxins with
known selectivity for N-type channel pore block [29]. Perhaps, the stron-
gest evidence validating the N-type calcium channel in the pathophysiol-
ogy of human pain is the ability of the currently marketed drug ziconotide,
a synthetic conotoxin peptide indicated to treat severe chronic cancer or
AIDS pain, to afford, in some cases, complete or near complete relief in
patients whose pain was found to be unmanageable even by the intrathecal
administration of morphine [56-58]. Ziconotide block by occlusion of the
channel pore does not discriminate between difterent frequencies of action
potential firing and thus, unfortunately, demonstrates no apparent selectiv-
ity for the inactivated state of the channel. This lack of selectivity for high
frequency firing states of the N-type channel is widely believed to be
responsible for the narrow therapeutic window associated with ®-
conotoxin peptides which show profound eftects on tonic N-type channel
function in the autonomic nervous system, particularly the perivascular
nerves. These results further emphasize the need for more selective, use-
dependent N-type calcium channel blockers with an improved therapeutic
window.



N-Type Calcium Channel Modulators for the Treatment of Pain 159

4. N-TYPE CLINICAL LANDSCAPE AND EMERGING
PIPELINE

4.1. Peptide-Derived Therapeutics

4.1.1 N-Type Blockade by Venom Toxins

The venoms of predatory marine snails and terrestrial arthropods such as spi-
ders and scorpions contain a diverse array of peptide toxins, many with
highly potent binding to mammalian voltage-gated ion channels. In partic-
ular, the venom of the marine snails in the family Conidae contains many
different small, cysteine-rich, disulphide-bridged peptides, with diverse
pharmacology against voltage-gated ion channels. The diversity, pharmacol-
ogy, structure—activity relationships and therapeutic potential of these so-
called conotoxins have been recently and comprehensively reviewed
[8,59—61]. Perhaps, the most well studied of these are the m-conotoxins
(Figure 4.2) which are single- to double-digit nanomolar inhibitors of
VGCCs and have demonstrated effects in a wide variety of neuropathic
and inflammatory pain models (reviewed in [29]). Our understanding of
the pharmacology of ®-conotoxins is derived largely from studies of
o-conotoxins GVIA, MVIIA and CVID, isolated from Conus geographus,
C. magus and C. catus, respectively, which are generally considered to func-
tion as irreversible a1 subunit pore blockers, and are now appreciated to be
among some of the most selective known inhibitors of N-type channels
[60,63—65]. The ®-conotoxin binding site has been mapped to the external
vestibule of the channel in the S5-S6 linker region of the a1 subunit repeat
domain 3 [66,67] and reciprocal residues critical for ®-conotoxin activity in
this respect have also been mapped [68,69]. While the specific amino acid
residues responsible for conferring selectivity of particular ®-conotoxins
to different Cay2 channels are still under investigation, it appears that the
homogeneity of peptide loops 2 and 4 within the conotoxin secondary
structure is an important determinant of differential selectivity between
the Cay2 channel subtypes [70]. It is also clear that the presence of 20
and P subunits as well as the membrane potential can have profound effects
on the affinity and reversibility of binding of ®-conotoxins to Cay a1 sub-
units, thus further increasing the diversity of pharmacological effects among
this class of peptides |[71-74]. Compared to the cone snail, relatively fewer
peptide blockers with specificity for N-type channels have been identified
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Figure 4.2 o-Conotoxin peptide and three-dimensional structures. (A) Three-
dimensional structure of ®-conotoxin MVIIA showing a compact folded structure linked
by three disulphide bonds between cysteine residues [62]. (B) Peptide sequence of
m-conotoxins GVIA, MVIIA and CVID. Critical cysteine residues are boxed and bold lines
indicate disulphide linkages. Residues important for N-type channel binding are
indicated.

from the venoms of terrestrial arthropods [8,75]. Recently, certain peptide
toxins from the Chinese bird spider Orthinoctonus huwena (huwentoxins),
funnel web spider Agelenopsis aperta (agatoxins) and the South American
armed spider Phoneutria nigriventer have been described as selective inhibitors
of N-type calcium channel currents and some share common structural
motifs with ®-conotoxins, although continued research will be required
to further understand their level of selectivity as compared to ®-conotoxins
[8,76,77].

