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1 Introduction
The past 30 years has seen an accelerating increase in our understanding of the
molecular mechanisms that underlie disease processes. This has had a fundamental
impact on the process of drug discovery, and most of modern pharmaceutical
research is based on target-focused discovery, where the goal is to affect the biolog-
ical activity of a particular molecular target to provide a cure or treatment for a dis-
ease. As the 3D structures of some of these targets have become available, a range
of experimental and computational methods have been developed to exploit that
structure in drug discovery. These developments and some of their applications are
the subject of this book.

In a target-focused approach, the cycle of discovery is very similar with or with-
out a structure for the target. Initial-hit compounds are found that bind to the target
and enter a medicinal chemistry cycle of making compound analogues and testing in
suitable biological models. From this, the chemist builds hypotheses of what is
important for the activity. Using experience (or inspired guesses) the chemist then
makes changes that should improve the properties of the compound and the cycle of
synthesis, testing and design begins again. These hypotheses develop a model of the
conformations the compounds adopt, the chemical surfaces they project and the
interactions made with the active site. For example, the optimisation of sildenafil
(Viagra),1 included consideration of the electronic properties of an initial-hit com-
pound and how it could be improved to more closely mimic the known substrate in
the active site of phosphodiesterase, many years before the structure of this enzyme
was known.

Nowadays an appreciation of the 3D structure of both the compounds and their
target are a part of just about every drug-discovery project. This target structure can
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2 Chapter 1

be experimentally determined, a model constructed on the basis of homology or a
virtual model of the receptor created on the basis of the chemical structure of the
known active compounds. In addition, computational methods such as virtual
screening and experimental methods such as fragment screening can generate many
new ideas for compound templates and possible interactions with the active site. The
major advantage of experimentally determining the structure of these different com-
pounds bound to the target is to increase the confidence in the hypotheses and
increase the scope of subsequent design. This encourages the medicinal chemists to
embark on novel and often challenging syntheses in the search for novel, distinctive
and drug-like lead compounds. Our ability to predict conformational changes in pro-
teins and the binding energy of protein–ligand complexes remains relatively poor, so
there is still plenty of scope for experience, inspiration and guess work in the details
of design.

This book will provide an overview of the methods currently used in structure-
based drug discovery and give some insights into their application. Essentially, all of
the examples and methods focus on proteins as the therapeutic target. There has been
considerable progress in the structural biology of RNA and DNA molecules and
these classes of molecules are the recognised target for some successful drugs. For
DNA, our understanding of the binding of compounds that intercalate or bind to the
small groove is reasonably well advanced (for an early example, see Henry;2 current
perspectives are provided in Tse and Boger,3 and Neidle and Thurston,4). There have
also been spectacular advances in determining the structure of whole ribosome sub-
units5,6 and of representative portions of the ribosomal RNA7 in complex with known
natural product antibiotics. These structures have led to some hope that rational
structure-based methods may be applied against the ribosome and also other RNA
targets where a particular conformation has a role in disease processes (Knowles
et al., 2002). Although there has been some progress8 and it has been possible to dis-
cover compounds with reasonable affinity for RNA, there remain considerable diffi-
culties in designing small, drug-like molecules with the required specificity to
discriminate between the very similar sites presented on RNA. For these reasons, the
discussions in this book focus on proteins as the therapeutic target.

2 The Drug Discovery Process
As discussed in the Preface, drug discovery is an expensive and time-consuming
activity that mostly fails. Retrospective analyses of the pharmaceutical industry dur-
ing the 1990s estimate that each new drug in the market takes an average 14 years to
develop, costing in the region of $800 million. In addition one in nine compounds
that enters clinical trials makes it to the market.9,10 The attrition rate in discovery
research is similarly high. Depending on the company, therapeutic area and discov-
ery strategy, at best only one in ten research projects that begin with a starting com-
pound will generate an optimised candidate to enter clinical trials. For these reasons,
most companies maintain a pipeline with a large number of projects in the early
stages, taking a diminishing number forward at each stage. The discovery process
gets more expensive as you proceed, hence careful management of the portfolio is
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essential. The key is to make the right decision at the right time – knowing when to
stop a project is often more important than committing to continuing.

Modern, target-oriented drug discovery is usually organised into a series of stages.
The definitions of these stages differ from company to company and the details of
the boundaries will vary from project to project. The following discussion provides
an illustration of the stages, their purpose and duration and the types of resources
involved. Clear criteria need to be established for moving from one stage to another
as, in general, the stages become progressively more resource and expense intensive
(Figure 1).

2.1 Establishing a Target

Clearly, the starting point for a target-oriented drug-discovery project is to identify
a relevant target. In the pre-genomic era, targets were discovered through cellular
and protein biochemistry methods, where a detailed understanding of the origins of
a disease led to isolation and characterisation of key protein molecules. Examples
presented in the applications section of this book include neuraminidase described
by Colman for anti-influenza therapies and the factor Xa work described by
Liebschutz and colleagues to produce anti-thrombotic agents. The nature and signif-
icance of these targets were established before much of the modern machinery of
molecular biology and genomics methods were available.

The approach to biological research has undergone dramatic changes in the past
decade, with successions of omics technologies becoming available. Genomics has
recorded the sequence of nucleic acid bases in many genomes, and continuing bioin-
formatics analyses are identifying the coding regions. Comparing the genomes of
both pathogen and host organism can identify potential target genes. Transcriptomics
methods monitor the identity and levels of RNA transcribed for each gene, and there
have been high hopes that comparison of “normal” and diseased cells will identify
targets. There is a vast literature in these areas – Egner et al.11 provide an introduc-
tion to the methods, and the recent critique by Dechering12 points out some of the 
pitfalls. There has been considerable interest (and investment) in applying these meth-
ods to find new targets for different diseases and conditions. As the first genomes
began to appear, there was intense interest in identifying what all the genes were. An
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Figure 1 The drug-discovery process. The lightening, shaded box emphasises where struc-
ture-based methods can play a significant role. The horizontal axis only approxi-
mately scales to time in each stage
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example of a target discovered in this way is the beta form of the estrogen receptor
(see Manas et al. in this book).

Whatever the mechanism of identifying a target, there needs to be some level of
validation before nominating it for a drug-discovery project. The phrase “target val-
idation” is much misused – a target cannot be said to be truly validated until a drug
that uniquely affects that target is on the market. Even then, there can be issues such
as the recent challenges facing COX-2 as a target following adverse effects (see 24
February 2005 news item in Nature, 433, 790).

In general, the requirements for a target are to establish a biological rationale
for why affecting the target will have the desired therapeutic benefit. This can
include assessing the viability of the organisms produced with a particular gene
removed, either through knock-out technology or through RNA interference
techniques. These are not ideal methods for emulating the actual effect of a drug
– with gene knock-outs, there is much redundancy and subtlety in biological path-
ways and the removal of a gene can often be compensated in other ways as the
organism differentiates and grows. An example here is the attempts to discover a
function for the beta form of the estrogen receptor. Once the gene had been iden-
tified, there were intense efforts to ascribe a function to the gene, with consider-
able investment in producing and characterising knock-out animals.13 There were
hints, but in the end, it took the development of isoform-specific compounds to
provide chemical tools which could probe the biology and identify which diseases
or conditions were associated with the receptor (again, see the chapter from
Manas et al. in this book).

