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Preface

Among all new technologies in drug research, structure-based ligand design is one
of the most powerful approaches. The drugs Captopril, Dorzolamide and Zanamivir,
to mention only some prominent examples, resulted from rational design, based on
the knowledge and analysis of protein 3D structures. The discovery of some other
drugs, e.g. the more recent HIV protease inhibitors Nelfinavir and Amprenavir,
was at least supported by protein crystallography studies. Many other drug candi-
dates that resulted from structure-based design are in clinical development.

Whereas some early attempts of structure-based design failed due to inappropri-
ate physicochemical and pharmacokinetic properties of the ligands, modellers are
nowadays aware of the pitfalls in ligand design. Large, greasy ligands are avoided,
as well as too polar compounds. According to favorable lead and drug properties,
defined e.g. by the Lipinski rule of five, ligand design focuses on compounds with
relatively low molecular weight, an intermediate lipophilicity range, and a limited
number of hydrogen bond donors and acceptors.

In 1997, Klaus Gubernator and Hans-Joachim Bshm edited a volume on structure-
based ligand design in this book series. A comprehensive review by Robert Babine,
one of the editors of the current book, and Steven Bender, also published in 1997,
discussed the design of aspartic, serine, cysteine, and metalloprotease inhibitors,
and of immunosuppressants. The present book deals with some other families of
important biological targets, e.g. nuclear receptors and kinases. In addition, several
other attractive drug targets are reviewed. A special topic, the design of orthogonal
protein-ligand pairs, will become important in personalized medicine. The book
closes with chapters on recent progress in technologies: protein engineering to pro-
mote crystallization, micro-crystallization, and high-throughput crystallography.
With its broad perspective, the book provides a state-of-the-art overview on important
results and techniques that are relevant for protein 3D structure-based drug design.

The series editors are grateful to Robert Babine and Sherin Abdel-Meguid for
their engaged work and to Frank Weinreich, Wiley-VCH, for ongoing support dur-
ing the preparation of the book. We expect that volume 20 of “Methods and Prin-
ciples in Medicinal Chemistry” will be another highlight of this successful series,
which started only ten years ago.

September 2003 Raimund Mannhold, Diisseldorf
Hugo Kubinyi, Weisenheim am Sand
Gerd Folkers, Ziirich

XI
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A Personal Foreword

When approached to initiate this book project the initial thoughts were to remem-
ber a review published in 1997 [1]. The first memories of that endeavor were
quite painful, so the first instinct was to politely turn down the kind offer to initi-
ate this project. On second reflection, researching and preparing the 1997 review
was an educational and rewarding experience. Therefore, with the help of a co-edi-
tor, the invitation to initiate and complete this endeavor was accepted.

The objective of this book is to provide a forward looking overview of the use of
protein crystallography in drug discovery. It has been organized so that the early
chapters review and describe some mature and emerging topics that would fall
under the ‘traditional structure-based design’ umbrella, the middle chapters pro-
vide focused accounts of specific works, and the final chapters delve into new and
fertile areas of research. This book does not attempt to be comprehensive; thus
the final lineup of chapters was a compromise between the interests of the editors
and the willingness of the authors to contribute a chapter.

The first two chapters review nuclear hormone receptors and protein kinases.
Both of these chapters provide an overview of the topic and shed some insight
into how small molecule ligands can achieve selectivity between related protein
targets. The next two chapters review topics that begin to ‘push the limit on the
size of the complexes that can be used in drug design. Both the proteosome and
the ribosome are very large biological macromolecules that are the targets for
drug discovery. In the ribosome chapter, an important point is made regarding
what conclusions are warranted, or not warranted, based upon the resolution of
the x-ray diffraction data. The ribosome chapter also introduces the topic and chal-
lenges of antibiotic resistance in drug discovery. The next two chapters provide ac-
counts of detailed structure-based design studies aimed at obtaining inhibitors of
both cathepsin K and Cdk4. The cathepsin K chapter provides a nice account of
the iterative structure-based design process. This work is especially notable for the
use of an unexpected crystallographic result to move a project in a novel direction.
The Cdk4 chapter also does an excellent job of introducing many computational
methods that are used in drug discovery. For those readers interested in protein-
based virtual screening of chemical databases, we also recommend the work by
Bissantz et al. [2] in which they evaluate different docking/scoring combinations.
Chapter 7 describes applications of the protease inhibitor ecotin, particularly its

X
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XIv

A Personal Foreword

use as a tool to obtain crystals of serine proteases and to study the interactions be-
tween serine proteases and their substrates. Chapter 8 reviews work on ‘orthogo-
nal ligand-receptor pairs’ and the impact of crystallography on this area of re-
search. While ‘traditional structure-based design’ uses the structure of a protein-li-
gand complex as a tool to design modified ligands, the work on ‘orthogonal li-
gand-receptor pairs’ uses the structure of the complex as a tool to design both
modified proteins and modified ligands. This work has applications for deconvo-
luting some cellular processes and also provides useful tools in the area of chemi-
cal genetics. Protein/ligand pairs may also have future applications in gene thera-
py. Chapters 7 and 8 present examples that use crystallography to design mutant
proteins for additional structural studies. Chapter 9 discusses the use of mutant
proteins as an entry into obtaining high-resolution crystal structures. In numer-
ous past examples, when a human protein proved difficult to crystallize, a protein
from another species such as mouse, rat, or chicken was often used as a surro-
gate protein. A potential problem with this approach is that the active sites of the
human and the surrogate enzyme might be different. The chapter on “Engineer-
ing Proteins to Promote Crystallization” reviews examples where the surface of a
human protein is modified in a location remote from the active site to produce a
mutant human protein that can give useful crystals. The next chapter discusses
“High-throughput crystallography” which is an area of intense interest [3, 4]. This
chapter provides a clear overview of the field, and has an informative section on
crystallography in lead discovery. The final chapter describes miniaturization of
crystallization utilizing the emergent technologies of microfluidics. This technol-
ogy allows crystallization experiments to be performed on the nanoliter scale, thus
conserving a very valuable resource in crystallography, the protein. Many of the
technologies described in the final three chapters should impact crystallization
and structure determination of the many new proteins identified in the human
and other genomes.

We expect that this book will be a useful reference to practitioners of structure-
based design. In addition, we hope that the technologies discussed in the later
chapters will help researchers solve new problems in the next generation of struc-
ture-based design problems.

Cambridge, MA, April 2003 Robert E. Babine
Sherin S. Abdel-Meguid
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2

Kinases
JERRY L. ADAMS, JAMES VEAL, and Lisa SHEWCHUK

2.1
Introduction

The regulation of glycogen phosphorylase function by reversible phosphorylation
was first described in the mid-1950s. However, the potential importance of protein
kinases was not fully appreciated until the advent of DNA cloning and sequenc-
ing in the mid-1970s. The initial estimate of 1000-2000 human protein kinases
made in 1987 has now been refined using the full human genome to 518 putative
protein kinase genes or approximately 1.7% of all human genes [1]. With nearly a
third of all proteins containing at least one covalently bound phosphate, it is easy
to envisage an important regulatory role for the enzymes that attach (kinases) and
remove (phosphatases) inorganic phosphate from proteins. Because kinases are
involved in the regulation of all aspects of cellular function, protein kinase inhibi-
tion may be a widely applicable strategy for the treatment of disease. Protein ki-
nases now figure prominently among the molecular targets currently being pur-
sued by the pharmaceutical industry to treat a wide spectrum of diseases, these
include cancer, diabetes and its complications, rheumatoid arthritis, Alzheimer’s,
hypertension and stroke.

The realization of the therapeutic promise of protein kinase inhibitors has prov-
en to be a daunting task. Two major obstacles to be overcome were achieving ac-
cess to these intracellular targets and selectivity of inhibition. With over 500 ki-
nases in the human genome, it is not surprising that selectivity has proven to be
the more difficult of the two problems. However, as will be discussed in this re-
view, X-ray crystallography has proven to be the central technology driving our un-
derstanding of the structural features governing inhibitor binding and providing
direction in the search for selective kinase inhibitors.

Protein Crystallography in Drug Discovery

Edited by R.E. Babine and S.S. Abdel-Meguid

Copyright © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2
Structure and Function

2.2.1
Tertiary Structure

A great level of structural knowledge has accumulated for protein kinases over the
past decade (for various reviews see [2-9]). The minimal kinase domain consists
of approximately 300 amino acids: for example, Cyclin-Dependent Kinase 2
(CDK2) has 298 residues (Fig. 2.1) [10, 11]. The kinase domain can be further di-
vided into two lobes or sub-domains, N-terminal and C-terminal, with the lobes
connected via a five to six residue “hinge” or “linker” region. The N-terminal lobe
is the smaller subunit and consists of approximately 80 amino acids. It is primar-
ily beta sheet in nature but does contain a significant alpha helix segment, termed
the C-helix (nomenclature derives largely from the initial Cyclic AMP-Dependent
Kinase, PKA, structure [9, 12]). By contrast the C-terminal lobe, in addition to
being substantially larger, is largely a-helical in nature.

