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It has long been recognized that knowledge of the 3D
structures of proteins has the potential to accelerate
drug discovery, but recent developments in genome
sequencing, robotics and bioinformatics have radically
transformed the opportunities. Many new protein
targets have been identified from genome analyses and
studied by X-ray analysis or NMR spectroscopy.
Structural biology has been instrumental in directing
not only lead optimization and target identification,
where it has well-established roles, but also lead
discovery, now that high-throughput methods of
structure determination can provide powerful
approaches to screening.

Discussion of the use of structural biology in drug discovery began
over 35 years ago, with the advent of knowledge of the 3D structures
of globins, enzymes and polypeptide hormones. Early ideas in circu-
lation were the use of 3D structures to guide the synthesis of ligands
of haemoglobin to decrease sickling or to improve storage of blood
[1,2], the chemical modification of insulins to increase half-lives in
circulation [3] and the design of inhibitors of serine proteases to control
blood clotting [4]. An early and bold venture was the UK Wellcome
Foundation programme focussing on haemoglobin structures estab-
lished in 1975 [1]. However, X-ray crystallography was expensive and
time consuming. It was not feasible to bring this technique ‘in-house’
into industrial laboratories, and initially the pharmaceutical industry
did not embrace it with any real enthusiasm.

In time, knowledge of the 3D structures of target proteins found its
way into thinking about drug design. Although, in the early days,
structures of the relevant drug targets were usually not available 
directly from X-ray crystallography, comparative models based on 
homologues began to be exploited in lead optimization in the 1980s
[5]. An example was the use of aspartic protease structures to model
renin, a target for antihypertensives [6]. It was recognized that 3D
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structures were useful in defining topographies of the
complementary surfaces of ligands and their protein targets,
and could be exploited to optimize potency and selec-
tivity [7]. Eventually, crystal structures of real drug targets
became available; AIDS drugs, such as Agenerase and
Viracept, were developed using the crystal structure of
HIV protease [8,9] and the flu drug Relenza was designed
using the crystal structure of neuraminidase [10]. There are
now several drugs on the market that originated from this
structure-based design approach; Hardy and Malikayil [11]
list >40 compounds that have been discovered with the
aid of structure-guided methods and that have entered
clinical trials [11]. Seven of these compounds had, in mid-
2003, become approved and marketed drugs (Table 1). It
is arguable that additional drugs could also be included
in Table 1, for example, other marketed HIV protease 
inhibitors, but, for the purposes of this review, Table 1 is
intended to represent the overall contributions of structural
biology for various target classes. Gleevec was launched
in 2001 for the treatment of chronic myelogenous
leukaemia. It has been reported that the crystal structure
of Gleevec complexed with BCR-ABL fusion protein 
kinase assisted in understanding retrospectively how
structural mutations in ABL can circumvent the anticancer
activity of the compound [12,13]. Another anticancer 
kinase inhibitor drug, Tarceva, was approved by the FDA
in 2004 for the treatment of locally advanced or metasta-
tic non-small cell lung cancer. In addition, Exanta, which
was approved in Europe in 2004 as the first oral antico-
agulant since warfarin, was marketed almost 60 years ago,
although this compound has not been approved in the USA.

The structure-based design methods used to optimize
these leads into drugs are now often applied much earlier
in the drug discovery process. Protein structure is used in
target identification and selection (the assessment of the
‘druggability’ or tractability of a target), in the identifi-
cation of hits by virtual screening and in the screening of
fragments. Additionally, the key role of structural biology
during lead optimization to engineer increased affinity
and selectivity into leads remains as important as ever.
Each of these topics will be outlined, using the field of 
kinase drug discovery as an example of the role of structure
in lead optimization.

Target identification from sequence–structure
homology recognition
Structural information about proteins can give clues on
the membership of families and superfamilies. Although
this approach is often classed as ‘fold recognition’, it is
more properly termed ‘sequence–structure homology
recognition’. The recognition of HIV protease as a distant
member of the pepsin–renin superfamily and the subsequent
modelling of its 3D structure and design of inhibitors 
elegantly exemplifies the applicability of this approach
[14,15]. In general, putative relatives are identified, the
sequences aligned and the 3D structures modelled. This

is usually helpful in identifying binding sites and molec-
ular function, if key residues are conserved.

Such approaches can be classified either as profile meth-
ods or threading. The profile methods introduce structural
information into traditional sequence comparison algo-
rithms, either using structure-dependent propensities [16,17]
or substitution matrices and gap penalties [18–20]. By
contrast, threading fits a probe sequence onto the back-
bone of a known structure, evaluating the compatibility
between the sequence and the proposed structure by
means of a set of empirical potentials that are derived
from well-resolved protein structure data [21]. This
method remains a powerful tool for fold recognition, but 
sequence–structure comparison strategies using profiles
offer better homology recognition performance [22].
Combined algorithms have been reported; for example,
GenTHREADER uses the sequence comparison method to
generate the sequence–structure alignment and then eval-
uates the alignment using threading potentials [23].