The best case for a target is to have a compound available that can provide the
biological proof of concept. This is a compound that is sufficiently specific for the
target of interest that can be studied either in cellular assays or in animal models
of disease, to demonstrate that modulating a particular target will have the desired
therapeutic benefit, in vivo. Such compounds could come from natural products,
as in the case of antibiotics that validate the ribosome as a target5 and the gel-
danamycin derivatives that are demonstrating the potential of Hsp90 as an oncol-
ogy target.14

In addition to biological validation, targets also need to be considered for what
is termed, druggability. That is, does the protein have a binding site which can
accommodate a drug-like compound with sufficient affinity and specificity?
Although some experimental methods may be used to assess these,15 analyses of
experiences with many targets have generated some general principles discussed
in the chapter by Hann et al. later in this book. In summary, enzyme active sites
tend to be highly druggable consisting of a distinct cleft designed to bind small
substrates and with defined shape and directional chemistry. In contrast, most
protein–protein interactions are less druggable as they cover quite large areas of
protein surface with few shape or chemical features that a small molecule could
bind to selectively. Unless particular “hot-spots” of activity can be identified,
they are generally regarded as unsuitable drug targets (see Arkin and Wells, 2004
for a discussion).

Finally, for a structure-based project, there is a clear structural gate – that is, the
structure of an appropriate form of the target needs to be available. Sometimes (for
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example, in a small structure-based company) this is set as a strict gate – that is,
unless the structure is available hit identification cannot begin. There can be addi-
tional constraints. For example, if the project is relying on fragment screening using
crystallography followed by soaking with compound mixtures, then the protein has
to crystallise in a suitable crystal form with an open binding site.

2.2 Hit Identification

A hit is a compound that binds to the target and has the desired effect. The conven-
tional method for identifying hits is by screening a compound collection which could
consist of natural products or substrate mimetics, legacy compounds in a company’s
collection, compounds synthesised as potential hits against a particular class of tar-
get (focused library) or commercially available compounds. The majority of large
pharmaceutical companies have invested considerably in automating this initial
phase of hit identification, both in the generation of suitable target libraries and in
the initial assay. This High Throughput Screening (HTS) approach places consider-
able constraints on the robustness of the assay and the availability and properties of
the available compound collection (see Davis et al.16 for an up-to-date discussion of
the issues).

HTS is also very expensive, consuming large quantities of target and compounds
and requiring significant investment in robotic screening devices. Smaller compa-
nies that rely on screening usually work with smaller libraries of compounds, and
depend on a particular “edge” over the larger companies. That distinctiveness could
be either in some detailed knowledge or expertise with the biology of the target class
and thus more appropriate configuring of the assay, or through a small library of
compounds for that particular class of target. It is in the hit-identification phase that
structure-based methods have provided smaller companies an opportunity to estab-
lish rapidly effective drug-discovery projects, particularly through the use of virtual
screening or fragment-based methods (see later).

In most cases, the hit-identification phase relies on configuring a particular assay
to monitor binding or inhibition. Usually, a large number of compounds are being
screened, so the first experiment is to measure compounds that exhibit activity
(above a certain percentage inhibition) at a set concentration. This is usually fol-
lowed by confirming the hits, that is where an in vitro assay is run at varying con-
centrations to determine the IC50

* or the Ki or Kd
† for the compound and the quality

of the compound sample checked. Maintaining quality in a compound collection is
a major challenge – compounds decompose over time, particularly if held dilute in
solution in air. In addition, it is not unusual for 5–10% of compounds purchased
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*The IC50 represents the concentration of the drug that is required to achieve 50% reduction in activity
of the target, usually in vitro. A related term is EC50, which represents the plasma concentration required
for obtaining 50% of the maximum effect in vivo.
†Ki is the inhibition constant for a reaction. The precise definition of these constants will depend on the
chemical nature of the assay. When comparing values, it is important to know the precise details of the
assay – variations in pH, buffer composition, ionic strength, temperature, protein activation state, com-
petitor ligands, etc., can all have a real effect.
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from commercial suppliers to either be not what they claim to be, or to contain major
contaminants that can give false positive (or false negative) results.

An HTS campaign can require significant resources (compound, target, man-
power) and last 6–12 months, depending on how long it takes to configure a robust
assay. Where smaller collections of compounds are being used, or structure-based
methods applied, the hit-identification phase usually lasts around 6 months and
requires a relatively small team of scientists.

The output from a hit-identification campaign is a set of compounds whose chemical
structures have been checked and which have reproducibly been shown to have activity.

2.3 Hits to Leads

The hits to leads (H2L) phase is where some of the crucial decisions are made in a
project – establishing which chemical series has the potential to be optimised into a
drug candidate. This is an important decision as lead optimisation (the next phase)
is when significant resources and effort are spent in optimising the properties of
compounds. For these reasons, most companies set quite stringent criteria for enter-
ing lead optimisation, set for each target and reflecting the projected requirement of
the properties of the final drug candidate, often called target-product profile.

The detailed work during the H2L phase varies with the nature of the project and,
in particular, the origin of the hit compounds. Wherever the compounds come from,
it is usual to re-synthesise the compounds for complete validation of the hit and to
either purchase or synthesise close analogues of the compounds. In general, it is dur-
ing the H2L phase that dramatic changes in chemical template are made and the
essential core of the lead series established. The usual aims are to establish prelimi-
nary structure–activity relationships (SAR) within one or more series, to explore the
indicative physicochemical and ADMET‡ properties of the compounds, to consider
the chemical tractability or synthetic accessibility of the compounds and to under-
stand the IP position on the compound series and target. Depending on the project
(and the company policy), entry into lead optimisation can be gated by demonstrat-
ing some in vivo activity in the series. Setting the right barriers for entry into lead
optimisation is one of the most challenging aspects of medicinal chemistry.

6 Chapter 1

‡There are a number of phrases and acronyms for these important drug-like properties. DMPK is drug
metabolism and pharmacokinetics (PK). PK is the characterisation of what the body does to a drug.
Conventionally, this is analysed in terms of four main processes – Absorption, Distribution, Metabolism
and Excretion or ADME. This is sometimes extended to include Toxicity (ADMET ). All of these processes
are due to complex, interdependent factors within the body and although detailed mechanistic (and
increasing structural) information is emerging about individual components, empirically derived models
are the only route to prediction. These models usually relate physico-chemical properties of the molecules
to activity. The most commonly used measures are lipophilicity, measured as logP - the partition between
octanol and water. This can be calculated (clogP) and there are other variants such as logD to reflect the
distribution observed when the compound exists in various ionization states. The main challenge for these
models is the quantity and consistency of experimental data and the transferability of such models from
one compound series to another. As many of the processes are due to interaction with and activities of
many different proteins, it is often the case that models are constructed within a compound series, but will
not transfer. Although some use is made of these predictive models, in most cases, experimental meas-
urements need to be done. Most can be configured as in vitro assays.
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This phase usually takes around 6 months, depending on the requirements for bio-
logical testing and the degree of synthesis required to establish a lead series with
appropriate properties.