A binding cleft is formed between the two lobes, and ATP docks into this re-
gion. Hydrogen bonds are formed between the N6 exocyclic amino group of ATP
and a backbone carbonyl oxygen of the hinge region noted above, as well as be-
tween the N1 of ATP and a backbone NH, again from the hinge region. Note

Fig. 2.1 Stereo ribbon diagram of human in cyan, the C-helix in yellow, linker or hinge
CDK2 with bound ATP (1HCK.PDB). Structur- region in magenta, activation loop in green
al elements are colored as follows, glycine- and C-terminal lobe helices in red.

rich loop in dark blue, N-terminal beta sheet

.1"_
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2.2 Structure and Function

that, in addition to these two groups, the hinge region also projects a second back-
bone carbonyl oxygen into the binding site in the region of adenine H2. This
functionality is significant for synthetic ligand-hydrogen bonding interactions as
discussed later. Beyond hydrogen bonds to the adenine ring, the ribose hydroxyls
of ATP are often observed to show hydrogen bonds to a polar residue (Asp 86 of
CDK2 [10, 11], Asp 1083 of insulin receptor kinase [13], and equivalent residues)
that resides at the beginning of the C-terminal lobe as defined. The adenine and
ribose rings are also sandwiched by a series of hydrophobic residues from both
the N- and C-terminal lobes. In particular for CDK2, residues Val-18, Ala-31, Val-
64, and Leu-134 have van der Waals contacts with ATP as do equivalent residues
of other kinases. An additional residue, Phe-80 for CDK2, is also significant and
contacts ATP in the vicinity of C5 and the N6 exocyclic amino group and has
been termed the gatekeeper. This residue shows high variability across kinases.
As brief examples, it is Met for insulin receptor kinase (IRK), Thr for p38, Gln for
ERK2, and Val for VEGFR2 [14-19]. The gatekeeper nomenclature derives from
the fact that the residue straddles both the ATP binding site and an additional re-
gion deep within the kinase that small molecule inhibitors often utilize (see Sec-
tions 2.2.3.1 and 2.4.2.2). The final component of ATP, the triphosphate group,
projects as would be expected into a highly hydrophilic and open region framed
by a set of strictly conserved residues involved in catalysis. It should be noted at
this point that although the small molecule inhibitors designed for protein ki-
nases are predominantly ATP competitive, they commonly occupy regions of sub-
stantial volume in addition to where ATP would normally bind. As a result, the
“ligand” binding site, when referring to inhibitors, is not synonymous with the
ATP binding site.

222
Catalysis and Substrate Binding

Crystallographic studies, in particular with non-hydrolyzable ATP and transition
state analogues as well as substrate analogues, have provided a detailed under-
standing of the likely nature and mechanism of substrate binding and catalysis
[13, 20-24]. As noted, the triphosphate group interacts with conserved residues of
the protein kinase. More specifically, the a and f phosphates are oriented via a
salt bridge with a lysine (Lys—33 of CDK2) and the lysine itself is further fixed in
an appropriate location for catalysis by a conserved glutamic acid residue (Glu-51)
residing on the C-helix. Asp-145 and Asn-132 of CDK2 and equivalent residues
complete a coordination sphere between the phosphate groups and accompanying
magnesium counterions.

Peptide substrate then docks onto the protein kinase, in general presumably oc-
cupying a cleft along the C-terminal lobe, as exemplified by the peptide inhibitor
in the PKA-AMPPNP-PKI and IRK-ATP structures. Catalysis appears to be via a
dissociative transition state mechanism and a planar phosphate intermediate [20,
22]. The incoming peptide hydroxyl is oriented via Asp-127, which is in turn
further stabilized via a hydrogen bond to Asn-132. These latter two residues that
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50 | 2 Kinases

are part of the signature-catalytic loop DxxxxN motif that designates proteins as
potential protein kinases.

223
Regulation and Conformational Flexibility

Protein kinases are highly regulated owing to their central role in signal transduc-
tion [3, 5, 25]. While a full description of regulatory mechanisms is outside the re-
mit of this review, it is nonetheless important to consider in the context of how it
affects ligand binding. More specifically, regulatory control of protein kinases of-
ten involves significant conformational changes in structure that alter the shape
of the binding site afforded to a small molecule inhibitor. Four mechanisms of
regulation and their conformational effects will be mentioned: activation loop con-
formation, glycine-rich loop conformation, C-helix position and lobe orientation.

2.2.3.1 Activation Loop Conformation
The original unliganded IRK structure [14] revealed a protein in which the ATP
binding site was occluded by residues from the so called “activation loop” or “I-
loop”. This C-terminal extended region is present in all protein kinase structures
to date and, as defined here, begins with a well conserved Asp-Phe-Gly sequence
motif (DFG starting with Asp-145 of CDK2 and Asp-1150 of IRK) and extends un-
til just upstream of a consensus Ala/Thr-Pro-Asp/Glu triplet. The loop contains
one or more phosphorylation sites, i.e., it is a substrate for another protein kinase
or autophosphorylation via protein dimerization. It is useful to consider the activa-
tion loop as having a range of conformations, in equilibrium, with two relative ex-
tremes. One end of the equilibrium is as seen in the IRK-AMPPNP structure [13]
and represents the catalytically active conformation. Specifically, the aspartic acid
of the DFG motif is strictly conserved and involved in catalysis (Section 2.2.2),
and so must be properly positioned to coordinate magnesium ions. The adjacent
phenylalanine occupies a position adjacent to the C-helix and packs against a se-
ries of hydrophobic residues from other regions of the protein. The ATP site is
unhindered by protein such that ATP can freely dock and form suitable hydrogen
bonds to the linker strand with the y phosphate fully accessible. By contrast, at
the other end of the equilibrium, a conformation is observed as represented by
the initial IRK structure. The phenylalanine of the DFG motif is translocated by
approximately 10 A to roughly a position where, in an ATP -iganded structure, the
ribose would reside. Additionally, the aspartic acid residue conformation is altered
via rotation of the peptide backbone { angle.

Phosphorylation of the activation loop appears to drive the equilibrium towards
a catalytically active conformation due to the ability of the phosphorylated residue
to form stabilizing salt bridges with a series of lysine or arginine residues. How-
ever, it should be noted that, based on the evidence to date, the activation loop
can occupy a range of conformations including one close to an active conforma-
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2.2 Structure and Function

tion in the absence of phosphorylation and an inactive one despite phosphoryla-
tion. In short, it is a true equilibrium with energetics and relative populations of
different forms varying from kinase to kinase depending on a range of factors in-
cluding phosphorylation, additional protein and substrate binding, and internal
energy of the conformation. The significance for ligand binding, particularly for
small molecule inhibitors, is that the nature of the ATP pocket and adjacent re-
gions is significantly altered. For example, STI-571 1 (Gleevec, Scheme 2.1), as
described in more detail later, binds solely to an inactive type conformation [26,
27] with a portion of the ligand residing where the phenylalanine of the Abl DFG
triad would reside in an active conformation. Inactive conformations have now
been observed for a range of both serine/threonine and tyrosine kinases including
Abl, IRK, p38, Tie2, and Twitchin kinase [14, 26-29] indicating that the phenom-
ena is likely widespread across kinases, and so again emphasizing the importance
to ligand design. One final point to note is that the region immediately upstream
of the DFG motif is relatively constant to date across X-ray structures. In particu-
lar, the carbonyl oxygen of the residue preceding the aspartic acid is typically in-
volved in a buried hydrogen bond to either a tyrosine phenol or histidine epsilon
nitrogen. This hydrogen bond holds the carbonyl group fixed, and consequently,
the backbone NH of the aspartic acid is also fixed via the rigid peptide bond. The
major movement of the loop is, as a result, initiated via rotation around the { tor-
sion of the aspartic acid.

2.2.3.2 Glycine Rich Loop

The glycine-rich loop (G-rich loop) is defined by the GxGxxG motif that is highly
prevalent in protein kinases and occurs in the first 10-20 residues of the kinase
domain. Other residues within this region, e.g., Thr-14 and Tyr-15 of CDK2, may
be targets for phosphorylation and consequential inhibition of kinase activity.
With respect to inhibitor ligand design, the important feature of this region is its
inherent flexibility. In particular, ligand structures such as FGFR-SU5402 2 [30]
and Abl-Gleevec 1 (Scheme 2.1) [26, 27] demonstrate the ability of the loop to
mold or collapse onto the ligand to form favorable contacts, particularly with the
aromatic residue that typically precedes the final glycine. It is difficult to deter-
mine based on structural evidence to date, but one can speculate that there is less
likelihood of seeing a recurrent pattern for how the loop adjusts in conformation,
as opposed to the activation loop conformational changes where patterns are
clearly present.

2.2.3.3 C-Helix Orientation

Recall that the C-helix contains a strictly conserved glutamic acid residue. It is ap-
parent from multiple structures of different protein kinases that modulation of
the conformation of this helix is a common regulatory theme. Additionally, there
are multiple ways of regulating C-helix conformation, and as with other modes of
regulation, ligand binding is affected. For CDK2 [10, 11], the C-helix is properly
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1 STK571 2  SUs402

Scheme 2.1  Arrows indicate the hydrogen bonding pattern of the inhibitor to the
kinase backbone determined by X-ray crystallography.

positioned by the binding of cyclin proteins to give a tertiary complex, upon ATP
binding, that is catalytically active. In the absence of these proteins, the C-helix ro-
tates on its axis, projecting the glutamic acid more towards the solvent, and trans-
lates away from the catalytic lysine. This conformational change creates additional
space in a region adjacent to the ATP binding site that a small molecule inhibitor
can occupy without steric interference. Similar patterns of C-helix displacement
are also observed in Hck and Src Kinase X-ray structures [6, 31-35], but the de-
gree of change is distinct. For Src and Hck, C-helix conformation is not modu-
lated via interactions with cyclins but instead through phosphorylation and/or in-
teraction with other protein domains.

