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Abstract

In the past twenty years structural biology has come to play a major
role in lead optimization and target identification in the process of
drug discovery. Only recently, however, has the development of high-
throughput methods of structure determination provided a powerful
approach to the screening of fragment binding so that structural biol-
ogy can now contribute directly to lead discovery. Most targets for the
new approaches continue to be enzymes, channels or receptors which
tend to be “tractable” with deep and well defined cavities that bind a
range of ligands. Here we discuss the challenges and opportunities in
moving fragment-based approaches to target less-tractable multipro-
tein systems.

Background

Although drugs have traditionally been identified from natural products through in vivo
studies, the 1980 s saw a more rational approach through the design of analogues of natural
ligands of key enzymes and receptors in critical regulatory pathways. Structural biology
began to contribute and soon came into its own in the optimization of leads (Fig. 1);
structure-based approaches were adopted throughout the industry.
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Figure 1. Modern drug discovery generally begins with target selection and pro-
gresses through the discovery of a new lead, which is then optimized and developed
into a candidate drug. Structural biology has historically contributed most in the final
stages of lead optimization. It has played some role through homology recognition
and structural genomics to assist target selection. However, its most successful appli-
cation may be in structure-based screening. Reproduced with permission from Blun-
dell et al., 2006.

But this focus on “rational” approaches was relatively short lived. In the 1990 s most
pharmaceutical companies became explored the rapid assay of large numbers of com-
pounds, so called high-throughput screening, which they believed would provide more
diverse and useful leads. The adoption of high-throughput screening, which aimed to
identify compounds with IC 50 s lower than 10mM for their target proteins, signalled an
intensive search for chemical diversity, in particular for the faster generation of large
chemical libraries. Combinatorial chemistry was championed but the search for natural
compounds was also accelerated [1 – 4]. Bioassays and systems for collection, storage and
analysis of the very large datasets generated were all automated. However the rate of newly
registered compounds in clinical trials did not increase in proportion to the exponential
increase in investment occasioned by these new automated approaches.

The pharmaceutical industry has responded in two ways. First, it has focused on targets and
their homologues that are more tractable, both in terms of the number of drug-like ligands
for a target class and the nature of the binding sites [5]. As a consequence we have seen an
emphasis on protein kinases and proteinases, and the concomitant development of “focused
compound libraries” for particular families. Secondly, the industry has sought to design
new drugs that have features of those that have been successful in the market. This has
manifested itself in rules, the most significant of which has been the Lipinski “rule of five”,
in which the size, solubility, flexibility and hydrogen bonding characteristics are “regu-
lated”.
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Fragment-Based Approaches

During this recent phase it has become increasingly clear that many “hits” deriving from
high-throughput screens using bioassays were already close to the molecular weight limit
of 500 Da defined by the Lipinski “rule-of-five”. It became apparent that screening very
small molecules or 'fragments' might be the way forward. However, most small fragments
would not be detected in the usual roboticised assays. The scene was set for the screening
using physical methods [6, 7].

In the past few years fragment based approaches have advanced rapidly and drug candi-
dates with their origins in such methodologies are now in the clinic. NMR [8, 9]. X-rays
(Verlinde et al. 1997; Nienaber et al. 2000; Blundell et al. 2002; Carr & Jhoti 2002),
surface plasmon resonance and isothermal calorimetry have all played a role [10 – 12].
However, X-ray crystallography has proved particularly powerful as it allows weak binders
to be identified and positioned in the ligand binding site [12, 13]. Indeed such screening
provides an efficient sampling of chemical space. Fragments are typically small organic
molecules of between 100 and 250 Da, which exhibit low binding affinities (~100 mM to
10 mM) against target proteins and consequently can not be identified by traditional high-
throughput screening. Such fragments tend to have high ligand efficiency, i. e. high values
for the average free energy of binding per heavy atom [14], and this makes them attractive
as start-points for optimization. A lead can be quickly developed from knowledge of how
the fragment binds in the active site of the target; Astex Therapeutics quotes an average of
22 weeks for this stage of weak-hit-to-lead [15, 16].

A successful application of such methods has been the Pyramid� approach developed by
Astex Therapeutics in Cambridge where fragment libraries are screened in cocktails using
X-ray crystallography [12, 15]. Automated molecular fragment matching and fitting in
electron density is achieved by a software procedure called AutoSolveTM which also ranks
the candidate fragments in a cocktail. Figure 2 shows a schematic representation of the
steps in the Astex PyramidTM procedure. Fragment hits derived from PyramidTM are sub-
sequently optimized with carefully designed iterations in order to maintain good ligand
efficiency. This process has been carried out against a number of protein targets [16, 17]
and including the protein kinase Cdk2, where fragment derived molecules are now in
clinical trials [13, 18].