2.4 Lead Optimisation

This is the most resource-intensive component in drug discovery, requiring consid-
erable input from synthetic chemistry, modelling, disease biology and assay design.
It is not unusual for a lead optimisation (LO) team to consist of over 15 scientists,
particularly if more than one lead series of compounds are being progressed. The
main challenge is to develop one or more compounds with the desired drug-like
properties. As well as having sufficient affinity for the target (nM§ is the usual
goal), the compound needs to have an appropriate selectivity profile, be able to get
to the site of action (which for many targets means cell permeability) and have
acceptable drug-like properties. In addition, it is important to continue to track that
the observed effect on cellular (and later in vivo activity) is from interaction with
the identified protein target. Although, in the end, the most important feature is that
the compound works in the cell, pharmacodynamic markers are important to check
if the compound is affecting the biology through the predicted target,¶ particularly
when an understanding of the structure of that target is being used to guide opti-
misation.

The early stages of the LO process are usually focused on achieving the desired
affinity and selectivity. Selectivity requirements vary from target to target and, in
particular, between different therapeutic areas. Where a drug is for an acute condi-
tion such as cancer, where rapid intervention is required and the course of treatment
is likely to be short term, then side-effects can be tolerated. In fact it appears that
some oncology drugs achieve efficacy by targeting a number of pathways. Where the
drug is for a chronic condition, such as arthritis or diabetes, where the drug will be
taken for many years, the selectivity requirements can be much more stringent.

In these early stages, there can still be some modest changes in the central core of
the compound. However, as LO progresses, the main changes are on the periphery
of the molecule. The main driver is the biology – it is remarkable how quite small
changes in the chemistry can have a large effect on the biological activity, particu-
larly in vivo.

Lead optimisation typically takes 18–30 months, depending on the complexity of
the target biology, the resources deployed and the chemistry of the lead series. The
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§The phrase, a nanomolar inhibitor, is frequently used in the literature. Usually, this refers to the dissoci-
ation constant (Kd) for the in vitro equilibrium between target–ligand complex and free target and
unbound ligand. Usually (but not always), a higher affinity of a compound for a particular target will
increase its selectivity over other proteins in the system.
¶Pharmacodynamics (PD) is what the drug does to the body. In many drug discovery programmes, a key
part of the early stages of the project is to establish pharmacodynamic markers that can be used to make
the link between binding of compound to the target and the effect seen on the cell – i.e. being sure that the
activity is from interaction with that particular target. As lead optimisation progresses, it is the cellular (and
eventually the in vivo) activity that guides the medicinal chemistry, so it is essential to ensure that the activ-
ity being measured is due to the compound binding to the target that is being used to inform the design.
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real challenge in lead optimisation is balancing when certain properties need to be
introduced and deciding when to abandon a particular project or lead series.

The output from the LO is a compound (or a set of compounds) that meets the
required criteria of in vivo efficacy in animal models, with a demonstrable mode of
action and with acceptable PK.

2.5 Pre-Clinical Trials

This phase is to prepare for the testing of the compounds in man. This includes scale-
up synthesis, formulation, toxicology and design of clinical trials.

The difficulty and cost of synthesising the compounds is considered throughout
the discovery process, but becomes particularly important at this stage. A synthetic
scheme that works in the laboratory to produce 100 mg of compound may need dra-
matic modification to produce the many kilograms of compound required for late
stage clinical trials. Overall, the difficulty of synthesis or purification of compound
will have a marked impact on the cost of goods – i.e. how much it will cost to pro-
duce the drug – and this can seriously impact the commercial viability of the proj-
ect. Similarly, formulation – getting the drug into a form that can be administered
both for the animal testing and for clinical trials – can have an impact on the project
viability.

This phase is to prepare the way for clinical trials where the drug candidate is
given to humans. This is covered by a stringent regulatory regime and many of the
steps in the pre-clinical stage are covered by regulations and a need to work to cer-
tain legal guidelines.

2.6 Clinical Trials

This is usually the most expensive and time consuming of the overall process of dis-
covering a new medicine. It is conventional to think of three separate stages.

Phase 1 studies are primarily concerned with assessing the drug candidate’s
safety. A small number of healthy volunteers are given the compound to test what
happens to the drug in the human body – how it is absorbed, metabolised and
excreted. A phase 1 study will investigate side-effects that occur as dosage levels are
increased. This initial phase of testing typically takes several months. About 70% of
drug candidates pass this initial phase of testing.

In phase 2, the drug candidate is tested for efficacy. Usually, this is explored in a
randomised trial where the compound or a placebo are given to up to several hun-
dred patients with the condition or disease to be treated. Depending on the condition,
the trial can last from several months to a number of years. The output is an
increased understanding of the safety of the compound and clear information about
effectiveness. Only about one-third of the projects successfully complete both phase
1 and 2 studies, but at the end of this process, the compound can be truly considered
as a drug.

In a phase 3 study, a drug is tested in several hundred to several thousand patients.
This provides a more thorough understanding of the drug’s effectiveness, benefits
and the range of possible adverse reactions. These trials typically last several years
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and can include comparison with existing treatments on the market to show
increased benefit. These trials provide the necessary data on which to get approval
by the regulatory authorities.

As the drug comes towards, and is launched in the market, continued trials and mon-
itoring is required. Sometimes, adverse reactions can only be picked up when a drug
is given to a very large population. Problems can sometimes be dealt with by changes
in prescribing practice or through defining particular patient populations. However, it
is sometimes necessary to remove a drug from the market (cf. earlier reference to
COX-2 inhibitors).

2.7 Maintaining the Pipeline

As discussed above, the failure rate (or attrition, as it is sometimes termed) in the
clinical stages is well documented.9 During the 1990s, around one in ten compounds
that entered clinical trials was successfully launched as a drug. This drop-out rate
can be due to failures in either the target or the compound. There have been signifi-
cant efforts to reduce problems due to unfavourable bioavailability or ADMET prop-
erties. Although our improved understanding of the molecular mechanisms
underlying some aspects of toxicology (such as interaction with the hERG chan-
nel)17 allows such features to be screened earlier, there will still be failures due to
adverse side-effects when given to man. In addition, it is often not until a suitably
selective drug is available to give to man that the hypothesis can be tested that mod-
ulating the activity of a particular target will have a therapeutic benefit.

The attrition rates in the early stages of drug discovery are more difficult to quan-
tify as the raw data is not in the public domain. Also, the boundaries between each
step vary dramatically between targets, between disease indications and between the
varying drug-discovery paradigms of different companies. The definition of success
also depends on how high the criteria are set for progression. For example, the prob-
lems experienced in clinical trials in the 1990s has led to much more stringent sets
of assays and thus higher rates of failure in the research and pre-clinical phase. As a
general rule of thumb, the attrition rates in discovery are about the same as in clini-
cal trials – about one in ten. This means that a pharmaceutical enterprise needs to
maintain an essentially funnel-shaped pipeline to generate a sustainable business,
with larger numbers of projects at the earlier stages. For this to be successful requires
some difficult but clear decisions to be made on whether and how to progress the tar-
gets from one stage to the next.

3 What is Structure-Based Drug Discovery?
3.1 From Hype to Application

Drug discovery has inspired, suffered and eventually benefited from many waves of
new technologies. The drivers are very clear – there is an increasing need and expec-
tation for new medicines and treatments and a patient population that is increasing
in both numbers and in affluence. Not surprisingly, this has led to substantial growth
in the pharmaceutical industry, which combined with the continuing consolidation
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of the sector has provided the financial and scientific resources for huge investments
in new technologies and methods. At the same time, there have been waves of new
companies established, primarily with venture-capital funding, to develop new meth-
ods and either deliver them to the large pharmaceutical companies or to exploit
themselves in drug-discovery research or services. As with all new technologies,
there has been considerable hype, enthusiasm and ambition for the methods and
what they can deliver. Realistically, this is probably needed to ensure sufficient
resources are available to develop and assess the methods.