Another mechanism of modulating the C-helix conformation is employed in
common for the so called AGC family of kinases: PKA, PKB, PRK, SGK1 and
MSK1 are among the members of this family. These kinases utilize a hydrophobic
motif (FxxF) beyond the kinase C-terminus to pack adjacent to the C-helix and
lock it into an active conformation [12, 36-40]. For proper packing to occur, the
evidence to date is that an acid functionality must be immediately adjacent and
downstream of the second phenylalanine of the hydrophobic motif. This acidic
group can be in the form of either a phosphorylated residue (e.g., PKB/SGK1), an
aspartic acid (PRK2), or a C-terminus-free carboxylate (PKA). Crystallographic
studies [38-40] for PKA and mutated PKB (S474D) show the acidic functionality
to form a salt bridge or hydrogen bonds with residues from the N-terminal lobe
[41]. This interaction stabilizes the C-helix location. There are two key features for
ligand design considerations. First, as with the other mechanisms described
above, the nature of the ligand binding site in the region of the C-helix is affected
by the regulatory state. However, there is also a second feature, unique to AGC
family members. In addition to the hydrophobic motif, they also have other con-
served sequence motifs, which based on PKA and recent PKB structures, impact
the shape of the front of the ATP binding site in the vicinity of C2 of ATP.
Namely, a phenylalanine (PKA 327, PKB 439), that is upstream of the hydropho-
bic motif, projects into the front of the ATP site, stacking over a glycine—glycine
step that is at the end of the hinge region, and forms an aromatic herringbone
type interaction with the C2/H2 of the adenine ring conformation [36, 38—41]. In
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2.2 Structure and Function

other kinases this region is fully accessible, and commonly occupied by inhibitors,
so a substantially different binding profile is thus possible for AGC family mem-
bers, relative to other protein kinases.

2.2.3.4 Lobe Orientation

An additional feature of protein kinase structure and function that impacts ligand
binding is the orientation of the N-terminal lobe relative to the C-terminal lobe.
Catalysis is, as noted, dependent on residues from both lobes, and as such, the
proper spatial orientation between the domains is required for effective catalysis.
In the absence of ATP, substrate, or other needed co-factors and adapter proteins,
the domains are observed to orient differently via conformational changes in the
hinge region as well as a few other confined sequence elements (e.g., an extended
region just downstream of the C-helix). The net effect is to alter the shape of the
ATP binding cleft and, consequently, the shape of the synthetic ligand needed for
inhibition. This effect is perhaps observed to be most pronounced to date for
ERK2 and p38 MAPK kinases [16-19, 42]. For p38, the binding site is substan-
tially more open, relative to, e.g., CDK2 or IRK, and this feature as a result alters
the profile for the type of ligand needed to inhibit p38 [43].

2.2.3.5 Solvent Channel

The lysine—glutamic acid salt bridge has been described above, but one aspect that
has not been emphasized is that this interaction occurs relatively deep in the
binding site, in the vicinity of the N7/C8 positions of ATP. Additionally, the back-
bone NH of the aspartic acid that is part of the DFG motif also projects into the
sterically accessible space adjacent to N7 of ATP. These two consistent features
across protein kinases (Lys—Glu salt bridge and Asp NH) create a polar region
buried within the ATP binding site. The hydrophilicity of this site can be further
enhanced by the presence of polar amino acids in this region, for example at the
gatekeeper residue or the residue immediately preceding the DFG motif. The net
result is to favor and stabilize the presence of a solvent channel of two to three
water molecules deep within the ATP binding site. The precise positioning of the
water molecules is modulated by the types of amino acids in this region, and the
number of water molecules can be expanded significantly for catalytically inactive
conformations. Additionally, sterically bulky residues such as Phe-80 of CDK2
may block the presence of some of the water molecules. Inhibitors may either in-
teract favorably with the solvent located in this region or displace it in part or in
whole. An increasingly common motif is to target the Asp NH as will be dis-
cussed. Regardless of whether the solvent is to be displaced or retained, it is a key
aspect of inhibitor design.
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23
Crystallization

231
Defining the Construct

One of the most challenging aspects of obtaining a kinase crystal structure is de-
signing the initial constructs. Recent advances in high-throughput cloning tech-
niques, affinity purification tags and crystallization robots have however allowed
for multiple constructs to be tested rapidly in parallel.

Initial constructs are often designed based on previously solved crystal struc-
tures and usually contain only the catalytic kinase core. However, many kinases
are multi-domain proteins and inclusion of additional domains can increase both
protein stability and solubility. The minimal kinase domain typically contains five
p-strands and one a-helix in the N-terminal lobe and 7-8 a-helices in the C-termi-
nal lobe. In tyrosine kinases, the N-terminal lobe usually starts near a highly con-
served tryptophan, 14 residues upstream of the GxGxxG motif. The start of the N-
terminus is less well conserved in serine/threonine kinases.

Limited proteolysis has proven useful for identifying the boundaries of the N-
and/or C-terminal lobes as well as identifying additional segments or domains
that may provide stability. Typically the full length protein is first expressed and
purified. The protein is then digested with a panel of proteases, both in the pres-
ence and absence of known ligands or inhibitors, and the digests are analyzed by
SDS-PAGE. The N- and C-terminus of the stable fragments are identified by N-
terminal sequencing and mass spectrometry. In the case of EphB2 and TSR-1, an
N-terminal juxtamembrane or regulatory domain was included in the crystallogra-
phy construct in order to obtain data quality crystals [44, 45]. Regions C-terminal
to the kinase domain were included in the CaM and Twitchin kinase constructs
and were found to be pseudosubstrates in the crystal structure [46, 47].

The majority of kinases solved to date have been expressed using a baculovirus
expression system in insect cells. Only a few kinases, including p38, ERK2, PAK
and EphB2, have been successfully expressed in E. coli [17, 19, 45, 48]. Constructs
typically contain an affinity tag to aid in the purification. Both Hiss and cleavable
GST tags [45, 48, 49] have been used successfully. Newer expression systems, in-
cluding the Invitrogen Echo® system, Gibco/Life Technologies Gateway® system
or the Novagen pTriEx—1 cloning system, allow one to test multiple affinity tags
in both E. coli rapidly and insect cells with minimal subcloning [50].

To improve the stability and/or solubility of the protein during expression and
purification, peptide substrates, binding partners and ligands have been added.
The structures of many cyclin-dependent kinases (CDKs) have been solved by co-
expression and purification with protein activators and inhibitors. The structure of
CDKS5 was solved by co-expression with the protein activator p25 [51]. The struc-
ture of CDKG6 was solved by reconstitution of a CDK6/cyclinD/p18™** complex
in vitro during the purification [52]. The solubility and stability of GSK3, during
purification and crystallization, was significantly improved by addition of a
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2.3 Crystallization

39 amino acid peptide derived from the C-terminus of its binding partner FRAT1
[53].

23.2
Mutagenesis

In some cases, mutation of surface or active site residues has been required to im-
prove stability and solubility. Mutation of surface cysteines prevented the forma-
tion of disulfide-linked aggregates in FGFR1 [54]. Mutation of highly conserved,
active site residues, to create a kinase-dead mutant, was required for a number of
kinases whose over-expression proved to be toxic to cells. The conserved aspartic
acid in the DFG motif was mutated to an asparagine in CDKS5 while the con-
served lysine in PAK was mutated to an arginine [48, 51].

Removal of flexible loops within the kinase domain has also been required for
some kinases. Many receptor tyrosine kinases contain an additional domain within
their C-terminal lobe, referred to as the kinase-insert domain. Removal of this highly
charged domain was required to obtain data quality crystals of VEGFR2 [15].

Some proteins have not crystallized despite considerable effort. In such cases,
mutation of a closely related kinase to resemble the kinase of interest has pro-
vided valuable structural information. Ikuta and co-workers mutated three resi-
dues within the ATP binding pocket of CDK2 to the corresponding residues in
CDK4. The resulting mutant protein was crystallized and used to design CDK4-se-
lective inhibitors [55].

233
Phosphorylation

Heterogeneous phosphorylation is often a problem when kinases are expressed in
insect cells. Multiple approaches have been used to solve this problem. Proteins
have been completely dephosphorylated by incubation with 4 protein phosphatase
or alkaline phosphatase [38, 39, 56]. Ion exchange and isoelectric focusing chroma-
tography have been used to separate proteins with multiple phosphorylation states.
An y-aminophenyl ATP-sepharose column was used to separate different phosphory-
lated states of human c-Src [34]. Alternatively, serine/threonine or tyrosine phos-
phorylation sites can be mutated to alanine or phenylalanine, respectively [42]. For
tyrosine kinases with multiple autophosphorylation sites, the active site aspartic
acid can be mutated to an asparagine, creating a kinase dead mutant [57].

In many cases the active, phosphorylated form of the protein is preferred for
structure-based drug design studies. Quantitative autophosphorylation has been
achieved for many kinases including IRK, IGF-1 and VEGFR2 [13, 15, 49]. Resi-
dual ATP and ADP must be removed following phosphorylation to ensure homo-
geneity.

Many serine/threonine kinases require phosphorylation by an upstream kinase
for activation. This requires cloning the upstream kinase as well as additional
purification steps after phosphorylation [38, 39, 58]. In some cases, the active
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56 | 2 Kinases

form of the protein can be mimicked by replacing phosphorylated serine or threo-
nine residues with aspartic or glutamic acid [38, 39].