4.1.2 Peptide-Derived Therapeutics

The only FDA approved ®-conotoxin is a synthetic version of MVIIA,
also known as SNX-111, ziconotide and Prialt, supplied as a solution for
intrathecal infusion. This peptide demonstrates picomolar binding affinity
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to N-type calcium channels in rat brain membranes or synaptosomes and
single- to double-digit nanomolar potency in electrophysiological studies
of the function of both native and recombinant N-type channels (reviewed
in [78]). Ziconotide displays greater than 1000-fold selectivity over other
Cay2 channels and has demonstrated efficacy in a number of non-clinical
pain models [29,78]. Ziconotide was approved in the United States in
2004 and in Europe in 2005 and is indicated for the management of severe
chronic pain in patients for whom intrathecal therapy is warranted and who
are intolerant or refractory to other treatments such as systemic analgesics,
adjunctive therapies or intrathecal morphine. The clinical efficacy of
ziconotide was established in three randomized, double-blind placebo-
controlled trials (reviewed in [78]) without any evidence of the development
of tolerance [79] or the risk of withdrawal symptoms. While randomized
controlled trials of ziconotide only evaluated the drug’s efficacy as a mon-
otherapy, non-clinical and open label clinical studies with ziconotide in
combination with other analgesic drugs have generated evidence supporting
the potential for additive or synergistic effects [80,81]. Despite ziconotide’s
advantages over intrathecal opioids, its use has been hampered by a high
incidence of CNS side eftects. The most commonly reported adverse events
include dizziness, nausea, confusional state and nystagmus; severe psychiatric
symptoms and neurological impairment have also been observed. In partic-
ular, events of acute psychiatric disturbances such as hallucinations, paranoid
reactions and some types of psychosis have been reported [82]. Importantly,
the use of ziconotide is limited to intrathecal administration due to severe
effects on blood pressure, heart rate and the baroreceptor-heart rate reflex
after systemic administration [83,84| probably resulting from blockade of
N-type calcium channel function in the sympathetic neurons responsible
for haemodynamic control [78,85-87].

Leuconotide, a synthetic version of @-conotoxin CVID (also known as
AM336 and CNSB004) has been evaluated in human clinical trials [78,88].
It 1s reported to be more effective than ziconotide in non-clinical pain
models and demonstrates fewer cardiovascular side eftects [83,89]. Recent
reports suggest that intravenous administration of leuconotide can cause sig-
nificant reversal of hyperalgesia in a rat model of diabetic neuropathy with a
wider therapeutic window than ziconotide and can enhance the effects of
other opioid and non-opioid analgesics when used in combination
[90,91]. These effects may be due in part to the enhanced ability of
leuconotide to discriminate between Cay2 subtypes, demonstrating similar
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potency at N-type channels as ®-conotoxin MVIIA but with 100-fold
greater selectivity over P/Q-type VGCCs [65]. Relevare Pharmaceuticals
(formerly CNSBio) reports that a placebo-controlled Phase Ila clinical trial
of leuconotide in cancer patients with intractable severe pain is ready to start
in the near future [92].

Other venom peptide toxins of therapeutic importance include
huwentoxins isolated from species of the Chinese bird spider.
Huwentoxin-I and -X both demonstrate selectivity for N-type channels
over other VGCCs as well as voltage-gated sodium or potassium channels
[76,77]. Structure predictions for huwentoxin-X suggest that this peptide
adopts the same cysteine knot motif characteristic of ®-conotoxins [76].
Inventors from Xiamen Bioway Biotech have published patents describing
therapeutic preparations of huwentoxin-I [93]. Also described are methods
and compositions for blocking calcium channels with Pho-1B (o-ctenitoxin-
Pn4a), a toxin isolated from the spider P. nigriventer |[93—96]. Additionally,
novel ®-conotoxins continue to be discovered and characterized, providing
increasing opportunities to understand the therapeutic potential of venom
peptide toxins [97].