Once a homologue of known structure has been iden-
tified, it can be modelled using a variety of comparative
(homology) modelling procedures, for example, those
that use a fragment-assembly approach, such as Composer
[24] or SWISS-MODEL [25], or alternatively a restraint-
based approach, such as Modeller [26]. These give good
models if the sequence identity is >30% but the accuracy
falls off sharply when it is lower, mainly because of the
difficulties in obtaining good alignments, in predicting
shifts of core residues and in building loops [27].

The use of homology models is important in the devel-
opment of kinase inhibitors [28]. Over 500 kinases have
been identified in the human genome and, so far, only
~50 of these have had their structures determined. In cases
where the structure is not known, homology models have
been useful for optimizing the affinity of inhibitors [28].
This not only includes increasing affinity for the kinase
target(s) of interest but also decreasing affinity for related
kinases and identifying kinases to be used in selectivity
screens on the basis of structural homology in the region
where the inhibitor binds [29]. Homology models can also
be successfully used as a starting point for virtual screening.

Structural genomics and drug targets
Although these comparative approaches have proved
helpful, an experimental structure will usually be more
accurate. The possibility of using high-throughput crystal-
lography for defining structures of all gene products in an
organism, known as structural genomics, has recently 
become a reality and there are several worldwide initia-
tives to define 3D structures of representative protein fam-
ily members in several genomes [30–33]. Structures defined
by these structural genomics initiatives should be useful
not only as a basis for ligand design but also for homology
recognition on the basis of structure–structure comparisons.

There is intense interest in automating all steps of protein
crystallography – expression, characterization, crystallization
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TABLE 1 

Drugs derived from structure-based approaches 

Trade 
namea

Generic 
name 

Structure Mechanism Disease area Date 
launched 

Company Refs 

Capoten Captopril 

N

O SH

COOH

Angiotensin-
converting enzyme 

Hypertension 1981 Bristol-Myers 
Squibb

[118] 

Trusopt Dorzolamide 
S SO2NH2S

NHEt

O O Carbonic anhydrase Glaucoma 1995 Merck [119] 

Viracept Nelfinavir 

N

H

H

N
H

O

HO

PhS

H
N

O

OH

HIV protease HIV/AIDS 1999 Agouron  
(Pfizer) and Lilly

[120] 

Agenerase Amprenavir 
Ph

N
H

O

O

O

OH

N
S

O

O

NH2 HIV protease HIV/AIDS 1999 Vertex and GSK [121] 

Aluviran Lopinavir Ph

N
H OH

H
N

O

O

Ph
O

N NH

O
HIV protease HIV/AIDS 2000 Abbott [122] 

Relenza Zanamivir 

O

N
H

H2N

NH

NH OH

OH

OH

COOH

H
Ac

Neuraminidase Influenza 1999 Monash 
University and 
GlaxoSmithKline

[123] 

Tamiflu Oseltamivir COOEt

OH2N

NHAc

Neuraminidase Influenza 1999 Gilead and 
Roche 

[124] 

Gleevec Imatinib 

N
H

N
H

N

N

N

O

N

N

BCR-ABL Chronic 
myelogenous 
leukaemia 

2001 Novartis [125,126] 

Tarceva Erlotinib 

N

N

HN

O

O

O

O

EGFR Non-small cell 
lung cancer 

2004 OSI and 
Genentech 

[127] 

Exanta Ximelagatran 

H
N

NH

HO

N
H

O

N

O

HN

O
OEt

Thrombin Venous 
thromboembolic 
events 

2004
(Europe 
only) 

AstraZeneca [128] 

aAll trade names are registered trademarks. 



REVIEWS DDT • Volume 10, Number 13 • July 2005

Review
s

•K
EY

N
O

TE R
EV

IEW

898 www.drugdiscoverytoday.com

and structure determination: these have been reviewed
extensively and they are only summarized here. For exam-
ple, technology developments for genomic sequencing have
provided superb tools that enable DNA sequencing and
expression-construct design to be automated with small
sample volumes [34]. Although expression in Escherichia
coli is quick, low cost, high yielding and lacks post-trans-
lational modification, many eukaryotic proteins express
poorly or form inclusion bodies that must be refolded
[30–33]. Significant improvements have been obtained
using insect cell or yeast expression, enabling many key
drug targets, such as protein kinases, to be produced rou-
tinely. Cell-free protein expression is being used to tackle
gene products that are toxic to the host organism or diffi-
cult to express [35]. Although the purification of proteins is
much more dependent on specialist knowledge, inclusion
of an affinity tag has led to the establishment of generic
purification approaches in this area [36,37].