The examples include genome sequencing, transcriptomics and proteomics for target
identification and validation, protein engineering for biological therapeutics, combina-
torial chemistry, molecular modelling as well as structure-based methods. There have
been considerable investments in some of the technologies. For example, combinator-
ial chemistry was a revolutionary technology for synthesising massive numbers of
related compounds. The first paper describing synthesis of a single combinatorial
library appeared in 199218 and the most recent comprehensive survey of combinatorial
library synthesis for 2003 showed 468 new methods.19 The early years of combinator-
ial chemistry led to massive investment in parallel synthesis and screening methods in
the pharmaceutical industry. Very few compounds from this early investment have
entered clinical trials as the early methods were flawed. There was insufficient appreci-
ation that the available synthetic methods suitable for such parallel operation would
sample only a relatively small chemical space and produce many compounds without
the required drug-like properties. In addition, there were many issues in developing
robust, reliable synthesis of individual compounds. However, many lessons were learnt
and the design of focused libraries, where particular features of templates are elabo-
rated, are now an integral part of most drug-discovery programmes.

There has been some hype associated with the availability and value of structures
of therapeutic targets and the ability to use structure and modelling methods to
design compounds. At times, some elements in the pharmaceutical industry and, in
particular, some start-up companies have been over-optimistic on what the methods
can deliver. However, there has been a steady realisation of the power of the meth-
ods for the classes of target for which structures can be determined. The evidence
for this is that essentially all pharmaceutical companies have some form of model-
ling group that constructs models of the structure of targets and uses these in dis-
covery and design of new compounds. And an increasing number of small
companies have invested in the ability to determine the structure, particularly with
X-ray crystallography.

There are three main contributions that structural methods are making to the drug-
discovery process – structural biology, structure-based design and structure-based
discovery.

3.2 Structural Biology

The determination of the structure of a protein target, perhaps complexed to partner
proteins, lipids, nucleic acid or substrate, can provide a clear insight into the mech-
anism of action of a protein, which in turn can often be related to its biological or
therapeutic role.

10 Chapter 1
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Modern structural biology, particularly protein crystallography, is generating the
structure for an increasing number of therapeutically important targets (see the
chapter by Brown and Flocco). The two main issues limiting the number of struc-
tures are the ability to produce sufficient quantities of pure, soluble, functional,
homogenous protein for crystallisation trials and the ability of the protein to form
regular crystals suitable for diffraction experiments. This combination of limita-
tions often means that a structure is not available for the whole therapeutic target.
However, even the structure of individual domains can be sufficient to make a real
impact on a discovery project, and provide a context within which to understand
the overall function of the protein. The estrogen receptor (see Manas et al.’s chap-
ter) provides one example. Although the receptor consists of a number of domains,
the structure of just the ligand-binding domain is sufficient against which detailed
structure-based design can successfully design selective ligands. However, the
subtleties of the function of the receptor in the cell can only be understood in terms
of the interplay between the different domains that have an influence on receptor
activity.

Another example of where drug discovery against just one domain can be suc-
cessful is the molecular chaperone, Hsp90. This protein is up-regulated in cells
under stress and, in complex with a varying repertoire of co-chaperone proteins,
helps to stabilise the folding of a large number of proteins important for cell pro-
liferation, growth and function, such as the estrogen receptor and key cell-sig-
nalling kinases. The real breakthrough in identifying this target came with the
discovery that Hsp90 is the primary target for natural products such as gel-
danamycin and radicicol, the derivatives for which a viable therapeutic window has
been identified, such that compounds such as 17-AAG are now entering phase 2
clinical trials.14 Hsp90 contains three domains – a C-terminal domain of unknown
function that is thought to be important for the formation of the functional dimer, a
central domain with large hydrophobic surfaces that can stabilise nascent, unfolded
peptides and an N-terminal domain that harbours the ATP binding site. ATP hydrol-
ysis provides the energy driver for the chaperone function. The natural products,
geldanamycin and radicicol, bind to the ATP-binding site on the N-terminal
domain, blocking hydrolysis and thereby inhibiting the chaperone action. A num-
ber of projects are now embarking on discovery and optimisation of compounds
that can selectively inhibit this ATP site.20 However, the detailed mechanism of
action has to take into account interactions between the different domains and also
the effect of other co-chaperones.21

3.3 Structure-Based Design

The crystal structure of a ligand bound to a protein provides a detailed insight into the
interactions made between the protein and the ligand. Such understanding can be used
to design changes to the ligand to introduce new interactions to modify the affinity
and specificity of the ligand for a particular protein. In addition, the structure can be
used to identify where the ligand can be changed to modulate the physicochemical and
ADME properties of the compound, by showing which parts of the compound are
important for affinity and which parts can be altered without affecting binding. There
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are numerous examples22 where simple inspection of the protein–ligand complex has
identified where solubilising groups can be added. The chapter by Manas et al. in this
book provides an excellent example of where detailed calculations and design can
successfully design changes to affect selectivity between isoforms.

This type of analysis is now well established and has been used in many drug-
discovery projects over the past 15 years. Some of the early disappointments in
structure-based design arose because of the difficulty of predicting binding affinities
between protein and ligand. Although the predictive power of the calculations is
beginning to improve,23 there remain serious challenges in predicting binding affini-
ties. It should be remembered that the equilibrium between target and ligand is gov-
erned by the free energy of the complex compared to the free energy of the
individual target and ligand. This includes not only the interactions between target
and ligand, but also the solvation and entropy of the three different species and the
energy of the conformation of the free species. Overall, the equilibrium is a balance
between all these different terms and a number of detailed experimental studies have
demonstrated that energetically unfavourable changes in the protein, such as confor-
mational strain or disruption of stabilising interactions, can be compensated for by
interactions the protein is then able to make with the ligand.24,25 These balances are
even more difficult to consider in the cellular context, with the many complicating
factors of competing ligands, solvent conditions and partner proteins.

3.4 Structure-Based Discovery

As the availability of crystal structures increased in the early 1990s, a number of
experimental and computational methods were developed to use the structure of the
protein target as a route to discover novel hit compounds. The methods include de
novo design, virtual screening and fragment-based discovery. These developments
are covered in more detail in the later chapters of this book, but their main features
can be summarised as follows.

Virtual screening use computational docking methods to assess which of the large
database of compounds will fit into the unliganded structure of the target protein.
Current protocols and methods can, with up to 80% success, predict the binding
position and orientation of ligands that are known to bind to a protein. However,
identifying which ligands bind into a particular binding site is much less successful,
with many more false positive hits being identified. The major challenges remain the
quality of the scoring functions – if these were more accurate, then the challenge of
predicting conformational change in the protein on binding of ligand would also be
more tractable.

De novo design attempts to use the unliganded structure of the protein to generate
novel chemical structures that can bind. There are varying algorithms, most of which
depend on identifying initial hot spots of interactions that are then grown into com-
plete ligands. As well as the ubiquitous issue of scoring functions, the major chal-
lenge facing these methods is generating chemical structures that are synthetically
accessible.