4.1.3 Peptide Mimetics

The therapeutic validation of peptide blockers of N-type VGCC:s in pain has
encouraged several approaches to rationally design organic small molecules
that mimic the binding properties of peptide toxins (reviewed in [98]).
Alkylphenyl ether-based analogues of MVIIA that incorporate the side
chains of MVIIA Argl0, Leul1 and Tyr13 into a central aromatic core have
been reported (1) [99—101]. Using in silico approaches to overlay bond vec-
tors of key residues in ®-conotoxin GVIA, residues Lys2, Tyr13 and Argl7
were mimicked with benzothiazole (2) and anthranilamide (3) scaffolds
[102-104] demonstrating low single digit micromolar affinity in displace-
ment of radio-labelled ®-conotoxin GVIA from rat brain membranes and
selectivity for the N-type channel over Cay2.1 [104]. Further modification
of the anthranilamide scaffold by the substitution of a fluorine atom at the
4-position of tyrosine and guanidines at both Lys and Arg positions resulted
in the displacement of ®-conotoxin GVIA binding at similar potencies (4)
[104]. Truncation at the Lys2 moiety in (2) produced a mimetic for Tyr13
and Argl7 having similar potency but substantially reduced molecular
weight (5) [105]. Hybrid approaches combining the anthranilamide and a
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diphenylmethylpiperazine commonly found in small molecule blockers of
N-type channels also displayed low micromolar potency (6) [106]. A virtual
screening approach to identify cyclic pentapetides mimicking crucial resi-
dues of CVID has also been reported to demonstrate selectivity for N-type
channels (7) [107]. This body of work represents important advances in the
understanding of the critical components of activity and selectivity in pep-
tide mimetics of N-type calcium channels, but all demonstrate substantially
less functional and molecular affinity than ®-conotoxins.
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4.2. Small Molecule N-Type Blockers

The synthesis and structure—activity relationships (SAR) of small molecule
blockers of N-type calcium channels have been extensively reviewed else-
where [88,108,109]. This section will focus on more recent advances (2009
to present) in the discovery and development of small molecule N-type cal-
cium channel blockers. Peer reviewed literature will be emphasized, while
recent patent disclosures of note will also be covered.

4.2.1 Non-Selective Calcium Channel Blockers as a Starting Point

Some early efforts to design selective N-type calcium channel blockers
began with non-selective or dual selective VGCC blockers. An important
example of this approach is the work from researchers at Ajinomoto who
started from the privileged pharmacophore associated with the DHP drug
cilnidipine (8), a dual L/N-type calcium channel blocker used widely in
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the treatment of hypertension in Asia. After the discovery that cilnidipine
had N-type calcium channel blocking activity [110], SAR screening and
structural optimization of the cilnidipine scaffold led to a number of deriv-
atives which retained N-type activity with improved selectivity over L-type
channels, some of which demonstrated activity in the rat formalin model of
pain [88,111,112]. Expanding on these efforts in recent years, the introduc-
tion of hydrogen atoms at the 2 and 6 positions of the 1,4-DHP structure
resulted in further improved potency and selectivity [113]. One of the most
potent and selective of these derivatives is (4)-4-(3,5-dichloro-4-methoxy-
phenyl)-1,4-DHP-3,5-dicarboxylic acid 3-cinnamyl ester (9) which dem-
onstrated sub-micromolar inhibition of N-type channels with more than
60-fold selectivity over L-type channels. Furthermore, this molecule dem-
onstrated robust inhibition of phase 2 pain responses in the rat formalin
model, similar to that observed with gabapentin. Interestingly, the (—) enan-
tiomer of (9) demonstrated equipotent activity at N-type channels but with a
somewhat lower selectivity over L-type channels.

A second  example comes from  the  non-selective,
diphenylmethylpiperazine-containing calcium channel blockers flunarizine
and lomerizine, both of which demonstrate sub-micromolar potency at the
N-type channel but with little selectivity over L-types [114]. Several inde-
pendent early chemistry efforts to produce N-type blockers resulted in mol-
ecules containing similar pharmacophores [88,111]. Building on this
observation, Yamamoto and colleagues surmised that cyproheptadine
(10), an approved anti-allergic drug that contains this pharmacophore,
would have N-type calcium channel blocking activity [111]. Derivatization
and optimization of cyproheptadine resulted in the discovery of an
N-pivaloyl-B-alanyl derivative (11) with a 3.2 uM ICs against the N-type
channel, analgesic activity in the rat formalin model and improved selectivity
for N-type over L-type as well as over 5-HT», and H; receptors.
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4.2.2 Piperazine-Based Structures