2.4
Inhibitor Design

2.4.1
Binding in ATP Cleft

The region of the ATP binding site is the current focus of kinase inhibitor drug
discovery research. At first blush the pursuit of selective kinase inhibitors compet-
itive with a substrate common to all kinases, ATP, and which is present at intra-
cellular concentrations (2-5 mM) that are 10-1000-fold in excess of the K,,, would
appear to be a poor strategic approach. This belief was widely held into the mid-
1990s at which time several reports emerged of kinase-selective ATP-competitive
inhibitors. The structural basis for both binding in the ATP site and features gov-
erning kinase selectivity was rapidly developed in subsequent X-ray crystallo-
graphic studies and as discussed below provides a framework for current kinase
discovery efforts. While many alternative binding sites exist which could provide
the basis for non-ATP competitive approaches to kinase regulation, none are likely
to prove as universally applicable as the compounds that bind into the ATP site.
The primary attractiveness of the ATP site is that it affords a deep hydrophobic

HBA _E'Gatekaeper"';

‘;r‘ pocket |
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{ Lipophilic 3 Pocket i ™.
5...\. plug &%, .~ plug
+,....:f‘.tu-........::,+ '
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Fig. 22 (A) Traxler/Bower Kinase inhibitor the graphic corresponds to the back of the
pharmacophore. The perspective given is a pocket and the bottom of the figure to the
top down view from the N-terminal to C-ter- front or solvent. HBA and HBD denote hydro-
minal domain in which the plane of the ade- gen-bond facceptor and donor, V?SPeCt'Vel)‘
nine ring matches that of the page. A short The graphics were generated using WebLab
segment of the kinase linker region is shown ViewerLite from MSI and the |.nd|cated PDB
which includes the three hydrogen bonding files. (B) Complex of ATP, cyclin A and hu-
residues (minus side chains) plus the gate- man CDK2 (PDB.1FIN).

keeper residue. In this orientation the top of
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Scheme 2.2 Arrows indicate the hydrogen bonding pattern of the inhibitor to the kinase back-
bone determined by X-ray crystallography.

cleft for the adenine of ATP (or in some cases the guanine of GTP) that is com-
mon to all kinases and yet highly varied in shape. The commonality of binding
elements provides inhibitor design features that can be applied to all kinases,
whereas the exploitation of unique structural features provides the basis for
achieving selectivity.

At present there are >100 protein kinase-inhibitor structures in publicly avail-
able structural databases which span 28 kinases and a variety of inhibitor structur-
al classes. Based upon an analysis of these data a classification of ATP binding re-
gions has been proposed by Traxler and Furet [59] and Bower (personal communi-
cation from Michael J. Bower, December 1999). In the subsequent discussion a
slightly modified version of this classification will be used to organize the trends
seen across kinases and inhibitor classes (see Fig.2.2). In the Traxler model, five
sites were proposed of which three (adenine, sugar and phosphate-binding sites)
can be directly related to ATP and two additional lipophilic sites which lay outside
of the region occupied by ATP. In the Bower model, an additional polar site on
the surface of the protein was proposed.

2.4.1.1 ATP Binding Sites

As previously described, the purine binding site is well engineered to comple-
ment both the planar aromatic nature and hydrogen bonding pattern of adenine.
That the great majority of known inhibitors mimic these features highlights the
essential role the purine binding site plays in the binding of both ATP and inhibi-
tors. The key features of a purine mimetic are hydrogen bonding functionality,
which at a minimum mimics the hydrogen bond formed by N1 of adenine and a
planar aromatic or heteroaromatic ring system (Fig. 2.2B). Many inhibitors also
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58 | 2 Kinases

contain a group which occupies the ribose-binding site and engages residues in
the protein which either hydrogen bond to a ribose hydroxyl or to groups involved
in the ligation of Mg and the a-phosphate of ATP. The isoquinoline sulfonamide
3 (Fig. 2.3A) is good example of an inhibitor which incorporates these binding
elements [36]. While inhibitors must minimally contain a single hydrogen bond
acceptor, more commonly seen are inhibitors which mimic the dual hydrogen
bond donor-acceptor properties of adenine. Examples of donor—-acceptor inhibi-
tors (Scheme 2.2) are staurosporine 4 (NHCO of lactam) [60] and des-chloroflavo-
piridol 5 (carbonyl and phenolic hydroxyl) [61]. Also observed are alternate hydro-
gen bond donor—acceptor complexes in which the protein acceptor and donor
atoms are located on the same amino acid residue (N+3 from the gatekeeper).
Quercetin 6, whose phenolic oxygens bind to the kinase amide backbone, is an ex-
ample of this alternative pattern [62] (Fig. 2.3 B). Interestingly, in casein kinase 2
which utilizes GTP, as well as ATP, as the phosphate donor, this alternate hydro-
gen bond donor-acceptor pair has also been observed for the binding of GTP [63].
Finally, the structures of hymenialdisine 7 [64], indirbin-5-sulfonate 8 [65],
NUG6094 9 [66] and 10 (Fig.2.5B) [67] in CDK2 provide examples of inhibitors
that make all three possible hydrogen bonding contacts within the hinge region.
The triphosphate binding site of kinases presents a conserved set of polar side
chains to bind the phosphate portion of Mg—ATP and to position the y-phosphate
for transfer to the acceptor residue (Section 2.2.2). In general, the triphosphate
site is largely unoccupied in the kinase-inhibitor complexes thus far described. A
notable exception to this trend is balanol 11a, a potent polyphenolic natural prod-
uct inhibitor of PKA and PKC. In the PKA structure, balanol occupies the entire
ATP binding site, making extensive hydrogen bonding contacts to the glycine-rich
loop and other polar phosphate-binding residues (Fig. 2.4 A) [68]. A detailed inves-
tigation of synthetic balanol analogues revealed that the removal of polar groups
which bound in the triphosphate pocket (11b-d, OH and CO,H) had no effect on
PKA potency, although PKC inhibition was reduced by 10-1000-fold (Tab. 2.1)

E:.Gatekeeper L

{ upopniict QK ...
; plug -.Sugar pocket
Surface site Surface site .‘.
Fig. 23 (A) Complex of the catalytic subunit (B) Complex of quercetin, 6, with the Src fam-
of bovine PKA with 3, H-7, (PDB.TYRD). ily kinase, human HCK (PDB.2HCK).
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Fig. 2.4 (A) Complex of the catalytic subunit (PDB.1BX6). (B) Complex of SB 203580, 12,
of activated murine PKA with balanol, 11a, in human p38 (PDB.1AU9).

[69]. Also prepared was a 5'-deoxybalanol analogue, 11e, which lacks the phenolic
group that hydrogen bonds the amide backbone in the hinge region and again
this change had no effect on PKA inhibition. Using these balanol analogues and a
number of the isoquinoline sulfonamides, a theoretical model was developed to
calculate ligand-binding affinities to PKA [70]. These calculations, which were able
to reproduce most of the experimental data, found that the nonpolar binding in-
teractions made the primary contribution to high-affinity binding. Hydrogen
bonding interactions in general provided no net contribution to binding as the en-
ergetics of binding to the kinase were negated by the requirement to desolvate
these polar groups. However, for the poorly solvated isoquinoline inhibitors, the
single hydrogen bond made to the amide backbone in an otherwise lipophilic

Tab. 2.1 Potency of balanol analogues prepared by Koide et al. against PKA and PKC [69].

H
o]
Y-
& w
N
Y
z
0 w
Compound PKA K, (nM)  PKC K, (nM) X Y V4 w
11a 4.7 5.3 OH OH CO2H OH
11b 3.9 604 OH H CO2H OH
11c 11 5000 OH OH H OH
11d 3.4 80 OH OH CO2H H
11e 35 69 H OH CO2H OH
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2 Kinases

binding pocket does make a positive electrostatic contribution to binding. These
conclusions, which are consistent with binding studies in other protein-small mol-
ecule systems, may provide an explanation for the paucity of kinase inhibitors
which make extensive contact in the highly polar triphosphate-binding pocket.

2.41.2 Gatekeeper-Dependent Binding Pocket

The solution by Tong and co-workers of the co-crystal structure of SB 203580, 12,
(Scheme 2.3) in p38, a serine/threonine kinase, provided the first structural data
to explain how kinase selectivity could be achieved with an ATP-competitive inhib-
itor [71]. This structure revealed the binding of the fluorophenyl group into a
pocket behind and orthogonal to the adenine of ATP. Residues Thr-106 and Lys-
53 provide the most extensive contacts with the fluorophenyl group by forming
the walls of the pocket above and below the plane of the aromatic ring (Fig. 2.4 B).
Recognizing that a limited number of kinases have side chains at position 106 the
size of threonine or smaller, Tong proposed a potential role of Thr-106 in deter-
mining kinase selectivity. For example, the closely related ERK2, which has the
larger glutamine side chain at position 106, is 1000-fold less sensitive to SB
220025, 13 (IC5o=20 pM) relative to p38a [43].