Fragment-based discovery is based on the premise that most ligands that bind
strongly to a protein active site can be considered as a number of smaller fragments
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or functionalities. Fragments are identified by screening a relatively small library of
molecules (400–20,000) by X-ray crystallography, NMR spectroscopy or functional
assay. The structures of the fragments binding to the protein can be used to design
new ligands by adding functionality to the fragment, by merging together or linking
various fragments or by grafting features of the fragments onto existing ligands. The
main issues are designing libraries of sufficient diversity and the synthetic chal-
lenges of fragment evolution.

The above discussion raises a rather semantic question about the use of the words
design and discovery. The word design implies some element of prediction – and
some of the methods currently used (such as fragment screening, for example) is
clearly not design. In addition, although it is sometimes possible to design modifi-
cations to a compound to improve its affinity or selectivity for a target, it is rarely
possible to be so predictive in introducing drug-like properties into a molecule. The
best you can usually rely on is that the structure of a compound bound to its target
will show where a compound should be elaborated (perhaps with a focused library)
from which a compound with the desired drug like properties (say, cellular penetra-
tion or the desired pharmacokinetics) will be found by assay of the resulting library.
For these reasons, this book will use the phrase structure-based drug discovery
throughout.

4 The Evolution of the Ideas of Structure-Based 
Drug Discovery

It is fascinating to look back over the literature of the past 40 years and chart the
emergence of the methods and ideas of structure-based drug discovery. The follow-
ing is a necessarily subjective, idiosyncratic and personal perspective on the key
papers and developments, with apologies for any key papers or work that has been
overlooked.

The description is chronological and divided into decades. As a starting point for
each decade, there is a qualitative summary of the papers in the June issue of the
Journal of Medicinal Chemistry (J. Med. Chem.) in 1965, 1975, 1985, 1995 and
2005. This is necessarily a snapshot, but it does give some insight into how far struc-
tural methods had affected the papers and thinking of drug-discovery scientists at 
the time.

4.1 1960s

Not surprisingly, the papers of the June 1965 issue of J. Med. Chem. make no men-
tion of structure. However, this decade saw the first use of two of the central meth-
ods of modern structure-based discovery – the determination of protein structure by
X-ray diffraction and the development of molecular graphics.

The first structures (myoglobin,26 haemoglobin,27 and lysozyme28) laid the foun-
dation of modern protein crystallography. These established that through structure it
was possible to understand the mechanism of action of the proteins and relate this to
their biological function. The work on haemoglobin extended to the first attempts to
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provide a structural understanding of genetic disease and Perutz and Lehmann29

mapped the known clinically relevant mutations in haemoglobin to the structure.
The first major developments in molecular graphics came in the mid-1960s when

Project MAC at MIT produced the first Multiple Access Computer, a prototype for
the development of modern computing. The computer included a high performance
oscilloscope on which programs could draw vectors very rapidly, and a closely cou-
pled “trackball” through which the user could interact with the representation on
the screen. Using this equipment, Levinthal and his team developed the first molec-
ular graphics system and his article in Scientific American30 remains a classic in the
field. In this paper, he described their achievements, and laid the foundations for
many of the features that characterise modern-day molecular graphics systems. It
was possible to produce a vector representation of the bonds in a molecule and to
rotate it in real time. The representation could be of the whole molecule, or a
reduced representation such as an alpha carbon backbone. Because the computer
held the atomic coordinates of the molecule, it was possible to interrogate the struc-
ture, and to use a computational model to perform crude energy calculations on the
molecule and its interaction with other molecules. This work inspired various
groups to begin building molecular modelling systems.31 Also during this time, sci-
entists such as Hansch laid the foundations for modern predictive cheminformatics
methods by establishing that some of the molecular properties of compounds could
be computed by considering the individual fragments that make up the molecule
(for a fascinating review of the development of ideas on partition coefficients see
Leo et al.32).

4.2 1970s

The June 1975 issue of J. Med. Chem. includes a few papers that discuss the ideas
of common features on small molecules that are indicative of activity.33 However,
these analyses remain focused on the small molecule (little discussion of the protein
target) and most of the papers describe very traditional synthesis and testing
approaches.

There was a steady increase in the number of available protein structures during
the 1970s. The crystallographer was limited to working on naturally abundant pro-
teins and data collection (in general) used rather slow X-ray diffractometers. There
were sufficient structures, however, for a data bank to be required and the Protein
Data Bank was established in the late 1970s.34 The depository was run for many
years at Brookhaven National Labs and moved to the Research Collaboratory in
Structural Biology during the 1990s (http://www.rcsb.org).35

There are three examples of the use of structure to consider ligand or drug binding
that should be highlighted. The first is the studies on dihydrofolate reductase (DHFR)
summarised in Matthews et al.36 This is a fascinating paper to read. Although the
description of the determination of the structure emphasises just how much the exper-
imental methods of protein crystallography have developed, it does illustrate that
many of the ideas of modern structure-based design were well established some 30
years ago. The structure of methotrexate bound to bacterial DHFR allowed quite
detailed rationalisation of the differences in binding affinity of related ligands and an
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understanding of why, although there are sequence variations, the ligand binds tightly
to all DHFRs known at that time. This type of structural insight led to structure-based
design of new inhibitors.37

The second example is the work of the Wellcome group who explored various
aspects of ligand binding to haemoglobin through modelling of the interactions of
the ligands with the known structure.38,39 The ideas about molecular interactions
generated in this work laid the foundation for Goodford’s later development of the
GRID program (see the 1980s).

The third example is the design of captopril,40 an inhibitor of the angiotensin-con-
verting enzyme (ACE) and a major drug for hypertension. Although sometimes
quoted as one of the first examples of structure-based design, the structure of ACE
was not known in the mid-1970s. However, the design was strongly directed by con-
structing a crude model of the active site, based on the known structure of car-
boxypeptidase A.

These papers demonstrate that the central paradigm in structure-based design
was well established during the 1970s. This paradigm is that the structure of a lig-
and bound to its target protein can be used to understand the physicochemical
interactions underlying molecular recognition and binding affinity and this insight
can then be used to design changes to the ligand to improve its properties.

Alongside the slow emergence of design based on the structure of the target, there
were important developments in ligand-based modelling. Computational methods
incorporating molecular and quantum mechanical treatments of ligand conformation
and properties were being explored. This included conformational analysis to predict
the 3D conformations of small molecules and the calculation of molecular proper-
ties such as hydrophobicity and electrostatic potential. Brute force methods of quan-
titative structure activity relationships (QSAR) were developed that considered large
sets of active and inactive compounds, computed many properties and then
attempted to construct a predictive correlation between some algebraic combination
of computed properties and activity. Alongside this, the ideas of “virtual” receptor-
based modelling emerged, where the properties of active compounds were analysed
to construct a 3D pharmacophore of the features required for activity. Exploring and
then applying this range of methods required the development of suites of molecu-
lar modelling methods. However, only a few, large laboratories had dedicated com-
puting facilities and these provided the focus for the development of a number of
software systems that laid the foundation for modern modelling systems.