SAR  studies around the flunarizine (12) and lomerizine (13) dip-
henylmethylpiperazine backbones resulted in a series of N-type calcium channel
blockers with affinities below 200 nM and with 25- to 111-fold selectivity over
L-type channels [114]. This work led to NP118809 (14) (now known as
Z160) and NP078585 (15) both of which show strong analgesic activity in
the rat formalin model and suitable pharmacokinetic characteristics for further
development. The most potent and selective compound in this series, Z160,
gives an ICsg of 110 nM against the N-type calcium channel, 111-fold selectivity
over L-type channels and 25-fold selectivity over P/Q-type channels. Z160
demonstrates substantially greater selectivity (67-fold) over the hERG potas-
sium channel than NP078585 (<10-fold), as well as a lack of a significant
interaction against 112 additional safety pharmacology targets [114]. Later
work demonstrates that Z160 mediates a hyperpolarizing shift in the midpoint
of the steady-state inactivation curve for N-type channels consistent with a
mechanism involving modulation of the inactivated state. Z160 also produces
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frequency-dependent block of N-type channels. Further non-clinical evalua-
tion of Z160 shows robust efficacy after oral dosing in multiple animal models
of neuropathic pain with comparable efficacy to morphine, gabapentin and
o-conotoxin [115,116]. NP078585 is now known to possess mixed
N/T-type channel activity and has demonstrated significant analgesic activity
in a non-clinical model of visceral pain [117]. Similar approaches have been
applied to the other non-selective calcium channel blockers fluspirilene and
verapamil (reviewed in [88]). Taken together, these efforts have resulted in
a number of series with potent activity against N-type channels, selectivity
over L-type channels and efficacy in non-clinical models of pain.

[t should be noted that, to date, the only molecule from early efforts to
optimize the diphenylmethyl piperazine backbone which has been reported
to achieve development into the clinic is Z160. Indeed further SAR studies
and optimization around the benzhydryl moiety of the piperazine core of
Z160 [118] did not identify molecules with greater potency or selectivity.
Modification of NP078585 to produce (17), including replacement of R 1
and R 3 groups on the benzyl region with tert-butyl groups, S-methyl sub-
stitution off the piperazine ring adjacent to the benzoyl linker and substitu-
tion of amine linkages on either side of the piperazine core, resulted in the
most potent (40 nM ICs() and selective (3600-fold vs. L-type) compounds
with the greatest selectivity over the hERG channel (>100-fold) [119].

Following high-throughput screening efforts, researchers from Abbott sur-
mised that a diphenyl lactam moiety may act as a bioisosteric replacement for
the diphenylmethylpiperazine group that had been established as an important
determinant of calcium channel binding affinity. On the basis of this hypothesis,
a number of benzyhydryl piperazine analogues containing the diphenyl lactam
were prepared, some of which demonstrated both good N-type calcium channel
activity and efficacy in a capsaicin model of secondary hyperalgesia [120]. One
molecule derived from this series, A-1048400 (16), was further characterized
in a number of electrophysiological and non-clinical efficacy models [120].
These studies revealed that A-1048400 possesses sub-micromolar activity at
N-type calcium channels with approximately fivefold greater potency for the
inactivated state of the channel. This molecule also demonstrated state-
dependent activity for both T- and P/Q-type calcium channels with potencies
of ~1 uM. In electrophysiological assays, A-1048400 demonstrated state-
dependent block of L-type calcium channels as well, with block nearly
equipotent to that at N-type channels. Interestingly, the pharmacological selec-
tivity of this molecule on both rat aorta tissue relaxation and on rat
haemodynamic measure was considerably greater; at least 14-fold compared
to doses effective in reducing nociceptive, inflammatory and neuropathic pain.
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A number of notable piperazine containing structures have recently been
disclosed from researchers at GlaxoSmithKline (GSK) and Convergence
Pharmaceuticals which spun out of GSK in October 2010 following the
acquisition of clinical stage assets. Building around a 4-sulfonyl-1-
piperizinyl-carbonyl-quinoline scaffold, a number of molecules with tri-
fluoromethylphenyl substitutions of the sulfonyl group, some with
trifluoromethoxy linkages, were found to demonstrate low micromolar
blockade of N-type channels. In this disclosure, the inventors evaluated
the potency of compounds under both tonic and inactivated state conditions
and demonstrated several molecules with selectivity for the inactivated state