The publication by Tong et al. was quickly followed by similar findings for sev-
eral tyrosine kinases. Specifically, the co-crystal structures of PD 173074, 14, in
FGFR1-14 (Fig. 2.5A) [72], PP1, 15, in Hck [32], PP2, 16, in Lck [73] and 15 in c-
Src [74] all highlighted the significance of this newly discovered binding pocket.
Further compelling evidence that a single amino acid residue, which is often
termed the gatekeeper, as it controls access to this binding pocket, was the pri-
mary factor governing access to this pocket was provided by mutagenesis studies
with p38y [75], p38a [76] and c-Src [74]. Two important conclusions from these
studies were: (1) that the introduction of a small gatekeeper residue into any pro-
tein kinase was sufficient to confer sensitivity to inhibitors that occupied the gate-
keeper pocket, and (2) that kinase sensitivity to these inhibitors was closely related
to the size of the gatekeeper residue, being greatest for glycine, followed by ala-
nine and then serine and valine (Tab. 2.2).

ol ., &w o

- H \/N\/
o 15 PP1,X=Me
12 SB 203580 13 SB 220025 14 PD-173074 16 PP2, X=Cl

Scheme 2.3
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Tab. 2.2 The effect of site-specific mutagenesis of gatekeeper residues Met-106 (p38y) and Thr-
338 (Src) on inhibitors which occupy the gatekeeper specificity pocket [74, 75].

p38y/SAPK3-12 Sre-15

Gatekeeper ICso (nM) Gatekeeper ICso (nM)
Gly 30 Gly 5

Ala 10 Ala 5

Ser 50 Ser (wildtype) 400

Thr 300 Thr 100

Leu 45000 Val 100

Gln 50000 Ile 5000

Met (wildtype) >100000 Met 8000

Phe >100000 Phe 8000

2.4.1.3 Lipophilic Plug

The lipophilic environment created by residues that form the adenine-binding
pocket extends sufficiently beyond the opening of the pocket to create an addi-
tional lipophilic binding area in front of the adenine. This pocket may not be ac-
cessible to inhibitors that bind into tightly closed adenine pockets. Inhibitor acces-
sibility to this pocket may also be restricted for some kinase families. For exam-
ple, the AGC family kinases (PKA, PKC, AKT) have a C-terminal tail that extends
back into N-terminal domain and caps the adenine site with a phenylalanine (see
Section 2.2.3.3). Inhibitor-kinase structures that bind an aryl ring in this site in-
clude 10 in CDK2 (Fig. 2.5B) [67], 9 in CDK2 [66], and 17 (Scheme 2.4) in p38
[77]. For these later two examples, the substitution of the inhibitor NH2 with
NHPh, which places the aryl group in this lipophilic pocket, affords a 10-fold in-
crease in potency.

2.41.4 Polar Surface Site

The extension of the inhibitor beyond the lipophilic site that caps the adenine
pocket has been successfully employed either to gain access to solvent (water) or
to sites on the surface of the kinase. In general the inhibitor scaffolds that have
been pursued as potential drug candidates are relatively flat lipophilic heteroaro-
matics, and the resulting compounds have very poor aqueous solubility. The at-
tachment of a polar water-solubilizing group, typically a tertiary amine, to take ad-
vantage of this access to the solvent has been a key strategy for many kinase drug
discovery efforts. Published examples for the anilinoquinazoline class of inhibitors
are ZD1839 18, an EGFR inhibitor [78] and ZD6474 19, a VEGFR2 inhibitor [79].
While no crystal structures of these examples have been published, the recent
publication of OSI-774, 20, in complex with EGFR confirms the anticipated bind-
ing mode of these compounds [80]. The crystal structures of 14 (Fig. 2.5A) [72]
and SU4984, 21, [30] in FGFR1 confirm that the water-solubilizing tertiary amines
introduced onto these scaffolds project into the aqueous environment.
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Fig. 2.5 (A) Structure of unphosphorylated (PDB.2FGl). (B) Structure of 10 in complex
FGFR1 soaked with a solution of 14 with inactive human CDK2 (PDBO.1 fvt).

As would be expected for functionality that remains water-solvated, the introduc-
tion of these amines often has little impact on inhibitor potency. Conversely, the
observation of a significant effect on potency for functionality which extends be-
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Fig. 2.6 Structure-based design guided by iterative crystallography using activated cyclin A-
bound Thr-160-phosphorylated CDK2.

yond the lipophilic plug raises the expectation of a specific binding site on the
protein surface. The hydrogen bonding interaction of an aryl sulfonamide with a
backbone amide NH of Asp-86 appears to be the main driver for the >100-fold en-
hancement in binding affinity seen for 10 (Fig. 2.5B) [67] and 24 (Fig. 2.6) [66].

2.4.2
Conformational Considerations

The conservation of kinase structure and mechanism across the entire protein
kinase family dictates a conservation of shape and electrostatics for the ATP bind-
ing site when ATP is bound to the catalytically active form of the kinase. How-
ever, no such commonality of features is required for the ATP binding site of ki-
nases in their inactive state. In the last few years protein crystallography has pro-
vided many insights into the structural biology of protein kinase regulation. The
picture that has emerged is complex. Multiple mechanisms have been described
for regulation of kinase activity and the catalytic state of the protein is often the
sum of competing mechanisms of activation and de-activation. The distortion of
the kinase away from its active conformation is the common theme for these reg-
ulatory mechanisms. In many cases the conformational change required for acti-
vation is the direct result of a phosphorylation in the activation loop [81]. For the
cyclin-dependent kinases an additional event, the binding of an accessory protein,
cyclins, is required to obtain an active conformation [82]. An in depth account of
these mechanisms can be found in recent reviews by Huse and Kuriyan [5], John-
son and Lewis [83] and Engh and Bossemeyer [2]. The following sections consider
the impact of conformational flexibility on inhibitor design.

2.4.2.1 Inhibitor-Induced Binding

The structures of two potent PKA inhibitors, staurosporine 4 [84] and balanol 11a
[68], reveal a protein binding surface complementary to that of the inhibitor. Noting
the large protein—inhibitor contact surfaces in these structures, Engh and Bosse-
meyer investigated the relationship of buried surface area to inhibitor potency.
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The intuitive notion, that inhibitor potency should be related to binding area, can be
theoretically derived as a logarithmic relationship between inhibitor potency and
buried surface area [85]. When the data were plotted for PKA (log IC50 versus con-
tact area), all of the compounds fell close to the theoretical line. One remarkable
finding is that this correlation held for compounds whose binding induced a signif-
icant conformational change in PKA, for example 4 and 11a. Staurosporine is a par-
ticularly instructive example as it is a potent inhibitor of many kinases and in all
cases induces a protein conformation complementary to itself. The most likely expla-
nation is that the induced conformations are energetically easily accessible, an as-
sumption well-supported by structural studies which have examined the activation
mechanisms of kinases. Several authors noting the tight fit of staurosporine have
made reference to the phenomena of hydrophobic collapse. This picture, that the
kinase envelopes and molds to the shape of inhibitor, fits well with the conclusions
of Hunenberger et al. in which they noted that hydrophobics and not hydrogen
bonding was the chief driver of inhibitor affinity [70].

When Engh expanded the analysis to include all the available kinase-inhibitor
structures, the fit was poorer. Outliers included STI-571 1, which has the greatest
buried surface area, but is only moderately potent and a number of compounds that
bound more potently than would be expected based upon their surface contacts. An
explanation for the relatively poor binding affinity of 1 is suggested from its struc-
ture as determined in the un-activated form of Abl [27]. This structure reveals that
binding of the inhibitor forces the activation loop into a catalytically inactive confor-
mation which appears to be energetically unfavorable relative to other active confor-
mations. This conclusion was supported by inhibition studies demonstrating 1 to be
a potent inhibitor of the un-activated kinase (K;=37 nM), but a weak inhibitor of the
fully activated Tyr-393 phosphorylated Abl (K;=7000 nM). Moreover, the insensitivity
of the fully activated kinase was predicted by modeling which suggested that Tyr-393
phosphorylation would favor the catalytically active conformation of the activation
loop. That inhibitor binding can force the kinase into higher energy conformations
is a further consequence of conformational plasticity that promises to play an impor-
tant role in the design of selective kinase inhibitors.

Finally, what about those inhibitors that bind better than predicted based upon an
analysis of buried surface area? Examples given by Engh and Bossemeyer include
CDK2-22, Hck-15, Lck-16 and p38-13 [2]. This tighter binding could reflect a higher
degree of inhibitor—enzyme complementation. The structures of 13 and related pyr-
idinylimidazoles in p38 offer support for this explanation. Unlike many of the struc-
tures discussed thus far, the binding of pyridinylimidazoles appears to induce very
little change in p38 over that of the catalytically inactive apo-structure [43].

2.4.2.2 What is the Most Appropriate Enzyme Form for Crystallography?

The most pervasive mechanism for the regulation of kinases is that effected by
other kinases and phosphatases that add and remove phosphate at multiple sites.
Another common mechanism by which kinase activity and substrate binding
(ATP and acceptor protein) are regulated is through the binding to proteins that
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lie both upstream and downstream to the kinase transmitting the signal. In most
of these examples, the regulation of kinase activity is probably effected by confor-
mational changes that either favor or disfavor the attainment of the catalytically
active ATP-bound conformation. In principle, consideration of these inactive con-
formations in designing an inhibitor is not required, if the sole mechanism of the
inhibitor is to compete with ATP for the binding to the catalytically active form of
the kinase. In practice, it is not that simple, as there are several examples known
in which the inhibitors bind equally well to both the un-activated and activated
kinase. Also, unfortunately in most cases it has proven much more difficult to
purify and crystallize the active protein. Hence, many of the inhibitor-kinase struc-
tures have been solved with an inactive form of the kinase.