It is possible to chart the development of the ideas and methods of molecular
graphics and modelling systems in two distinct communities – protein crystallogra-
phy and molecular modelling in support of ligand design. The first developments
in protein crystallography were by Alwyn Jones who developed the program
FRODO41,42 (re-formulated and extended in the program O43). Protein crystallogra-
phers required powerful molecular graphics facilities to help in determining protein
structures for visualisation of large electron density maps and fitting of a molecular
model of the protein structure into the density. Once the structure had been deter-
mined, graphics was again vital in allowing interactive analysis of the structure to
not only describe the folding of the protein, but also to understand the mechanism
and thus function of the protein. Important examples were the development of the
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earliest space-filling representations of molecular structure by Feldman at the NIH44

and the developments of the Langridge group at UCSF.45

Most of these early developments were in the academic community, but there was
also considerable interest in the potential of molecular modelling methods in the
pharmaceutical industry and many of the large companies spawned their own soft-
ware development efforts. The reviews by Gund et al.46 and Marshall47 provide an
appreciation of the early developments. The success of these encouraged the devel-
opment of a whole new industry in the 1980s.

4.3 1980s

Despite all these advances, the June 1985 edition of J. Med. Chem. is still very sim-
ilar in flavour to that of 10 years previously. Most of the papers are ligand oriented,
with little evidence that structural models of the target were being used to rationalise
and drive synthetic efforts.

However, the 1980s saw many important developments in the scientific disci-
plines that underpin structure-based drug discovery. Molecular biology and protein
chemistry methods were beginning to unravel the biology of many disease
processes, identifying new targets and importantly, providing the over-expression
methods with which to produce large quantities for structural study. In protein crys-
tallography, synchrotron radiation not only speeded up the data collection process
but because of its intensity and focus allowed usable data to be collected from
smaller, poorer crystals. This was complemented by developments in methods for
refining structures, initially least squares refinement48 and later in the 1980s, the sim-
ulated annealing approach of X-plor.49,50

There were also important developments in techniques in NMR spectroscopy.
Isotopic labelling of protein, instrument and method advances led to multi-dimen-
sional NMR techniques for solving small, soluble protein structures51 (see the chapter
by Davis and Hubbard in this book). The larger pharmaceutical companies invested in
these methods alongside the traditional use of NMR in analytical chemistry. However,
the size limitations of the technique meant there were few therapeutic targets accessi-
ble to NMR.

This decade also provided the core of the methods in computational chemistry that
support analysis of protein–ligand complexes. Molecular mechanics techniques such
as CHARMm52 gained wider application and the computational resources available
to most groups increased steadily to allow routine use of energy minimisation and
molecular dynamics methods. Of particular note are three papers specifically dealing
with protein ligand interactions. Jencks53 provided a simple but powerful analysis of
the contributions made by different parts of a molecule to binding. His analysis estab-
lished that the first part of a molecule overcomes many of the entropic barriers to
binding, giving higher affinity for subsequent additions of functionality. This firmly
established the ideas that led to fragment-based discovery in the early 2000s. In a sim-
ilar vein, Andrews et al.54 analysed the contributions that different functional groups
make to binding. Finally, Goodford developed the GRID approach55 that used an
empirical energy function to generate a very visual analysis of where different types
of functional group could interact with a binding site. This approach had a significant
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impact on how chemists and molecular modellers viewed protein active sites and the
possibility for rational design. An important factor in their application was in the
availability of affordable computing. At the beginning of the 1980s, the necessary
computing and graphics hardware to support structure analysis and molecular mod-
elling cost many hundreds of thousands of dollars. By the end of the decade, graph-
ics workstations such as the Silicon Graphics IRIS, meant essentially every scientist
had access to the technology and software.

A development that had a major impact on the way scientists thought about pro-
tein structure was the Connolly surface. The molecular surface is a fundamental
aspect of a structure as it is through the complementarity of shape and chemistry of
the surface that molecules interact with each other. A variety of different representa-
tions of surfaces were developed, the most enduring and informative of which is that
developed by Connolly.45,56 The molecular surface is defined by the surface in con-
tact with a probe sphere as the sphere “rolls” over the surface of the molecule.
Alternatively, the extended solvent accessible surface can be calculated in which the
surface is traced out by the centre of the probe sphere as it rolls over the molecule.
Although the initial graphics devices could only show this as a continuous envelope
of dots, it produced a smooth surface that showed where the protein met the solvent.
This approach underlies essentially all the surface representations in use today. In
addition, there were developments in the treatment of protein electrostatics, and the
program GRASP provided a very visual presentation of the electrostatic surfaces of
proteins computed using a Poisson–Boltzman treatment.57 These surface images
simplified the representation of protein chemistry and provided important insights
into function.

A number of structure-based design groups began to emerge in the pharmaceuti-
cal companies. One example is the group at Merck. The paper by Boger et al., 1983,
describes their work on the design of renin inhibitors which summarises many of the
aspects of the discipline at the time. They used homology modelling of the protein
structure, and manual docking and inspection of ligands to design peptide mimetics
that would find application in many protease inhibitor projects in later years. A sec-
ond example is also from Merck, where structures of carbonic anhydrase were used
to successfully design more potent inhibitors that are now established as treatments
for glaucoma.58 This work has been cited as one of the earliest examples of struc-
ture-based design that has resulted in a drug on the market.

Towards the end of the decade, various scientists within larger companies recog-
nised the power of the structure-based rational approach and established new start-
up companies such as Vertex and Agouron, where the resources and organisation
could be geared to structure-based discovery.

4.4 1990s

All the advances in the underlying technologies meant that by the beginning of the
1990s, most large pharmaceutical companies had established structural groups and
the results of their early work was beginning to be published. The papers in J. Med.
Chem. reflect the changes. The striking difference between the June 1990 issue and
that of 5 years earlier is that most of the papers in 1990 are more target oriented, with
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clear discussions of molecular targets. Of the 45 or so articles, two report on pro-
tein–ligand structures and four have explicit discussions of common conformations
required for receptor binding. Five years later, the June 23rd 1995 issue has a higher
proportion of structural papers. Of the 25 or so articles, 4 contained protein–ligand
structures and three used the concepts of pharmacophores and receptor binding.
Although most of the reports of protein–ligand structures were post hoc and ratio-
nalised the results (rather than guided the design), the increase reflects the growing
availability of structural methods.

In addition to the continuing increase in the number of targets for which structures
were available, the major change during the 1990s was that much of the equipment
for X-ray structure determination and the computing and graphics equipment
required for molecular modelling was available in most well-found laboratories in
both academia and industry.

At the beginning of the 1990s, there was intense interest in de novo design – using
the structure of a protein for ab initio generation of new ligands. The binding site of
the protein was mapped with methods such as GRID55 or MCSS59 and then a vari-
ety of building methods proposed for generating new ligands, such as HOOK.60

There were two important developments for computational methods at this time. The
first was the work by Bohm to analyse the growing body of experimental structures
to develop the LUDI empirical scoring function for prediction of protein–ligand
affinity. The second was the development of virtual screening or molecular docking
methods. The pioneer in this area was Kuntz61 and a series of other programs, such
as GOLD62 and FLEXX63 emerged (for review of virtual screening see Barril et al.64

and the chapter by Barril in this book).
For X-ray crystallography the major developments were in the speed of structure

determination. Synchrotron radiation, coupled to new, faster instrumentation was
capable of rapid data collection. A particularly significant development was cry-
ocrystallography,65 where flash freezing and maintaining crystals under a stream of
dry air at liquid nitrogen temperatures massively reduced the problems of crystal
damage. Alongside this, there were continued improvements in methods for struc-
ture refinement66 and in semi-automated methods for fitting models of structure to
the resulting electron density.67,68

The important development in the NMR field was the work of the Abbott group
led by Fesik, who developed the SAR by NMR approach69 and applied it quite dra-
matically to develop potent, novel leads against a number of targets.70 This approach
is described in more detail in the chapter by Davis and Hubbard and exploits the abil-
ity of NMR to report selectively on binding events to identify sets of small ligands
that bind to the protein and that when linked together produce high affinity ligands.
This approach resuscitated interest in protein NMR spectroscopy in drug discovery,
but most companies found that there were few targets with appropriate multi-pocket
sites and that there were too many challenges in designing appropriate chemistry to
link fragments together and maintain binding affinity.

