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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
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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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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 meodified 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

1 Basing, R.E. and S.L. BENDER, Molecu- ferent docking/scoring combinations. J.
lar Recognition of Protein-Ligand Com- Med. Chem. 2000, 43(25), 4759-4767.
plexes: Applications to Drug Design. 3  MOouUNTAIN, V., Innovation — Astex, Struc-
Chem. Rev. 1997, 97(5), 1359-1472. tural Genomix, and Syrrx. Chem. Biol.

2 Bissantz, C., G. Forkers, and D. Rog- 2003, 10, 95-98.

NAN, Protein-based virtual screening of 4 BERTINT, L, Structural genomics. Acc.

chemical databases. 1. Evaluation of dif- Chem. Res. 2003, 36(3), 155.
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Molecular Recognition of Nuclear Hormone Receptor-Ligand

Complexes
RoBERT E. BABINE

1.1
Introduction

113
Nuclear Hormone Receptors: Ligand Binding Domains

Nuclear hormone receptors (NHR) are multidomain proteins that function as
transcription factors. They contain a central DNA binding domain (DBD) respon-
sible for targeting the receptor to highly specific DNA sequences comprising a re-
sponse element. The DBD is surrounded by two activation domains: the activation
function 1 (AF-1) domain that resides at the N-terminus and the activation func-
tion 2 (AF-2) domain that resides at the C-terminal ligand-binding domain (LBD)
[1, 2]. NHRs for which no natural ligand is known are referred to as orphan nu-
clear hormone receptors. Regulation of gene transcription by nuclear receptors re-
quires the recruitment of proteins characterized as co-regulators, with ligand-de-
pendent exchange of co-repressors for co-activators serving as the basic mecha-
nism for switching gene repression to activation [2]. Upon activation by a small
molecule ligand, or hormone, NHRs dimerize with another ligated NHR and re-
cruit co-activators to turn on target genes. The binding of a ligand thus can act as
a switch between gene activation and gene repression. This biological property
has made the ligand binding domains of nuclear hormone receptors important
drug targets.

Our understanding at the molecular level of how nuclear receptor ligands exert
their effects has been dramatically enhanced by the elucidation of the crystal
structures of the apo- and/or ligand-bound LBDs of several nuclear receptors
(Tab. 1.1). These structures have revealed a common fold among LBDs, consisting
of an antiparallel a-helical sandwich of 11-13 helices. Conventional nomenclature
refers to these helices as helix-1, and helices-3 through 12. The region between
helices 1 and 3 is variable and may contain zetro, one or two helices. The helices
fold to form a hydrophobic cavity into which the ligand can bind. The position of
helix-12 relative to the other helices is dependent upon the presence or absence of
a ligand and the nature of that ligand. The binding site that comprises the AF-2
domain is determined by the position of the C-terminal a-helix (helix-12).
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1 Molecular Recognition of Nuclear Hormone Receptor-Ligand Complexes

Tab. 1.1 PDB codes of all nuclear hormone receptor-ligand-binding domains in the protein data
bank as of December 2002.

Protein Apo structure  Ligated structures Complex dimer
structure
ER-a 1A52, 1ERE, 1ERR, 1QKT, 1QKU, 3ERD,
3ERT, 1121, 1IGWQ, 1IGWR
ER-f 1QKM, 1QKN, 1H]J1, 112]
AR 1137, 1138, 1E3G
GR 1M2Z, INHZ
TR-f 1BSX
RAR-a 1DKF
RAR-y 1EXA, 1EXX, 1FCX, 1FCY, 1FCZ, 2LBD,
3LBD, 4LBD, 1FDO
RXR-a 1G1U, 1LBD 1FBY, 1G5Y, 1IMV9, IMVC, IMZN 1DKF, 1FM6, 1FM9,
1K74
RXR-8 1H9U
PR 1A28, 1E3K
VDR 1DB1, 11E8, 11E9
PPAR-a 117G, 1K7L, 1KKQ
PPAR-y 1PRG, 3PRG 1171, 2PRG, 4PRG, 1KNU 1FM6, 1FM9, 1K74
PPAR9 2GWX 1GWX, 3GWX
PXR 1ILG 1ILH
ROR-$ 1K4W
ROR-a 1N83
HNF4-y 1Iv2
ERR3 1KV6

ER Estrogen Receptor, AR Androgen Receptor, GR Glucocorticoid Receptor, TR Thyroid Receptor,
RAR Retinoic Acid Receptor, RXR Retinoie X Receptor, PR Progesterone Receptor, VDR Vitamin
D Receptor, PPAR Peroxisome Proliferator-Activated Receptor, PXR Pregnane X Receptor, ROR Re-
tinoic Acid-Related Orphan Receptor, NHF-4 Hepatocyte Nuclear Factor 4, ERR Estrogen-Related
Receptor

1.1.2
Dimerization and Interactions with Co-activators and Co-repressors

The Glaxo group was the first to report the structure of a heterodimeric complex
between two activated NHRs (peroxisome proliferator-activated receptor-y) PPAR-y
and (retinoid X receptor-a) RXR-a. The structure (PDB entry: 1FM6) of this hetero-
dimer complex contains six components: the two receptor LBDs, their two respec-
tive ligands, and two peptides derived from the steroid receptor co-activator-1
(SRC-1). These peptides contain a conserved LxxLL motif that is present in this
class of co-activators. The complex is butterfly shaped, with both LBDs adopting
the conserved “helical sandwich” fold previously reported for other ligand-bound
nuclear receptors. PPAR-y contains 13 a-helices and four short f-strands, while
RXR-u is composed of 11 a-helices and two short f-strands [3]. This complex is il-
lustrated in Fig. 1.1.