There have been significant and impressive advances
in crystallization through provision of commercial crys-
tallization solutions and the use of liquid-handling robots
that can dispense preformulated screens or create custom
ones [38–40]. The dispensing of protein drops has taken
advantage of new technologies, reducing dispensing 
volumes to 25–100 nl of protein for each crystallization
condition [41]. X-ray data collection has been greatly 
facilitated by the introduction of crystal mounting and
alignment robots, such as ACTOR [42], enabling unat-
tended collection of data 24 h a day [43]. Many exciting

developments in high-throughput structure determination
are occurring in the structural genomics and synchrotron
centres [30–33], including attempts to solve the phase
problem using mathematical approaches that do not 
require labelling the protein with a heavy atom or anom-
alous scatterer [44,45] and automatic interpretation of the
electron density, where resolution is better than 2.3 Å [46].
Attempts are being made to describe the structural het-
erogeneity in the form of anisotropic motion and discrete
conformational substrates, often of functional importance
[47].

As a result of these initiatives, structural biology has
been able to tackle more difficult problems than have pre-
viously been amenable to structural elucidation. A good
example of this has been the progress on cytochrome
P450s (P450s). P450s are responsible for the majority of
the primary metabolism of drug molecules in the human
body. The mammalian P450s linked with metabolism are
membrane-associated and, despite significant efforts for
many years, the structure of the first mammalian P450
was not solved until 2000 [48]. Subsequently, improve-
ments in manipulating the mammalian enzymes, coupled
with the power of modern structural biology, have
enabled the determination of several human P450s
known to be important in drug metabolism, culminating
in the determination of the P450 3A4 crystal structure
and its co-complexes with relevant ligands (Figure 1)
[49,50]. The P450 3A4 isoform is implicated in the metab-
olism of ~50% of marketed drugs and its structure deter-
mination might herald a new role for structure-based 
design in the modulation of the metabolic properties of
candidate drug molecules.

Identifying ligand binding regions
As structural genomics projects produce more 3D struc-
tures, with many of the proteins recognized only from
their gene sequences, it is becoming increasingly impor-
tant to develop computational methods that will identify
sites involved in productive intermolecular interactions
that might give clues about functions and binding sites.
If computational methods can give an indication of a
function and also a binding region, for example, by homol-
ogy, then these can be tested by site-directed mutagenesis,
which has proved to be a powerful structure-based
approach.

Sequence motif databases, such as PROSITE [51], identify
specific residues that are likely to be involved in function,
but 3D descriptors of functional sites have an advantage
in that the sites themselves are usually made from dis-
continuous regions of the protein sequence [52]. There
have been several attempts to predict functional and/or
interaction sites computationally, for example, by finding
steric strain or other types of high-energy conformations
that often occur at active sites [53,54] or through identi-
fying clefts that can accommodate ligands [55]. Almost
all protein functional sites arise through mutation and

FIGURE 1

Crystal structure of human cytochrome P450 3A4. Overall fold of P450 3A4.The 
N-terminus is shown in blue and the C-terminus in red, with intermediate parts of the
sequence in green and yellow.The haem, which is the site of oxidative metabolism of
many drugs, is depicted as a ball and stick model at the centre. An understanding of
the binding site of P450s and protein–ligand complexes of drug molecules bound in
the active site of these proteins is improving understanding of drug metabolism.
Figure generated using Astex Viewer (Astex Technology).
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Darwinian selection, and hence they will be the most
highly conserved regions of a protein [56–58]. The most
widely used method based on evolutionary conservation
of sequence is ‘evolutionary trace’ [59], in which residues
that are conserved are highlighted on the structure.
However, restraints leading to conservation of sequence
can arise from protein function and structure and a recent
approach differentiates evolutionary restraints on protein
function from those on sequence and structure [60].

Identification of hits and leads
Hit identification is a costly and resource intensive exer-
cise. For more than a decade, random HTS, in which a
large compound collection is interrogated in a high-density
assay format, has been the technique most often used to
identify hits. The objective has been to identify com-
pounds with IC50 values lower than 10 µM. A great deal
of infrastructure and logistics are required, not only for
the screening process but also for the assembly, storage
and maintenance of a quality controlled compound file.
Furthermore, in an attempt to increase the number and
quality of the compounds available for screening, the field
of combinatorial chemistry was born during the 1990s.
Many large companies have invested in establishing infra-
structure and expertise in the synthesis of large libraries,
using solid-phase chemistry approaches and solution-
phase libraries coupled with high-throughput purification
platforms [61–63].