N-Type Calcium Channel Modulators for the Treatment of Pain 169

[121,122]. Of these, (18) demonstrated a potency of 1.6 uM for 30% inhi-
bition of the inactivated channel state (IC;0) with 15-fold selectivity over the
ICso for the resting state of the channel. This molecule also blocked
the inactivated state of the T-type channel with an ICj3y of 4 pM for
the inactivated state and with sixfold selectivity over the resting state,
making them equipotent at closed channels. This scaffold could support
derivatization and substitution on the quinolone side chain without signif-
icant loss of potency or state dependence. Replacement of the tri-
fluoromethylphenyl side chain with a benzonitrile was also effective. In
a subsequent disclosure, a piperazine containing heterocyclic fused rings
(19) demonstrated substantially greater selectivity for the inactivated state
(50-fold), with similar potency to (18) [123]. Single-digit micromolar
potency at the inactivated channel was preserved after replacement of
the sulfonyl linker with a tetrazole as in (20), described in [124]. While
(20) does not possess differential selectivity over the resting state, other
compounds in this series did demonstrate selectivity. Compounds (21)
and (22) are reported to inhibit the inactivated state by 30% at less than
or equal to 3.2 uM with 3- to 10-fold selectivity over the resting state.
It appears that in the context of the tetrazole linker the piperazine core,
which is a predominant feature of the progression of this class, can be
replaced altogether with diverse functional groups.
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4.2.3 Piperidine-Containing Structures

Building from the trifluoromethylbenzylsulfonyl side of the molecule,
researchers at GSK disclosed derivatives replacing the piperazine with a
piperidine aryl sulfone, with the best potency and selectivity demonstrated
with 2-pyrrolidinone and 2-imidazolidinone groups (23) and (24) [125].
The most potent and selective of this series (23) demonstrated an 1C;( of
1 UM at the inactivated channel with 32-fold selectivity over the resting
state. Others in this series were reported to have 1C5, values ranging from
4 to 8 UM and 8- to 20-fold selectivity over the resting state. Interestingly,
the degree of selectivity in this series may be influenced by chirality as it was
reported that a faster running enantiomer of (24) demonstrated half the
selectivity with equivalent potency to the chiral mixture.

Shao and colleagues identified an aminopiperidine sulfonamide screen-
ing hit (25) with an ICsq of 120 nM at the N-type inactivated state and 40-
fold selectivity over the resting state but insufficient selectivity with respect
to safety pharmacology targets [126]. Modification of the sulfonamide alkyl
substituent to a cyclopropyl derivative resulted in a twofold increase in
potency. SAR optimization resulted in (26) where the basic amide is rep-
laced with an amine, and substitution of the benzamide with a polar
methylsulfone group at the 2-position and a fluoro group at the 5-position,
preserve sub-micromolar potency at the N-type channel while broadening
the selectivity against hRER G and L-type channels. Characterization of (26)
in vitro and in vivo demonstrated a profile consistent with potent state-
dependent N-type channel block and dose-dependent analgesic efficacy
in neuropathic and inflammatory pain models. The analgesic efficacy of
(26) was dependent on target expression as the molecule failed to reverse
hyperalgesia in Cay2.2-deficient mice. The lack of haemodynamic eftects
after intravenous administration in anesthetized dogs confirmed selectivity
over cardiovascular safety targets. Further development of (26) revealed
some significant metabolic liabilities including the accumulation of
an active metabolite and these limited its clinical utility. Several related
compounds were disclosed by the same group in the patent literature
[127-129].