Recently Davies and colleagues have reported their studies on the design of
CDK2 inhibitors. Whereas previous structure-based design efforts had used the
structure of inactive monomeric CDK2, prior to initiating their design efforts, the
Davies group undertook a comparative study of both the inactive and activated cy-
clin A-bound Thr-160-phosphorylated structures of CDK2 [86]. This comparison re-
vealed two major changes which might affect inhibitor binding. They also solved
the structures of an inhibitor, indirubin-5-sulfonate, bound to both kinase forms
and performed calculations to quantify the effect of structural differences between
these two forms on inhibitor binding. Having established an empirical basis for
using the activated kinase as a tool in structure-based design, in a subsequent
publication the authors presented a successful example of structure-based inhibi-
tor design based upon the activated CDK2 structure [66]. Starting with a 12 uM
inhibitor, NU2058 23, a>1000-fold improvement in potency was achieved for the
optimized compound, NU6102 24 (Fig. 2.6).

While the above example supports activated kinases as the most relevant form
for structure-based design, the behavior of STI-571 1, which binds some 200-fold
more potently to the un-activated form of Abl, suggests that inactive kinase struc-
tures may also have value [27]. The Abl-1 structure revealed that inhibitor binding
locks the activation loop in an unusual inactive conformation opening up a new
pocket deeper in the ATP site. Potential advantages of inhibitors that reform the
ATP binding site are enhanced selectivity and the ability to lock the kinase into a
non-activatable conformation. However, these advantages are not fully realized for
1, as it is not uniquely selective (Abl, c-Kit and PDGEFR are all equally inhibited)
[87] and there are no data demonstrating that 1 inhibits activation. Another poten-
tial advantage is that the inhibitor may not have to compete with ATP for binding
to the un-activated kinase. Given the high intracellular concentration of ATP, the
cellular potency of inhibitors that are strictly competitive with ATP should be
greatly attenuated, and as such binding of the inhibitor to an un-activated enzyme
form with low ATP affinity might circumvent the disadvantage inherent to ATP-
competitive inhibitors [88].

Recent ADI structural studies comparing the binding of 1 to PD 173955, 25,
suggest that for this example the unique binding conformation may come at a
high cost [26]. PD 173955, which has a reduced contact surface with the enzyme,
does not bind in the pocket formed by movement of the activation loop. However,
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inhibition studies demonstrate that 25 inhibits both the un-activated and activated
kinase equally well. The explanation proposed by the authors is that the larger
binding surface of 1 is required to pay the penalty for binding to the novel inac-
tive conformation. In contrast 25, which does not bind to this novel activation
loop conformer, is an equipotent inhibitor of both un-activated and activated AbL
The authors propose that the differences in cellular potency of these two inhibi-
tors (25 is some 10-fold more potent in a cellular assay) may be a reflection of
their differing binding modes and conclude an advantage for the inhibitor which
can bind to multiple enzyme forms (Scheme 2.5).

The rationale of using the activated CDK2 structure to design 24 are clear. How-
ever, these studies leave unanswered the question as to whether this structure pro-
vided a result superior to that based upon the inactive kinase. Indeed, many
groups have used the inactive form of CDK2 to successfully aid their lead optimi-
zation efforts. The Abl example illustrates how inactive kinase structures can lead
to unique design possibilities. To re-iterate, there are several mitigating factors
that make any blanket statement on choice of enzyme form unwise. As will be
outlined in the subsequent section, much progress has been made in kinase de-
sign irrespective of the activation state, a result which suggests that any structure
is better than none.

2.4.2.3 Homology Models and Surrogate Kinases

The conservation of tertiary structure and mechanism, which complicates the dis-
covery of highly selective kinase inhibitors, provides for a portability of learning
from one kinase to the next. Furthermore, the more closely two kinases are re-
lated, the more likely the information can be applied to the second kinase. One
way in which structural knowledge is extrapolated from one kinase to the next is
the process of homology modeling [89]. To construct a homology model the back-
bone tertiary structure of a known kinase is used as the template upon which the
side chain residues of the target kinase are attached. Using various minimization
algorithms, the homology model is refined and thereby provides a starting point
for inhibitor docking or design. As discussed elsewhere in this chapter, homology
modeling is a routinely used tool that can provide valuable insights.

The application of inhibitor-binding modes from one kinase to the next is an-
other example of the portability of structural information. The universal common-
ality of an adenine mimetic in inhibitor templates, and the corresponding engage-
ment of common backbone-binding elements in the kinase provides a powerful
rationale for this process. Structural proof of a common binding mode in PKA, c-
Src, Lck, CDK2 and Chkl has been demonstrated for staurosporine, which po-
tently inhibits all of these kinases [31, 73, 84, 90, 91]. Structural confirmation of a
common binding mode for 15 and 16 to several members of the Src family of cy-
tosolic tyrosine kinases has also been obtained [32, 73, 74]. In the above examples
it can be argued that the unique structure of staurosporine or the close similarity
of Src family members predisposes these systems to exhibit a common binding
mode. However, even in highly unfavorable cases a “conservation” of binding

RIGHTS LI M Hiy
EX2121.0035

8sUBD |7 SUOWIWOD BAERID 8|ged||dde auy Ag pausenob afe s iie YO ‘asn Jo sajnJ 1oy Akeiqi]auluO A8]1M UO (SUO [ IPUOD-puUe-SwLB)/W0 A3 | IM Afeiq | BUl|uo//:Sdny) SUORIPUOD pue swd | 8y} 88s *[720z/0T/TE] uo AreiqiTauluo 8| ‘Ou| ¥saq siutidey Ag /10p/wod A8 |Im Akeiqul|uo//sdny woly papeojumoq



2.4 Inhibitor Design

X c ”&P_ Q:/f;

- HN
H
s~
25 PD-173955 26 X = Br PD0153035 20 NH
27 X=OH
28 X =SMe
OH o)
H H
(o) -
c “
0
30 Flavopiridol 31 LY 333531 32 PTK787
Scheme 2.5

modes has been observed. The anilinoquinazoline 26, which has a sub-nanomolar
ICso against EGFR, weakly inhibits p38 (ICso=6.3 uM) and is all but inactive
against CDK2 (ICso=250 uM). Nonetheless, the binding mode observed for 27 in
CDK2 (ICso=1uM) and 28 in p38 (IC50=5 uM) [42], is the same as that recently
observed for the related anilinoquinazoline, 20, in EGFR [80].

There are several ways in which one may want to exploit the conservation of
binding mode to advance inhibitor design. Two very common situations are the
lack of protein crystallography for the target kinase at the initial stages of a new
effort and the failure to obtain protein suitable for crystallography. To illustrate
the later problem, despite the continued efforts of several groups to purify and
crystallize Raf and MEK, the kinases upstream of ERK, no structures have been
forthcoming. On the other hand, multiple groups have succeeded in crystallizing
CDK2, p38 and members of the Src family. In our own labs when the above situa-
tions arise we routinely use the binding mode obtained from the more structu-
rally tractable kinase as a “surrogate” for the target kinase. Ikuta et al. have pub-
lished a clever application of the surrogate kinase concept to assist in the design
of CDK4-selective inhibitors. Their approach was to design and crystallize a CDK2
mutant containing a region of the CDK4 ATP binding site in place of that of
CDK2. This CDK4 mimic, which retained activity and demonstrated CDK4-like in-
hibitor selectivity, was used to design an inhibitor 29 that demonstrated high se-
lectivity for CDK4 versus CDK2. The crystal structure of the CDK4 mimic-29 com-
plex was consistent with their design which identified a single amino acid as the
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68 | 2 Kinases

primary determinate for inhibitor selectivity [55]. Ideally, as in the case above, one
would like to have available a surrogate kinase closely related to the target of inter-
est, as this will make it more likely that the inhibitor will bind to the chosen sur-
rogate and that information obtained will be more readily applied to the target.
However, this is not a requirement. When faced with a new structural class of un-
known binding mode, the solution of the first structure in any kinase is of great
value. The process is not foolproof and as with any other co-crystal structure the
utility of the information is dependent upon its predictive value.

243
Paradigms for Kinase Drug Discovery

One gauge of the impact of protein crystallography on kinase inhibitor design is
the increasing frequency of its use. The majority of recent publications employ
molecular modeling and report the use of protein kinase-inhibitor structures in
the design process. Further evidence of the growing importance of crystallography
is the increasing frequency of new kinase structures. In 2002 the list of newly
solved structures included EFGR [80], AKT2 [38, 39], MAPKAPK2 [92], Aurora A
[93], EphA2, and FAK [94]. The following discussion illustrates how this informa-
tion is being applied to inhibitor design.

2.43.1 High Throughput Screening

Where to start for the design of a kinase inhibitor? Does one follow the example
set for proteases using a knowledge of mechanism and substrate to design inhibi-
tors and then use iterative cycles of crystallography and design? For now and into
the foreseeable future the answer is no. Instead, with rare exception, the starting
point for kinase design has been a high throughput screening (HTS) lead. As has
been true for other drug targets, natural products have proven to be a rich source
of kinase inhibitor scaffolds. The solution of kinase crystal structures with natural
products, such as staurosporine 4, L868276 5, quercetin 6, hymenaldisene 7, and
balanol 11a (Scheme 2.2 and Tab. 2.1) have provided an understanding of binding
in the ATP site which under-pins much of the current design efforts. Further-
more, modifications of these natural products has led to the discovery of com-
pounds which are being studied in clinical trials for the treatment of cancer (fla-
vopyridol, 30) [95] and diabetic retenopathy (LY33351, 31) [96]. The screening of
large compound libraries has also provided a rich source of new inhibitor scaf-
folds. An unusually successfully example is PTK 787 32, a KDR inhibitor screen-
ing lead which has advanced into clinical trials [97]. Major inhibitor classes found
as kinase leads using HTS that have led to clinical candidates are the quinazo-
lines [98], oxindoles [99], anilinopyrimidines [100] and the recently discovered dia-
ryl ureas [29].
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2.43.2 Structure-Based Design

In a 1995 publication Furet et al. at Ciba Geigy used the available PKA structures
to predict the binding interactions of PKA with staurosporine [101]. This predic-
tion, which was subsequently confirmed with a co-crystal structure, stands as an
early illustration of how crystallography would guide the discovery of kinase inhib-
itors. With the increasing success of crystallographers, many inhibitor design ef-
forts for a novel kinase can now begin with a similar level of knowledge. In the
absence of such information, inhibitor-docking experiments using a homology
model or alternatively, crystallography data from a surrogate kinase can be used to
guide inhibitor design efforts. The following section details several examples illus-
trating the current status of structure-based design. For more comprehensive re-
views on inhibitor design see Traxler and Furet [59], Toledo and Lydon [60], Sca-
pin [102], and Garcia-Echeverria et al. [103].