Despite these intensive efforts, generating quality hits
remains challenging. Hits-to-leads chemistry, following
on from HTS, is required to assess and prioritize the 
results and to synthesize close analogues of active structures
to establish outline SARs and build confidence in a hit 
series. However, many active wells in a screen against a
target do not always guarantee the identification of a
high-quality lead series [64].

The relatively disappointing results of HTS against spe-
cific classes of targets have led to the concept of ‘target
tractability’, in which knowledge of the historical suc-
cesses of a class of targets is used to assess the probabil-
ity of success for other family members. This assessment
is based on the number and drug-likeness of ligands for a
target class, as well as knowledge of the binding sites of
family members using protein structure information [65].
As a consequence of this prioritization of particular pro-
tein families as candidates for screening, a move to a more
knowledge-driven overall approach has evolved. Rather
than performing a large, costly, high-throughput screen,
a more focused screening campaign is often more appro-
priate for the most tractable targets for which there is infor-
mation about ligands, and perhaps also protein structure.

First, it will be possible to use in silico screening
approaches (virtual screening and de novo design) to 
select a subset of samples from the larger compound file
or to design a new lead using knowledge of previously iden-
tified ligands. Second, the energies of the combinatorial

chemist can be spent producing target-class-specific com-
pound libraries, directed by known ligands or by knowl-
edge of the active site of at least one member of the 
protein family [63]. Finally, a biophysical screen of small
molecules, or ‘fragments’, might be possible, from which
a lead can be derived using knowledge of how the frag-
ment binds in the active site of the target. Several examples
of each of these approaches will be outlined here.

Structure-guided design and virtual screening
Selecting (or designing) compounds in silico that bind to
a protein active site is difficult. First, the in silico method
must solve the docking problem by finding the optimum
binding orientation for the compound in the active site
of the protein. This means that it must predict the correct
ligand conformation and orientation, in addition to any
protein movement that is induced by the ligand, although
for most applications of docking the protein is assumed
to be rigid. Many methods and programs have been devel-
oped and tested in docking applications [66]. Docking 
accuracy is usually assessed by the ability to reproduce the
experimentally determined binding mode of a ligand as
the highest-ranking solution starting from a random 
ligand geometry but using the correct conformation of
the protein. Currently, state-of-the-art docking programs
correctly dock ~70–80% of ligands when tested on large
sets of protein–ligand complexes [67,68].

The second challenge is that the in silico method must
score the compound so that its relative affinity can be
judged versus other compounds. In virtual screening, a
large number of commercially available (or synthetically
accessible) compounds are docked and ranked by in silico
methods and the highest-ranking compounds are selected
for acquisition (or synthesis) and experimentally tested
for activity against the target protein. The method would
work best with an accurate and rapidly calculated scoring
function but, to date, only crude approximations are
available [69].

Despite these difficulties, in silico methods are useful
and influential in structure-guided design. For example,
virtual screening will be effective if there is a significant
enrichment of true hits in a selected subset of compounds
compared with a subset selected via another mechanism
and this condition does not require a highly accurate scor-
ing function or a rigorous treatment of receptor flexibility.
Successful examples of virtual screening in the identifi-
cation of novel hits and the demonstration of significant
enrichment have been described (two examples are pre-
sented in Figure 2) and there have been many other 
reports in the literature [69–74].

The identification of novel and potent inhibitors of
DNA gyrase by 3D structure-biased ‘needle’ screening was
described by Boehm et al. [75]. DNA gyrase is an antibac-
terial target that is an essential prokaryotic type II topoi-
somerase with no mammalian equivalent; the enzyme
catalyses the ATP-dependent introduction of negative 
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supercoils into bacterial DNA, with the B subunit of the
A2B2 complex being the ATPase. The screening approach
depended on an analysis of the key interactions of known
ligands using protein–ligand structures. This identified
that H-bonds with the side chain of Asp73 and a conserved
water (Wat45) were important. Using this information, a
pharmacophore was developed for in silico screening to
identify 600 small molecules or ‘needles’ (now more con-
ventionally referred to as fragments). These compounds
were screened at a high concentration in an ATPase assay
(up to 0.5 mM), which led to the identification of 150 
actives that were clustered into 14 classes. To validate the
hits, several additional assays were used, including NMR
screening and, finally, X-ray analysis of the promising
compounds. Seven of the 14 hit templates were then pro-
gressed to chemistry optimization, using information on
the protein–ligand complex to direct the synthesis. The
strategy ultimately led to the identification of an indazole
derivative with potency tenfold higher than the DNA 
gyrase inhibitor novobiocin.