Subasinghe and colleagues describe the SAR optimization of a pyrazolyl-
piperidine hit (27) from a high-throughput screen for N-type calcium
channel inhibitors [130]. N-substitution of the piperidine moiety with a
methanesulfonyl group gave improved metabolic stability while maintaining
potency and frequency-dependent block (28). Further SAR evaluation with
a focus on maintaining metabolic stability and understanding the importance



N-Type Calcium Channel Modulators for the Treatment of Pain 171

of substitutions and replacements at the 2-methoxy-phenyl residue and the
4-chloro-phenyl rings, revealed a series of novel molecules with high in vitro
potency and good metabolic stability. Further evaluation of (28) in animal
models of inflammatory and neuropathic pain demonstrated significant
reversal of thermal hypersensitivity and cold allodynia, respectively, at a dose
of 30 mg/kg 1.p. which also resulted in a peak plasma level of 8 M.
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4.2.4 Indoles and Oxindoles

A number of publications and patent disclosures describe a series of indoles
and oxindole state-dependent N-type channel blockers [130-135].
Derived from a high-throughput screening hit, a simplified indole scaffold
(29) was investigated for SAR. Optimization at the C5 position of the
indole resulted in a lipophilic ~butyl amide (30) that maintained N-type
activity [134]. A t-butyl acetamide at the N1 position of the indole gave
significantly improved potency at N-type calcium channels but only modest
selectivity over the L-type channel, as well as a metabolic liability associated
with the 3,5-dimethyl phenyl substituent (31). Further optimization for
metabolic and pharmacokinetic properties resulted in (32) which contains
a trifluoromethoxyphenyl substitution at the C2 position of the indole.
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Further characterization of (32) revealed dose-dependent efficacy in rat
inflammatory and neuropathic pain models at concentrations well separated
from those that produce motor defects. This aryl indole analogue caused
dose-dependent haemodynamic effects in dog cardiovascular safety phar-
macology models, further underscoring the importance of selectivity over
the L-type channel.

Other series containing a modified oxindole core structure have been
disclosed in the patent literature. Dufty ef al. describe a number of oxindoles
with azole and pyrazine containing side chain substitutions at the N1 posi-
tion, and fluorobenzyl and trifluoromethoxyphenyl side chain substitutions
at the C5 position are also reported [132]. These derivatives contain further
substitutions at the C3 position of the oxindole, notably the di-substituted
3-methylpyrimidine. This series, discovered by researchers at Merck, is
exemplified by the N-triazole oxindole TROX-1, (33) which contains a
3-chloro-4-fluoro-phenyl substitution at C5 and a 1,2,4-triazole group at
N1. From another series described in [131], it appears that oxindoles with
the methylpyrimidine-5-ylmethyl group at position C3 are able to support
removal of the side chain at position N1 while retaining substantial potency
at the N-type channel (34) [131].

Further non-clinical evaluation of TROX-1 has been reported. Using
recombinantly expressed channels, Abbadie and colleagues [135] reported
an ICso of 250 nM under N-type channel inactivating conditions with
approximately 100-fold selectivity compared to channel resting conditions.
Similarly, potencies at the endogenous N-type channel from isolated DRG
neurons are reported as 400 nM under inactivating conditions and 2.6 pM
under resting state conditions. TROX-1 also demonstrates selectivity over
other ion channel targets including the L-type channel, as well as in a bind-
ing and functional evaluation of 166 additional targets. Demonstrating
favourable oral bioavailability, dose proportional pharmacokinetics and
CNS exposure, TROX-1 also eftectively inhibits pain responses in several
inflammatory models of pain. Furthermore, a detailed therapeutic window
investigation provides evidence for an approximately 20-fold differential
between efficacy and CNS side effects on the basis of plasma exposure
and an approximately 38-fold differential for cardiovascular safety pharma-
cology. More detailed electrophysiological evaluation of TROX-1 molec-
ular and functional selectivity demonstrate voltage- and use-dependent
inhibition of N-type channels and significant functional selectivity for
Cay2.2 and Cay2.3 currents over Cay2.1 currents under closed state but
not inactivating conditions [133].
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4.2.5 Other Approaches