Alongside all this methodology development, there were two high-profile drug-
discovery projects that validated the structure-based approach and led to increased
investment in the area. The first was work by the groups of von Itztein and Colman
who used the structure of the enzyme sialidase to design potent inhibitors against the
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influenza virus that became the drug, Relenza71 (see the chapter by Colman in this
book). This is a classic of structure-based drug discovery – the structure of a weak
substrate mimic bound to the protein was used to guide lead optimisation to produce
a compound with improved affinity and selectivity that also may minimise appear-
ance of drug resistance. The second was the many efforts in developing generations
of HIV protease inhibitors. The first generation of drugs22 included the use of struc-
tures of protein–ligand complexes to identify where changes could be made on the
ligand to improve bioavailability. A paper by Greer et al.72 summarises how hits
were identified by screening of existing aspartyl protease libraries and the structure
of these compounds bound to the enzyme was used to guide combining of features
of different compounds, adding solubilising groups and making changes to affect PK
properties. More recent developments have made wider use of structure-based meth-
ods, such as Salituro et al., 1998. Developments in this class of inhibitors are sum-
marised in Randolph and DeGoey73 and Chrusciel and Strohbach.74

There are two other major developments of the 1990s that should be summarised –
the development of fragment screening methods and the evolution of the ideas of drug
and lead-likeness.

The ideas underlying fragment-based discovery can be traced back over many
decades. As mentioned above, work by Andrews54 and by Jencks (1981) established
the idea that the binding affinity of a compound arises from contributions made by dif-
ferent parts of the molecule. This led to the idea of mapping the binding surface of a
receptor either computationally (Bohm, 1994) or experimentally.59 The NMR methods
have been mentioned above, but crystallographers also saw the potential. Work by
Ringe75 and others76 characterised how different solvent fragments bound to protein
active sites. Nienaber et al.77 took the approach a step further, soaking crystals with
mixtures of small molecular fragments as a starting point for drug design. These ideas
have been taken forward by many other groups to provide a basis for structure-based
discovery78,79 described in more detail in the chapter by Hann et al. in this book.

Analysis of the successes and failures of drug discovery in the 1990s has led to
some important concepts for modern and future rational drug discovery. The analy-
sis by Lipinski et al.80 has had a profound effect on rational approaches to drug dis-
covery by identifying some relatively simple guidelines on the properties of
compounds that are orally bioavailable. This idea has been further refined81 and
extended to identify the properties needed for lead compounds to be successfully
optimised into leads – lead-likeness and ligand complexity.82,83

4.5 2000s

The “methods” chapters in this book provide a detailed survey of the current tech-
niques and strategies in structure-based drug discovery. The June 30th 2005 issue of
J. Med. Chem. reflects how widespread these ideas have become. Of the 33 articles,
10 either contain a crystal structure of a protein–ligand complex or use structures to
dock compounds or guide compound optimisation. In addition, 6 articles use con-
cepts of target structure for guiding design through use of pharmacophore descrip-
tions or similar approaches. A quick survey of other issues in 2005 suggests this is
not un-representative. 
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Over the past five years, the increased ubiquity of structure-based methods has
been built on the ideas discussed above and the increased evidence of how structural
insights can not only speed up, but improve the success of drug discovery efforts.
Articles such as Williams et al. (2005)115 provide a summary of the current range of
therapeutic targets and discovery projects. 

As well as continuing refinements and improvements in these methods, the princi-
ple advance in the past five years has been the availability of an increasing number of
structures of therapeutic targets. The major barrier to structure-based discovery is the
production of a pure, homogenous preparation of soluble, functional protein that forms
crystals suitable for X-ray structure determination. A recent review by Hunt (Hunt,
2005)116 summarises the current best practise in producing protein for the range of
post-genomic experimental studies. For structural work, the primary workshorses are
over-expression in bacterial systems (see review by Goulding and Perry, 2003)117 or,
where folding or post-translational modification can be a challenge, the use of insect
cells driven by baculovirus infection (see review by Kost et al., 2005).118 Although
there remain considerable challenges, the massive investments in structural genomics
are slowly providing improved methods and protocols for generating protein structures
for an increased number of proteins (Yokoyama, 2003,119 Braun and LaBaer, 2003120)
aided considerably by the development of a variety of affinity tags (Waugh, 2005)121

to facilitate isolation and purification of expressed protein. A recent volume of the
review journal, Progress in Biophysics and Molecular Biology (vol 88) contains a
series of articles describing current methods for protein crystallisation.

The complete genome sequences are available for human and for many major
pathogens, and many new targets are being identified and validated. A potentially
valuable development for drug discovery is the recently established Structural
Genomics Initiative, which aims to generate structures for many hundreds of thera-
peutically relevant human proteins and place them in the public domain (see
http://www.sgc.utoronto.ca).

Where there is not structure available, there has been considerable interest in
using homology models to provide a starting point for structure-based discovery.
The review by Hillisch et al. (2004)84 summarises the current state of the field. 

5 What isn’t in this Book
This book aims to provide an introduction and overview to the methods of struc-
ture-based drug discovery. The methods chapters provide a reasonably comprehen-
sive coverage of the ideas and tools available. However, the chapters illustrating
how these methods have been successfully applied cover only a few of the applica-
tions areas. The following provides a brief summary of the major areas of omission.

5.1 Drug Discovery Against GPCR Targets

The G-Protein-Coupled Receptors (GPCRs) represent a major class of target for
therapeutic intervention.85 Over 50% of the current marketed drugs target this class
of receptor in many therapeutic areas. Over the past 20 years, conventional SAR
methods in medicinal chemistry have been highly successful in generating new

20 Chapter 1

RSC_SBDD_CH001.qxd  2/16/2006  11:10 AM  Page 20



generations of drugs. However, to date, the only crystal structure available is for
bovine rhodopsin, which shares variable sequence and functional similarity to the
many hundreds of possible target proteins. It is thus very difficult to construct accu-
rate models of the active site of a GPCR target.86 Some hints about which amino
acids are important in the active site can be derived from binding data for ligands
with mutated receptors, sufficient in some cases to generate models of the target
against which to guide virtual screening and compound design.87 However, this type
of modelling is fraught with many challenges. What is awaited is a breakthrough in
the determination of the structures of this class of proteins. Current progress is
reviewed in Lundstrom.88

5.2 Protein–Protein Interactions

Many aspects of biological control and function operate through specific interactions
between protein partners, bringing functionalities together or inducing conforma-
tional change for modulation of biological activity. However, disruption of pro-
tein–protein interactions by small molecules remains a considerable challenge.
Molecular recognition in most protein–protein interactions relies on bringing together
of large, often chemically and structurally featureless surfaces. There have been
notable successes with targeting proteases where there are discrete active sites, but
these experiences have emphasised the difficulties of creating drug-like ligands able
to reach the spatially separated recognition sites that are important for specificity. One
approach has been to identify the so-called “hot spots” important for binding and tar-
geting these for small molecule intervention. One interesting idea is to exploit nearby
cysteine residues for covalent localisation of ligands. The review by Arkin and Wells
(2004) provides an overview of the current prospects and achievements in the area.