Vangrevelinghe et al. [76] reported the identification of
a potent lead molecule by virtual screening of the Novartis
corporate collection for the protein kinase target casein

kinase II (CK2), for which few ligands had previously been
reported. A homology model of the human CK2 protein
was produced using published data on the protein from
Zea mays, which has 72% sequence similarity with human
CK2. A large subset of the Novartis compound file was
screened (400,000 compounds) using DOCK [77]. The 
virtual hits were filtered further by application of a con-
sensus scoring filter and visual inspection of the remaining
compounds to remove compounds for which there was no
predicted H-bond to the hinge region of the kinase. Only
12 compounds were progressed to further testing, of
which four were hits at a concentration of 10 µM. The
most potent hit was an indoloquinazolinone analogue
with a potency of 80 nM. The compound was addition-
ally found to be selective against a panel of 20 other 
kinases.

It is interesting to consider current and future trends
in virtual screening approaches. Clearly, there is still much
to be done in the area of improved ranking and scoring
functions. It remains a source of frustration that a skilled
modeller can look at high-ranking solutions from a dock-
ing program and dismiss many of them as ‘simply wrong’.
Many researchers are turning towards scoring functions

FIGURE 2

The use of virtual screening to identify potent ligands. (a) X-ray structure of a potent indazole-based inhibitor of DNA gyrase in the active site of
the enzyme. Screening of ‘needles’ identified the indazole as a potential binder, and structure-guided chemistry ultimately afforded potent inhibitors.
The interactions shown are the indazole forming H-bonds with Asp73 and Wat45 and the carboxylic acid forming a salt bridge to Arg136. Reproduced,
with permission, from [75]. (b) High-throughput docking against a homology model of protein kinase CK2 followed by focused screening identified a
potent and selective kinase inhibitor.The ligand is depicted in a binding pose predicted by DOCK in the ATP-binding site of the homology model of
human CK2a. Also shown is the binding mode of ATP (magenta). Reproduced, with permission, from [75]. (c) 2D-representation of the ligands.
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that are targeted to a particular protein or protein class as
a practical method of improving performance. However,
although this approach is certainly useful, it is not 
entirely satisfactory [78–81]. Receptor flexibility remains
an active area of research but current common practice is
to employ functions that are reasonably tolerant of mild
clashes and to use multiple receptor conformations
[82–84]. The modelling of water molecules that form 
hydrogen bonds with the protein is also being explored
with automated methods that will enable ligands to 
either displace a water molecule or form a hydrogen bond
with it, depending on which case is the most energetically
favourable [85]. Given the success that the pharmaceuti-
cal industry is currently experiencing with structure-based
drug design and virtual screening, it should also be 
expected that many more examples of virtual screening
and docking applications will appear in the literature.

De novo design and structure-guided library
chemistry
Existing compound collections might not always contain
molecules with an optimal fit for a given target protein
or the compounds themselves could be of limited nov-
elty. In silico methods that can design new ligands are,
therefore, potentially useful. De novo design methods posi-
tion fragments in the binding cleft of protein targets and
then ‘grow’ them to fill the space available, optimizing
the electrostatic, van der Waals and hydrogen bonding
interactions [86–90]. Stahl and co-workers [91] have recently
published a careful validation of the program Skelgen,
developed by De Novo Pharmaceuticals, and this work
gives a good indication of the state-of-the-art perform-
ance that can be expected from de novo design. As with
virtual screening, there are serious challenges in the correct
positioning and scoring of designed molecules but, addi-
tionally, de novo design can often produce molecules that
are difficult to synthesize. For these reasons, there has
been a tendency to initiate de novo design from a moiety
(or fragment) that is already known to bind well to the
protein target. This means that more control can be 
exercised over the ‘synthesisability’ of the designed com-
pounds and that the designed compounds are more likely
to bind to the receptor because they are based on an active
scaffold.

A related concept is the use of structural knowledge to
guide the design of combinatorial libraries. The use of
structural knowledge parallels the noticeable shift in com-
binatorial chemistry over the past few years, away from
large ‘diversity’ library synthesis to much more targeted
approaches [63]. This is, in part, the result of disappoint-
ing results in identifying hits from large libraries using
HTS approaches, and also because of a bias towards 
particular target classes that are now seen as ‘tractable’ to
small molecule inhibitors. The move towards more targeted
approaches is also supported by recent papers demon-
strating superior hit rates for structure-guided approaches

when compared directly with diverse libraries [92,93]:
other applications of structure-guided library chemistry
have been discussed elsewhere [94,95].

An example of a targeted approach has been reported
by Liebeschuetz et al. [96], in which the program
PRO_SELECT was used to design candidate inhibitors of
the blood coagulation enzyme factor Xa. Starting from an
amidine anchor to bind in the S1 specificity pocket of the
protease, templates were designed and library members
enumerated, from which a small library was prepared.
One hit from this library was progressed through two 
further rounds of library synthesis, culminating in the
identification of two related inhibitors, each with an IC50

of 16 nM. The X-ray crystal structure of one of the ana-
logues confirmed the predicted binding mode.