An interesting chiral aminocyclopentapyrrolidine series was recently
reported by Beebe and coworkers from Abbott [136]. This series is exem-
plified by a cyclopentapyrrole core bearing a 2-methylpropanesulfinamide at
the 4-position and an N-benzyl substituent at the 2-position. (35). Replace-
ment of the N-benzyl with a 3-trifluoromethylbenzyl substituent, as exem-
plified in (36), resulted in a fivefold increase in potency at N-type channels.
Substitution at the amide with lipophilic groups, such as the bis-cyclohexyl
acetamide in (37), resulted in sub-micromolar potencies at the N-type chan-
nel. Chiral separation of the S,S,R-enantiomer of (37) revealed a fourfold
difference in potency compared with the R,R,S-enantiomer and resulted
in the most potent and selective molecule reported in the series. Evaluation
of the activity of (37) revealed substantial potency for the inactivated state of
the channel with an ICs of 41 nM under inactivating conditions and close
to 10-fold selectivity for the inactivated state. As is the case with many
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N-type calcium channel blockers, the lipophilic bis-cyclohexyl moiety
imparts poor physiochemical properties to these derivatives, which have
low aqueous solubility and high plasma protein binding, leading to poor oral
bioavailability. In non-clinical models of inflammatory pain, (37) signifi-
cantly and dose dependently reduced pain behaviours in the carrageenan
and formalin models when administered at a dose of 30 mg/kg i.p. with
an approximately 15-fold therapeutic window over cardiovascular safety
or motor side effect levels.

Related molecules are disclosed in the recent patent literature.
Benztrifluoro (38) and benzfluoro (39) benzenesulfonamide substitutions
at the N1 position of a pyrrolo or pyrido-pyrazine core are described by
researchers at Abbott in [137]. In subsequent patents from the same group,
4-amino (40) and 4-oxy (41) substitutions of the cyclopentapyrrolidine
ring are described, many of which contain trifluoromethyl or tri-
fluoromethoxyphenyl, pyridine or pyrimidine substitutions at N1 [138]
and [139]. In another patent from AbbVie, 7-oxy-5-cyclopropylpyrazine
substitutions on the pyrrolopiperidine core, which maintain a
sulfonamide-linked trifluoromethylbenzyl moiety, for example (42) and
(43), show sub-micromolar potency at the N-type channel, and in the case
of (43) demonstrate a substantial effect in the chronic constriction injury
model of neuropathic pain [140].
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Another recent disclosure by researchers at Convergence describes
spirocyclic derivatives with IC30s for the N-type inactivated state in the
low micromolar range with at least 10-fold selectivity over the resting chan-
nel state [141,142]. Both 5- and 6-membered rings support this potency
profile, illustrated by (44) and (45) with either trifluoromethoxy or
trifluoromethyl-phenyl-sulfonyl substituents, which can also allow chloro
or bromo substitutions, for example (46). Dihydroisoquinolinone (47)
and isoquinolinedione (48) compounds have also been disclosed [143].
These compounds are reported to block the N-type channel at approxi-
mately 250 nM, with 1,3-dione-containing compound (49) reportedly
demonstrating a 20 nM 1Cs,
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The Beijing Institute of Pharmacology and Toxicology has reported
analgesic N-type calcium channel blockers. ZC88 (50), originally described
by Meng and colleagues [144], demonstrated dose-dependent anti-
nociceptive effects and potentiation of morphine analgesia in non-clinical
models of pain. However, later work on this molecule has demonstrated
a significant hER G liability [145]. The same group reported the discovery
of C101 (51) through optimization of the 4-aminopiperidine template
[146]. Further characterization of C101 revealed an ICs( of 2.2 pM for inhi-
bition of the N-type channel and a modest but significant effect on the volt-
age dependence of steady-state inactivation at this concentration. At
concentrations up to 50-fold greater than the ICsq for N-type channels,
C101 showed no effect on L-, P/Q- and R-type channel currents or on
sodium, potassium or hER G channels.

Utilizing an orthogonal approach to inhibition of the N-type channel,
researchers from Lectus disclosed compounds able to inhibit the interaction
between the Cay ol subunit and the regulatory Cay B3 subunit, thereby
modulating the activity of N-type channels through functional effects on
channel expression and gating [147]. Two molecules from this series (52),
(53) were reported to have ICsgs below 500 nM in a cell-free assay, dis-
rupting association of the Cay a1 interacting domain and B subunit binding.
The presence of some structural features common to more traditional
N-type channel blockers makes it tempting to speculate that their eftects
could be in part due to effects on the Cay a1/Cay B interactions. Other
approaches include the development of a 2D-QSAR model that may be
useful in the further design and optimization of N-type calcium channel
blockers [148].
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4.3. N-Type Calcium Channel Modulators in the Clinic
4.3.1 Z160