The staurosporine 4 binding model developed by Furet et al. correctly identified
the lactam amide as the donor—acceptor that bound to the linker backbone [101].
Furthermore, the authors hypothesized the indole rings to occupy the sugar and
back hydrophobic pocket (referred to as the sugar and gatekeeper pockets in
Fig. 2.2A). This model led the group to design less rigid analogues which re-
tained a cyclic imide to maintain the essential backbone-binding element identi-
fied in staurosporine (Fig.2.7). While the bisindolyl maleimides, 33, maintained
the potent PKC inhibition seen with 4 [104], the dianilinophthalimides, 34, proved
to favor inhibition of EGFR kinase [105]. The success of these new templates pro-
vided support for the original modeling and design hypothesis, which at this time
had yet to be structurally verified, and furthermore demonstrated the possibility of
achieving more selective kinase inhibition with an ATP-competitive inhibitor.
Docking studies using the dianilinophthalimides in a homology model of the
EGFR kinase led to the development of a model similar to that previously pro-
posed for 4. Based upon this model, a sulfur-aromatic interaction of a meta-halo
aryl group of the inhibitor with Cys-773 present in the ribose-binding pocket was
proposed as a key-binding element [106]. Furthermore, since Cys-733 is uniquely
present at this position in the EGFR family, this interaction could explain the en-
hanced selectivity of these compounds for EGFR kinase. Continuing their focus
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Fig. 2.7 The structure-based design of new inhibitor templates based upon a model of stauros-
porine bound to PKA.
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2 Kinases

on EGFR, which had been identified as a therapeutically attractive target, the No-
vartis (Ciba-Geigy) group pursued two more related series, the pyrazolopyrimi-
dines, 35 [106] and the pyrrolopyrimidines, 36 [107]. In both series a preference
for a meta-halo aryl group was demonstrated for the ring which was presumed by
modeling to fit in the lipophilic pocket adjacent to Cys-773 (Fig. 2.8).

Independently, 4-anilinoquinazolines were being pursued as EGFR inhibitors at
Parke-Davis [108] and Zeneca [109]. The obvious structural similarities between
the Novartis series and the quinazolines extended to the SAR, which indicated in
both series a preference for a meta-halo group on one of the aryls. These similari-
ties led the Parke-Davis group to propose that a common binding mode for 26
and 36 would be expected (Fig.2.8). However, docking studies on the EGFR
homology model developed at Parke-Davis led this group to propose an alternative
to the Novartis model, in which the meta-halo aryl group was positioned in an in-
ner lipophilic pocket next to the gatekeeper. In a comparison of both docking
models against all the Novartis data, the Parke-Davis model was better able to fit
all the data [110]. A recent X-ray crystal structure of EGFR with anilinoquinazo-
line 20 matched the Parke-Davis model [80]. The successful design of CI-1033, 37,
a selective inhibitor which binds irreversibly to EGFR through reaction of the ary-
lamide with Cys-773, provides additional evidence to indicate that the Parke-Davis
model will hold for other anilinoquinazolines and closely related scaffolds [98,
111]. However, further extrapolation of this result is premature. Changes in tem-
plate substitution and differing interactions between kinases have been shown to
affect the binding orientation of kinase inhibitor templates [43, 112].

It is important to note that in the 3-5 year period prior to crystallographic con-
firmation of these models, they were used successfully by several research groups
to design new templates and to advance lead optimization programs. The model-
ing predictions of Trumpp-Kallmeyer at Parke-Davis stand out in this regard [113].
In a publication outlining the development of a binding model for two series of 6-
aryl pyridopyrimidines 38 (Fig. 2.9), the authors present in detail the methodology

pyrrolopyrimidine anilinoquinazoline
Novartis model Parke-Davis model Gatekeeper
Pocket
R A — /\N ~a i\r\q
~a N7 { ~
e
36 ©\B 37 CI-1033
r
SH SH SH /
/ Sugar Pocket / / 0\) / Sugar Pocket
Cys733 Cys733 Cys733 Cys733

Fig. 28 The pyrrolopyrimidine- and anilinoquinazoline-EGFR binding models proposed by re-
searchers at Novartis and Parke-Davis.

RIGHTS LI M Hiy
EX2121.0039

8sUBD |7 SUOWIWOD BAERID 8|ged||dde auy Ag pausenob afe s iie YO ‘asn Jo sajnJ 1oy Akeiqi]auluO A8]1M UO (SUO [ IPUOD-puUe-SwLB)/W0 A3 | IM Afeiq | BUl|uo//:Sdny) SUORIPUOD pue swd | 8y} 88s *[720z/0T/TE] uo AreiqiTauluo 8| ‘Ou| ¥saq siutidey Ag /10p/wod A8 |Im Akeiqul|uo//sdny woly papeojumoq



2.4 Inhibitor Design

Gatekeeper Pocket

Cl
\\N/l SN \:\)N\/l A \N/l B
Q. \ ~
S IS K A
| @ ! N
Lipophilic plug
) N
Polar surface site E j
N
|
38 Tyrosine Kinase Selective 39 CDK4 IC50=5.5uM 40 CDK4 1C57,=0.032 uM

Fig. 2.9 The transformation of a tyrosine kinase-selective inhibitor 38 into a CDK-selective
template (39 and 40) was achieved by adjusting the template substitution pattern.

and rationale used to develop the model. Because these new series potently inhib-
ited FGFR and c-Src but also displayed significant activity against PDGFR and
EGFR, homology models were built and docking studies performed for all four ki-
nases. The analysis of docking studies were guided by the SAR and rationalize
the selectivity for inhibition of the these four tyrosine kinases. Their conclusion of
a 4-anilinoquinazoline-like binding mode for 38 (and related series) was verified
in a crystal structure of 14 in FGFR1 [72]. Furthermore, the more general conclu-
sion on the importance of the gatekeeper (Val-561 of FGFR1) as a key specificity
residue for all kinase classes is now widely recognized.

An excellent example illustrating how structural knowledge guides design is the
transformation of the 6-aryl-pyridopyrimidones 38 from a tyrosine kinase inhibi-
tor-specific template to favor inhibition of the cyclin-dependent kinases (Fig. 2.9)
[114]. Docking of the 38 into CDK2, using the same binding mode developed for
the tyrosine kinases, was not possible as access to the gatekeeper-dependent bind-
ing pocket was blocked by the large phenylalanine residue which is present in all
the cyclin kinases. The authors concluded this to be the primary reason these
compounds were not cyclin-dependent kinase inhibitors, and if true, then pyrido-
pyrimidones lacking this 6-aryl group should gain affinity for the cyclin kinases
while losing affinity for tyrosine kinases. Pyridopyrimidines, 39 and 40, having hy-
drogen in place of aryl at the 6-position were synthesized and proved to be potent
cyclin kinase inhibitors.

Concurrent with these modeling efforts, several X-ray crystallographic studies
were published for inhibitor-kinase complexes containing selective inhibitors.
These included p38 [18, 43, 71], CDK2 [61, 82, 90, 115], several of the Src kinases
[31, 32, 73, 74] and FGFR [30, 72]. The consistent theme of inhibitor-protein inter-
actions (outlined in Sections 2.4.1/2.4.2) elucidated by these studies have provided
the foundation for subsequent inhibitor design. Much of this design has been the
reworking and optimization of templates discovered in screening, such as quina-
zolines, purines, diaryl imidazoles. Exemplary of this work are a structure-guided
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72| 2 Kinases

iterative design cycle described by Davies et al. for the optimization of 24, a puri-
nyl inhibitor of CDK2 [116], and the design of CI-1033 37, an anilinoquinazoline
containing a warhead acrylamide, which confers irreversible inhibition to the
EGFR family of kinases [98].

2.43.3 Mechanism-Based and Ligand Mimetic Design

The skeptics that predicted the impossibility of a highly kinase-selective ATP-com-
petitive inhibitor have now been silenced. However, the reasoning from which
this skepticism arose remains to frustrate attempts to employ the rationale sub-
strate-based design algorithms that have proven fruitful for other protein classes.
Structure-based design efforts which rely on close analogues of either ATP or a
peptide or a combination of both in a multi-substrate analogue have met with lim-
ited success, and there pursuit till now has been largely as an academic exercise
to probe mechanistic details of the kinase reaction. Exemplary of this work is an
ATP-peptide bi-substrate analogue inhibitor for which the kinetics and structure
have been determined with the insulin receptor kinase [117]. For further informa-
tion on the status of these approaches see the reviews by Lawrence and Niu [88]
and Parang and Cole [118].