Adams et al. [97] described the use of a homology
model of Janus kinase 3 (JAK3) to guide library design,
starting from a moderately active ligand. The oxindole
hit was explored by the synthesis of a 700-membered 
library using 14 available oxindoles with selected alde-
hydes, based on dockings against the homology model.
The library resulted in the identification of leads with low
nanomolar potency in the kinase assay.

Fragment screening
A novel development in structural biology that has evolved
in recent years is fragment-based screening. Typically,
fragments are small organic molecules (100–250 Da) that
exhibit low binding affinities (~100 µM to 10 mM) against
target proteins, and, as such, would not usually be iden-
tified by HTS. However, the impressive advances in high-
throughput NMR and crystallography have opened up
the possibility of using structural information in lead 
discovery for HTS of protein–fragment complexes. Once
a ‘hit’ has been identified in this way, and its exact bind-
ing mode elucidated, the fragment could provide a novel
template that can be developed into a more complex,
higher potency ligand. Despite the low affinity (assessed
in a bio-assay) of these small molecule hits, fragments
tend to exhibit high ‘ligand efficiency’; a high value for
the average free energy of binding per heavy atom (i.e.
excluding hydrogens) [98]. This property makes fragments
attractive starting points for iterative medicinal chemistry
optimization.

NMR spectroscopy was the first structural technique to
be exploited for use in fragment screening using a method
termed ‘SAR by NMR’ [99]. Perturbations to the NMR spec-
tra of a protein are used to indicate that ligand binding is
taking place and to give some indication of the location
of the binding site. The ligands can be large molecules
or lower molecular weight fragments. The experiments
are typically performed using high concentrations of pro-
tein (200 µM) and ligand (1–10 mM). Similarly, the SHAPES
approach, which uses compound scaffolds derived from
those most commonly found in known therapeutic
agents, exploits NMR to detect binding of a limited, but

REVIEWS
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diverse, library of small molecules to a potential drug target
[100]. NMR detection of low (µM–mM) affinity binding is
achieved using either differential line broadening or trans-
ferred nuclear Overhauser effect NMR methods. Recent
reviews have emphasized the synergy between NMR
screening methods and crystallography in applications to
inhibitor design [101,102].

The high-throughput methods developed for crystal-
lization of proteins and for solving multiple protein–
ligand complexes have made it possible to screen hun-
dreds or even thousands of small molecules in an attempt
to identify fragments that bind to protein targets and then
to define precisely their binding sites: the approach depends
on soaking crystals with single molecules or mixtures (or
cocktails). Because protein crystals contain extensive
channels filled with solvent that make up around 50% of
their volume, small molecules will usually diffuse rapidly
into the crystals and interact as if they were in solution,
as long as the binding site is not occluded by the crystal
packing. The small molecules can then be visualized using
difference Fourier techniques by collecting sets of X-ray
data on each soaked crystal under identical conditions.
Automatic procedures can be used to facilitate the rapid
solution of the structure of protein–ligand complexes by
interpreting and analysing the X-ray data without the
need for manual intervention. For a cocktail, the various
molecules can be fitted to the difference electron den-
sity and ranked; this enables complete automation of the
system, once the initial protein crystals have been char-
acterized and the structures solved.

There is an increasing number of case studies of the use
of X-ray crystallography as a tool to identify fragment
‘hits’. An early use of X-ray crystallography for screening
was described by Verlinde et al. [103], who exposed crys-
tals of trypanosomal triosephosphate isomerase to mixtures
of compounds in the search for inhibitors. Nienaber et al.
[104] have outlined the CrystaLEAD™ method of X-ray-
based screening of fragment libraries, where cocktails of
up to 100 molecules were soaked against the serine protease
urokinase. The potential for identifying useful inhibitors
against a challenging target using a fragment approach
is illustrated by Lesuisse et al. [105] in their studies with
the Src SH2 domain. Structural GenomiX (SGX) has 
established an integrated technology platform for lead
identification using high-throughput protein structure
determination – FAST™ (Fragments of Active Structures
Technology; www.stromix.com). The method enables the
identification of potent, and selective, low molecular
weight inhibitors of important drug targets. Hirth and
Milburn [106] have described a process for the design of
useful templates called Scaffold-Based Drug Discovery™,
which uses X-ray analysis of protein–ligand co-crystals.