An alternative strategy is to generate or identify peptide fragments that can disrupt
a protein–protein interaction. Structures of the protein–peptide complex can then be
used to derive peptidomimetic compounds. Recent successes include the discovery
of compounds against MDM289 and XIAP.90

5.3 Using Structural Models of ADMET Mechanisms

The past 10 years has seen an increased molecular (and at times structural) under-
standing for some of the mechanisms in human biology responsible for drug pharma-
cokinetics. Structures for some of the cytochrome P450 enzymes responsible for
oxidative metabolism have been determined.91 As more structures of ligand complexes
are determined, it may be possible for in silico screening to highlight metabolic liabil-
ity in a compound. Similarly, models have been developed for binding to the hERG
channel, responsible for the cardiac side effects of some compounds.92 An interesting
use for NMR screening is to characterise binding to albumin as a model for the plasma
protein binding that can affect drug bioavailability.93

These developments all contribute additional methods that can be used as early fil-
ters or structural alerts to guide the design of new compounds. However, the mech-
anisms contributing to ADMET are clearly very complex and multi-factorial, so it
will be a long time before they can replace in vivo experiments.
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5.4 Protein Therapeutics

This book focuses entirely on small molecule therapeutics. However, there have also
been some important applications of structure-based methods in the design of pro-
tein therapeutics. The developments in molecular biology methodology of the 1980s
provided the ability to introduce specific mutations into proteins to modify func-
tional or physical properties. This found particular application in the development of
industrial enzymes but also in engineering proteins for therapy. An early example is
the work at Novo (and York), summarised in Brange et al.94 where a structural under-
standing of the oligomerisation of insulin directed the design of specific mutations
to create monomeric insulins with improved absorption characteristics. Another
example is the extensive work on engineering of antibodies for therapy.95,96

5.5 Other Targets for Structure-Based Drug Discovery

The three applications chapters in this book describe structure-based drug discovery
against just three targets – neuraminidase, Factor Xa and the estrogen receptor. The
methods have now been applied to many different classes of target, many of which are
refered in the other chapters (see the table in the chapter by Brown and Flocco).

The following is a summary of the efforts for some of these other target classes.
Kinases. Noble et al.97 have reviewed the detailed insights for drug design pro-

vided by kinase structures and Vieth et al.98 have provided an up-to-date review of
the kinome with valuable annotation for which kinases there are structures and those
that are homologous to them. Kinases have seen intense activity over the past 10
years and have been a major focus for many innovations and investments in struc-
ture-based drug discovery. The next 5 years or so will see how many of these proj-
ects can deliver drug candidates into the clinic.

HIV proteins. The unraveling of the life cycle and molecular biology of the HIV
virus prompted intense efforts to determine the structures of the distinctive proteins that
support replication and infectivity of the virus. The earliest studies on HIV protease are
described in Blundell et al.99 and Greer et al.,72 and the article by Vacca and Condra22

describes the development of the first generation of inhibitors. The article by
De Clercq100 provides an update on more recent studies. In addition to the protease,
there has also been intense efforts to develop drugs against HIV reverse transcriptase,
some of which are summarised in the article by Ren and Stammers.101

The ribosome as an antibacterial target. The determination of the structures of the
30S and 50S subunits of the bacterial ribosome represent one of the triumphs of
structural biology of the late 1990s Ramakrishnan, 2002,6 and continuing structural
work is beginning to elucidate the detailed mechanisms of transcription and control.
The ribosome is the target for many natural product antibiotics and the determina-
tion of the structures led to many efforts to use the structures for rational design (for
example, the companies RiboTargets and Rib-X). These efforts have generated some
excellent science, but as discussed in the introduction, there are many challenges in
drug discovery against this class of target. It is possible to discover many compounds
that bind with high affinity to the ribosome (and RNA in general). The difficulty is
in achieving specificity – it is no accident that natural product antibiotics are large,
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complex molecules. Such complexity and size may well be what is required to
achieve selectivity. In addition, the compounds that bind RNA tend to be quite polar
and not drug-like. Again, the natural product antibiotics have evolved to find some
mechanism to gain cellular access that is extremely difficult to design in a small
molecule.

Nuclear receptors. The chapter by Manas et al. in this book describes just one
example of drug discovery against this class of protein that play a key regulatory role
in cells. The article by Folkertsma et al.102 summarises the structural information
available.

Phosphatases. There has been considerable activity in structure-based discovery
against this class of proteins whose primary role is removing phosphate groups
attached by kinases, thus providing balancing regulation for many cellular
processes.103 Examples of structure-based discovery efforts include Black et al.,104

Lund et al.105 and Zhao et al.106. A challenge with this target is that the active site
recognises a phosphate group and design of cell penetrating phosphate mimics is dif-
ficult. In addition, individual phosphatases are usually active against a number of
kinases. As yet, no phosphatase inhibitor has progressed far in clinical trials neces-
sary to demonstrate that the class of proteins is a true therapeutic target.

Phosphodiesterases. The discovery and development of Viagra1 stimulated great
interest in this protein class. Phosphodiesterases are implicated in a range of thera-
peutic areas as reviewed in Manallack et al.107

6 Concluding Remarks
This introduction has hopefully provided an overall perspective on the field of struc-
ture-based drug discovery. The major challenges for the methods are the ability to
determine the structure of the target, the ability to predict binding of ligands and the
ability to design novel chemistry that is synthetically accessible.

The determination of the structure of the therapeutic target, if possible in complex
with as many different ligand starting points as possible is clearly central to structure-
based discovery. Many major classes of therapeutic target are still inaccessible to
routine structure determination – such as the GPCRs and ion channels. In addition,
many aspects of mammalian biology is governed by the transient assembly of large,
multi-protein, multi-domain complexes and these remain a formidable challenge for
structural study. These prizes remain available for the ambitious structural biologist.

Our ability to predict the conformational and energetic changes that accompany
binding of a ligand to a protein target remains relatively weak. The methods that can
be practically applied have remained essentially on a plateau since the development
of empirical scoring methods in the early 1990s. Recent advances in techniques such
as MM-PBSA108 may offer the next level of improvement (see Barril and Soliva chap-
ter). This ability to accurately determine interaction energy is the key for the next step
of being able to model protein conformational change on ligand binding – a phe-
nomenon which currently limits success (and confidence) in detailed structure-based
design.

Finally, a major challenge is how to bring this wealth of structural, computational
and assay data together to design new, improved compounds that can be readily

3D Structure and the Drug Discovery Process 23

RSC_SBDD_CH001.qxd  2/16/2006  11:10 AM  Page 23



synthesised. There are few computational/informatics tools available to guide this
process currently, and successful design crucially relies on effective inter-working
and understanding between the different disciplines. It is hoped that the descrip-
tions of the methods and selected applications provided in this book will give some
insight into how this integration of the various methods is important, and empha-
sise how structure can provide insight and confidence to inspire and enable suc-
cessful design.
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