2.43.4 Computational Chemistry and Virtual Screening

Honma et al. from Banyu Pharmaceuticals have published one of the few exam-
ples of kinase inhibitor design which begins with a de novo ligand-building pro-
gram to generate novel ligands [119]. Realizing the limitations of the de novo lead
generation program (LEGEND), Honma chose to filter the structures generated by
the de novo software by developing a program (SEEDS) to extract the essential in-
formation from the de novo structures and search it against a database of com-
mercially available and/or synthetically accessible ligands. The protein residues
chosen as starting points for design of a CDK4-specific inhibitor were those that
make the backbone donor—acceptor hydrogen bonds to adenine and the conversed
lysine (Lys-33) and glutamic acid (Glu-51) which were known to be involved in
the binding of several CDK2 inhibitors. The coordinates used were from a CDK4
homology model based upon CDK2. Following further visual filtering to eliminate
undesired skeletons and functional groups, a set of 350 compounds were pur-
chased and screened. Hits were ranked based upon their structural tractability as
leads. Optimization of this lead was performed in an iterative manner, making
small arrays followed by evaluation of SAR using docking back into the homology
model to guide the selection of reagents for subsequent arrays. The end result
was 41, a 42 nM inhibitor of CDK4, which was shown in an X-ray with CDK2 to
mimic the main features of the proposed binding mode [119].

With the exception of the de novo ligand building, the design process used by
Banyu to discover the CDK4 inhibitor provides a good introduction to the types of
computational approaches that are routinely being employed with increasing suc-
cess. Given the success of the de novo ligand design, it is worth considering why
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this has not been more widely used. Based upon our own experience, the most
likely answer is that it has been tried but has yet to offer any advantage over the
other available methods. In the Banyu implementation of de novo design, no
“wet” chemistry was performed prior to screening of commercially available li-
gands. Given this restriction, one could have directly employed an alternate strat-
egy of 3D pharmacophore searching of commercial databases. Such a process of
pharmacophore generation and virtual screening has been described by Kinetix
Pharmaceuticals [60]. Also Furet et al. from Novartis have reported on two exam-
ples where structure-based design was combined with database searching to dis-
cover leads for CDK1 and CDK2 [120, 121]. The development of kinase inhibitor
libraries and the assembly of kinase screening sets is an another way the generic
pharmacophore elements described above and in the Traxler/Bower model have
been applied to advance lead discovery. To run a complete HTS screen of one mil-
lion compounds is time consuming and expensive. As such there is considerable
value in developing strategies to assemble smaller kinase inhibitor-enriched
screening sets. For example, purvalanol B 22, a potent CDK2 inhibitor, was discov-
ered in a purine-based combinatorial library [122]. Finally, it should be noted that
the chances of getting a lead from HTS are increasing as the screening collec-
tions are populated with compounds prepared for other kinase inhibitor efforts.
For example, compounds from the pyridinylimidazole class of p38 inhibitors have
served as leads for c-Raf [123] and AlkS5 [124]. For further details on the role of
computational chemistry in kinase inhibitor structure-based design strategies and
the range of computational tools being applied in this area see a recent overview
by Woolfrey and Weston [89].

244
Selectivity

A realistic goal for inhibitors binding in the ATP site would be to realize that in
most cases very high selectivity is not obtainable, is unnecessary and undetermin-
able. That absolute selectivity is not required is demonstrated by 1, the first kinase
inhibitor approved for use in humans, which in addition to inhibiting the Bcr-Abl
target, also blocks c-Kit and PDGFR [87]. Such selectivity being undeterminable
relates to the technical challenge of developing the methodology to assay all 518
putative human kinases. Setting aside further discussion of what level of selectiv-
ity is required for a specific target, the fact remains that if inhibitor selectivity is
insufficient the undesired side-effects are expected to be intolerable. Hence, devel-
oping strategies to achieve the required level of selectivity for the given target will
be a top priority for a kinase drug discovery effort.

As noted earlier, unlike the phosphate-binding region, where the majority of
residues are identical across all kinases, the adenine and ribose-binding pockets
are lined by a less rigidly conserved set of residues. We have already covered ex-
amples illustrating the effect the gatekeeper has on the selectivity of inhibitors
that access the gatekeeper-dependent binding pocket. The exploitation of Cys-773
in the EGFR receptor to develop irreversible inhibitors (37) is another example
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where a specific residue has been exploited to enhance potency and selectivity.
The interpretation of X-ray structural data in light of inhibitor SAR led to the
identification of these examples and promises to identify more differences that
can be exploited to enhance selectivity (for additional examples see [30, 91]). How-
ever, in other cases where selective inhibition has been observed, elucidating the
features responsible for selectivity has proven more difficult [64]. Looking further
beyond the ATP binding site, several groups have discovered inhibitor binding
sites at the solvent interface that impart selectivity. Two examples are the interac-
tion of the sulfonamide of inhibitors 10 [67] and 24 [116] with D86 of CDK2 and
the exploitation of the change from lysine (CDK2) to threonine (CDK4) at position
of 89 to prepare a CDK4-selective inhibitor, 29 [55].

The conformational mobility of kinases, which is key for controlling the catalyt-
ic activity and substrate selectivity of kinases, may also prove to be key for obtain-
ing inhibitor selectivity. Gleevec 1 [27], which inhibits Abl, and BIRB-796 42 [29],
which inhibits p38a, both bind to catalytically inactive kinase conformations in
which the phenylalanine of the conserved DFG motif in the activation loop is dis-
placed by the binding of the inhibitor to the aspartate NH (Scheme 2.6). As noted
in Section 2.2.3.1, this behavior has been observed for additional kinases and is
likely to have applicability for the design of selective inhibitors of many kinases.
Structural studies on the p38-VX-745, 43, complex have revealed an inhibitor-in-
duced flip of the Gly-110 peptide geometry which allows the inhibitor carbonyl
oxygen to form two hydrogen bonds to amide NH groups in the linker region
[125]. Researchers at Merck, who first reported this observation, speculate that the
Gly-110 of p38 is uniquely suited for this conformational flip relative to kinases
which do not have a glycine at this position and that this could explain the en-
hanced selectivity of 43 for p38. Several new classes of p38 inhibitors have been
designed to take advantage of this feature and demonstrate improved kinase selec-
tivity [125, 126].
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2.5 Conclusion

2.5
Conclusion

Structural insights gained from crystallographic studies with individual members
of the kinase family have resulted in the elucidation of a single, universally appli-
cable kinase motif. Similarly, crystallographic studies of kinase-inhibitor com-
plexes are providing an understanding of inhibitor affinity and selectivity that can
be broadly applied. As reviewed in this chapter, when coupled with computational
techniques, researchers have been able to design new inhibitor scaffolds and im-
prove inhibitor selectivity. Recognition of the high strategic value of having crystal-
lographic information at the beginning of a lead optimization effort is a driving
force for improving the techniques to obtain crystalline kinases and the rapid so-
lution of their structure, and if this fails, for the use of a surrogate kinase. This
recognition and the elucidation of the general principles of kinase inhibitor bind-
ing is also driving the synthesis of kinase inhibitor libraries and the assembly of
focus screening sets comprised of compounds which fit these kinase inhibitor de-
scriptors.

It is important to note that current methodologies for the generation of homol-
ogy models are inadequate for the task of generating the novel conformations that
have been revealed by protein crystallography. Consequently, the best starting
point for a kinase structure-based lead optimization effort based upon a novel in-
hibitor scaffold is to solve the structure of the ligand-kinase complex. NMR offers
an alternative experimental technique for studying the solution dynamics of pro-
tein-ligand interaction and this technique has been successfully used in the de-
sign of novel inhibitors of several protein classes [127]. At present, the utility of
NMR for the study of kinases is limited by the low resolution of structural infor-
mation which may be gained and the general difficulty of the experiments. An-
other promising approach is the application of novel computational techniques to
predict kinase-inhibitor structures. However, for this to be realized new
approaches must be devised to account for the surprising conformational flexibil-
ity of kinases. Perhaps, by supplying a learning set of allowed motions, crystallo-
graphy can provide the information required for the implementation of new con-
formational searching and inhibitor-docking algorithms.

Protein crystallography is anticipated to continue its dominant role as a spectro-
scopic technique to drive the optimization of ATP-competitive kinase inhibitors.
Moreover, structural insights revealed by crystallography are likely to be essential
for maximizing the potential of alternative non-ATP-competitive inhibitors. Exam-
ples of non-ATP-competitive inhibitors that have been explored are antagonists of
SH2-binding domains [128] and the MEK inhibitors first discovered by scientists
at Parke-Davis [129]. In the case the SH2-binding domain, protein crystallography
has provided a detailed understanding of the structural features required for high
affinity binding. However, the identified binding motif presented significant chal-
lenges for the development of small molecular weight cell-permeable inhibitors,
and thus far chemists have been unable to develop drug-like inhibitors of these
protein—protein interaction domains. In contrast, while the binding site of the
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MEK inhibitors remains unknown, these compounds have been developed into a
compound appropriate for clinical development [130]. In their role as proteins
that integrate and transduce cell-signalling stimuli, kinases often have multiple ac-
tivators and multiple substrates plus additional interactions which modulate their
activity. Thus there exist many potential sites for intervention beyond the sub-
strates involved in catalysis (ATP and phosphoacceptor). Finding leads which bind
at these sites will require new, non-ATP-centric screening methodologies. Once
identified, protein crystallography will again be expected to lead the way towards

fully exploiting these new opportunities.
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