A fragment-based approach called Pyramid™ relies on
the use of cocktails of small numbers of fragments at high
concentrations (even as high as 200 mM) and automated
molecular fragment matching and fitting using AutoSolve®

to rank candidate fragments in a cocktail [107,108].
Fragment hits against a range of enzyme targets identi-
fied using this approach have recently been described by
Hartshorn et al. [109], and the results indicate the gener-
ality and practicality of the method. In a follow-up paper,
Gill et al. [110] have shown how fragment hits can be
evolved into potent drug-like inhibitors of p38α mitogen-
activated protein kinase. Compound 1 (Figure 3) was
identified from a fragment screen of 327 ‘drug fragments’
using high-throughput crystallographic screening: on
consideration of the binding interactions of 1 in the 
active site of the kinase, this compound was considered
an attractive start-point for chemical optimization, despite
its low potency (IC50 of 1.3 mM). After several rounds of
structure-based drug design, 9 was discovered and was
identified as a potent and selective inhibitor (IC50 of 65 nM):
9 binds by an induced fit process in which the DFG 
(activation) loop of the kinase underwent a significant
movement to accommodate the ligand. The DFG motif
marks the start of the activation loop, which is a flexible
region involved in regulation of substrate binding. The
area of fragment-based lead discovery has recently been
thoroughly reviewed, and many more examples of the 
approach are described in these articles [111,112].

Kinase drug discovery
The field of kinase drug discovery is outlined here as an
example of the use of structural biology during the lead
optimization phase of medicinal chemistry projects.
Arguably, the structural biology of kinases has had more
impact on drug discovery than for many other target
classes and the importance of kinase structural biology
is likely to persist in the foreseeable future. The human
protein kinase family consists of >500 sequences in the
genome. These enzymes catalyse the transfer of the termi-
nal phosphate group from ATP to a specific serine, threonine
or tyrosine in the protein substrate. This phosphorylation
of proteins is part of the intracellular signalling cascade
triggered by specific extracellular signals or stresses on the
cell. Kinase signalling is therefore involved in many cellu-
lar processes, such as gene expression, metabolic pathways,
apoptosis and cell growth and differentiation. The pro-
tein kinase family has two major subfamilies, namely the
tyrosine kinases and the serine–threonine kinases, and
both have received considerable attention as drug dis-
covery targets for a whole host of diseases, including cancer,
diabetes and inflammation [113,114].

Indeed, this is only a relatively recent shift in the focus
of the drug discovery community. Targeting the ATP-bind-
ing site of protein kinases was once considered extremely
challenging, because the high degree of structural con-
servation in this region of the active site was thought to
preclude the development of sufficiently selective agents
for therapeutic use. However, within the past few years
there has been a large number of low molecular weight,
potent, ATP-site binders reported, many of which show

http://www.stromix.com
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good selectivity against a broad range of kinases [115]. A
structural understanding of how these inhibitors bind has
built confidence in the field that efficacious and relatively

selective drugs can be developed, culmi-
nating with the first kinase inhibitor
anticancer agent, Gleevec, reaching the
market place [13,116].

Comparison of the binding modes of
two clinically studied anticancer kinase in-
hibitors, OSI774 (Tarceva) and GW572016
(Lapatinib), in the ATP-binding site of the
tyrosine kinase epidermal growth factor
receptor (EGFR) [117] reveals that, although
the two molecules are from the same chem-
ical class (quinazolines), the protein–lig-
and structures have significant differences
(Figure 4). In addition to variations in the
key H-bonding interactions formed with
the quinazoline ring and the shape of the
ATP-binding site, Lapatinib binds to a
relatively closed form of the ATP site,
whereas Tarceva binds to a more open
form. Additionally, a large pocket is created
by a 9 Å shift in one end of the C-helix that
accommodates the 3-fluorobenzyloxy
group of Lapatinib. The shift in position
of the C-helix is significant because it 
results in the loss of a highly conserved
Glu–Lys salt bridge (Glu738 and Lys721),
which is known to ligate the phosphate
groups of ATP and is important in the
mechanism of kinases. Lapatinib has,
therefore, been described as binding to the
ATP site in a conformation that resembles
an inactive kinase structure, whereas
Tarceva binds to a form that resembles
structures of active kinases [117]. These
differences have the consequence that
Lapatinib has a slow off-rate from the 
active site, possibly as a result of the
requirement for a protein conformational
change on its dissociation, and it can be
speculated that this effect on the enzyme
kinetics influences the duration of drug
activity in vivo.

Lapatinib also has activity against a 
related growth factor, ErbB-2, that could
be an important enzyme in the patho-
physiology of breast cancers. However,
Tarceva shows a different kinase selectivity
profile and lacks this activity. This differ-
ence in cross reactivity profile is likely to
be because of, at least in part, the confor-
mation of the kinase that the ligands have
a tendency to bind to – inactive versus 
active. These findings suggest that small

changes in the chemical structures of kinase inhibitors
can have profound consequences on the binding mode
and kinetics of binding with target kinases.