To date, only two small molecule blockers of N-type calcium channels have
been reported to have advanced into human clinical evaluation. Early studies
to evaluate Z160 [14] in humans have been hampered by the molecule’s
poor aqueous solubility and consequent limited bioavailability in initial for-
mulations [108,109]. The application of amorphous dispersion technology
to the formulation of Z160 has been used to successfully improve its oral
bioavailability (Zalicus personal communication). An amorphous dispersion
formulation of Z160 is currently being evaluated in two randomized
placebo-controlled Phase II studies in neuropathic pain. A Phase II efficacy
trial of Z160 in lumbosacral radiculopathy was initiated in August 2012 and
is being conducted at 23 study locations in the Unites States. Using a parallel
group design in approximately 140 subjects, this randomized double-blind
study is evaluating 375 mg of Z160 versus placebo administered twice daily
for 6 weeks in patients suffering from neuropathic pain due to lumbosacral
radiculopathy as determined by the StEP assessment. The primary endpoint
is change from baseline to week 6 in weekly average pain score based on the
pain intensity numeric rating scale (PI-NRS) and a number of safety and effi-
cacy secondary endpoints are planned [149]. A study of the efficacy and
safety of Z160 in subjects with post-herpetic neuralgia was initiated in
December 2012. Using a similar parallel group study design and primary
endpoint, this study is being conducted in 53 study locations in the United
States. The study will evaluate 375 mg of Z160 versus placebo administered
twice daily for 6 weeks in patients suffering from neuropathic pain due to
post-herpetic neuralgia [150]. Both Z160 Phase II trials have completed
enrolment and top line data is expected in the fourth quarter of 2013.
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4.3.2 CNV2197944

Convergence Pharmaceuticals Ltd. spun out of Glaxo SmithKline plc in
October 2010 after GSK decided to discontinue discovery and development
in pain [151]. Convergence has advanced two ion channel blockers into
Phase I evaluation in neuropathic pain indications. The structure of the
Convergence N-type calcium channel blocker, CNV2197944, has not been
publicly disclosed although it is probably described in the patent literature
referenced herein. A Phase II study of the efficacy and safety of
CNV2197944 versus placebo in patients with post-herpetic neuralgia was
initiated in April 2013 to evaluate repeat oral dosing of CNV2197944
75 mg three times daily in approximately 90 subjects [152]. This study is
being conducted in Europe and South Africa and top line results are
expected in the first half of 2014. A second Phase II study of the efficacy
and safety of CNV2197944 versus placebo in patients with diabetic periph-
eral neuropathy was initiated in July 2013 to investigate the effect of repeat
oral dosing of 75 mg three times per day [153]. The study is being conducted
in Eastern Europe and will enroll an estimated 165 patients with top line data
also expected in 2014. Both studies utilize a randomized crossover design
with 3 weeks of treatment separated by a 2-week washout period and a pri-
mary outcome measure of change from baseline in a PI-NRS at the end of
3 weeks of treatment.

5. CONCLUDING REMARKS

This is an exciting time for researchers and drug developers working
on N-type calcium channel modulators for the treatment of pain. Within
months of the publication of this review, we will learn the results of four
randomized Phase II trials evaluating two distinct small molecule modulators
of the N-type calcium channel in three different neuropathic pain indica-
tions. Furthermore, both these molecules, CNV944 and Z160, are reported
to demonstrate use-dependent activity, with greater potency towards the
inactivated channel state, and thus are on the leading edge of evaluating this
key pharmacological feature for its relevance in safely and effectively treating
pain in humans. If either of these molecules demonstrates activity in humans,
this will surely spur an increased focus on the discovery and development of
novel peptide and small molecule N-type channel modulators. Indeed, as
this review summarizes, there are a number of new and interesting com-
pounds and peptides described in the scientific and patent literature that
seem poised for further development and ultimately evaluation in human
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pain indications. Given the substantial unmet medical need for new treat-

ments for chronic pain, this body of work offers a great deal of optimism

for those whose goal it is to alleviate human such suffering.
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