REVIEWS

FIGURE 3

Fragment-based screening as a route to the identification of potent drug-like ligands. (a) Compound
1, discovered by fragment-based X-ray screening, is bound to the ATP-binding site of p38α mitogen-
activated protein kinase.The aminopyridine group forms a key H-bonding interaction with the backbone
amide of Met109 in the hinge region and fills a hydrophobic pocket adjacent to Thr106 with the benzyl
moiety. Compound 1 is a low affinity binder (IC50 of 1.3 mM), but each part of the molecule is interacting
with the protein. Reproduced, with permission, from [110]. (b) Compound 1 shown in a ribbon version of
the protein to illustrate the position of the activation loop and the glycine-rich loop. (c) Compound 9 was
produced after several iterations of structure-based design, using the protein–ligand structure of 1 and
structures of several of its substituted derivatives with higher potency. A large conformational change
occurs on binding of 9, in which the so-called DFG loop of the kinase moves to accommodate binding of
the hydrophobic amide substituent. During this movement, Phe169 moves ~10 Å and partially occludes
the ATP-binding site. Compound 9 is considerably more potent than 1, with an IC50 of 65 nM. (d) Overlay of
structures from (b) and (c) to illustrate the protein movement on binding of 9. (e) 2D-representations of 1
and 9. (b), (c) and (d) were generated using Astex Viewer (Astex Technology).
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This is just one example of how an understanding of
the structural biology of kinases is having a considerable
impact on this flourishing field of research and is driving
a detailed understanding of the properties of kinase 
inhibitors. Because of the close similarity of the ATP-bind-
ing site of kinases and the large number of kinase enzymes
in the genome, it is unlikely that highly selective compounds
for a kinase target of choice can ever be developed. However,
‘combinatorial inhibition’ or ‘spectrum selective’ inhibitors
of multiple protein kinases potentially have an attractive
profile for the treatment of cancer, because of the broad
range of factors that cause cancer in any given patient
population. The key challenges in kinase research are 
either developing relatively selective inhibitors or, instead,

inhibitors with several complementary activities. Structural
biology is likely to remain a vital tool to achieve these
ends.

Conclusions
Knowledge of the 3D structures of protein targets is now
playing a major role in all stages of drug discovery. Its
place in lead optimization is well established, with large
teams of structural biologists recruited into all major phar-
maceutical companies. The success of the method is 
evident from the drugs currently in use and new ones
reaching the market, and it is clear that, in many com-
panies, structure-guided approaches have become central
to developing good drug candidates. Despite these trends,

FIGURE 4

Kinase drug discovery. (a) and (b) illustrate the protein–ligand binding modes of Lapatinib and Tarceva, respectively, in the EGFR tyrosine kinase
ATP site, using similar ligand orientations; generated using Astex Viewer (Astex Technology) from Protein Data Bank structures 1XKK and 1M17 for
Lapatinib and Tarceva, respectively. (c) The tertiary structure of the kinase is different for each ligand: Lapatinib binds to an inactive-like conformation,
whereas Tarceva binds to an active-like conformation.The major differences close to the ligands are in the movement of the glycine-rich loop and
shift of the C-helix. (d) 2D-representations of Lapatinib and Tarceva.
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structural biology remains a challenging field and break-
throughs are still required to elucidate the structures of
many key proteins and protein families.

Structural biology has also played an important role in
the exploitation of recent developments in the sequencing
of the human genome and the genomes of model organ-
isms and disease agents through target identification and
validation. Target selection is heavily influenced by struc-
tural information as an indicator of the tractability of a
given protein family to inhibition by small molecule 

ligands. Additionally, a rational understanding of the 
selectivity of an agent against related proteins often depends
on information on the protein–ligand complex. But the
most exciting advances in recent years have come from
the use of high-throughput X-ray analysis and NMR in
structural screening, principally for fragments. It has now
been demonstrated that these can be used to ‘grow’ useful
lead molecules for most classes of drug target. Early results
indicate that this approach can significantly accelerate
the early stages of drug discovery.

REVIEWS
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REVIEWS

The Feature article in this issue of Drug Discovery Today highlights the potential of microdosing in the drug discovery process. Ian Wilding
from Pharmaceutical Profiles (www.pharmprofiles.com), one of the authors of the article, has just been awarded the 2005 'Career
Achievement in Oral Drug Delivery Award' sponsored by the Controlled Release Society (CRS) and Eurand. At the forthcoming CRS
meeting in Miami, USA (18-22 June 2005), Dr Wilding will present an update on using human absorption and scintigraphic studies to
overcome problems with developing molecules for oral drug delivery.
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