Figure 2. The PyramidTM system allows lead discovery through a fragment-based
approach of molecular fragment matching and fitting. a. High resolution target struc-
ture determination. b. Generation of Astex drug fragment library. Virtual screening
used to enrich the library for fragments likely to bind the target. c. Drug fragment
cocktails used for protein crystal soaks, 4 – 8 compounds per cocktail. d. High-
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throughput protein/ligand X-ray crystallography. Automated X-ray data collection and
analysis. e. Electron density analysed by AutoSolve in order to identify bound drug
fragment. f. Structure-based optimization of hits to leads. Reproduced with permission
from Blundell et al., 2006.

Multiprotein Protein Targets

One of the great internal contradictions of drug discovery in practice is that whilst most
regulatory proteins are components of multiprotein systems, most of the focus in the
pharmaceutical industry is on the active sites of monomeric proteins. Is this really sustain-
able?

Multiprotein complexes that mediate signal transduction and control cell processes such as
differentiation, growth and proliferation have proved challenging targets for drug discov-
ery. Many of these have large surfaces of the order of 2000 �2, for example those involved
in receptor recognition and signal transduction (see for example [19]). This is especially
true of complexes that are assembled from preformed globular domains. It is difficult to
bind a small molecule to these large, relatively flat intermolecular surfaces involved in
protein interactions but it is also difficult to disrupt the interaction entirely even if one did.

There have been several approaches taken to overcome these challenges:

1. James Wells and his colleagues [20] have sought to exploit hot spots in protein-
protein interaction surfaces; these can provide binding grooves through confor-
mational change or structural adaptivity. Examples include peptidomimetics of
IL 2 that bind IL-2Ra [21].

2. Hydrophobic or amphipathic molecules have been designed to form large ag-
gregates that interact with protein-protein interfaces – a specific mechanism of
non-specific inhibition (see [22])!

3. Allosteric effects have been exploited. Ligand binding at a site distant from the
protein-protein interface can have a profound effect on the assembly of multi-
protein complexes. Because the allosteric effectors are often small molecules
that bind in distinct and well formed pockets, these provide attractive sites to
target and disrupt regulatory protein assemblies, such as those involving the
integrin LFA1. Although no inhibitor has been shown to bind to the ligand
ICAM1 binding site, allosteric inhibitors have been found which bind to the
inactive conformation of the I-domain, thus exploiting the conformational
changes in integrins that lead to clustering [23]. One recent, successful initiative
has been to target the TNF-a interaction with its receptor [24]. This has led to a
candidate molecule that displaces one subunit of the TNF-a trimer by a mechan-
ism that seems to involve adaptive changes to accommodate the ligand between
subunits followed by slower dissociation of the trimer, thus affecting the receptor
indirectly, probably through allosteric changes.
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4. Weakly binding fragments have been tethered to the protein to allow detection of
binding sites [20]. A cysteine is introduced close to a puatative small-molecule-
binding site and the mutant protein is “interrogated” with a library of disulphide-
containing fragments with the objective of binding those that bind to the target
and form a disulphide bridge. The conjugates can then be characterized by mass
spectrometry.

New approaches are required to this challenging problem. We believe this will need to be a
fragment-based approach, perhaps analogous to that described for tractable targets. But
further thought is required as to what might comprise tractable protein-protein interfaces;
adaptive binding sites are clearly inappropriate for small fragments and preformed pockets
are a prerequisite. In this respect, recent analyses of multiprotein systems involved in cell
regulation and signalling have identified a large number in which one component involves
a flexible or unstructured region of the polypeptide chain (Fig. 5) [12, 25]. Examples are
the Xrcc4 dimer in complex with DNA ligase IV (Fig. 3 shows the yeast homologues), in
which the linker region between two BRCT domains appears to organize when the complex
is assembled [26]. A further example (Fig. 4) involves the complex of the human recombi-
nase, Rad51, and the product of the breast cancer associated gene, BRCA2 [27], which is
not only revealing in terms of the nature of the interactions and the molecular origins of
cancers associated with mutations in this region of BRCA2, but also offers an encouraging
and perhaps more tractable site to target agents that would be helpful during chemo- or
radio-therapy. The BRC 4 repeat of BRCA2 is completely unstructured in solution but
assembles by organization of its sidechains to occupy pockets in the globular structure of
the Rad51 partner. We suggest that such proteins forming interactions with a ligand that
comprises a continuous region of flexible peptide may be more tractable targets than where
complexes are assembled from preformed globular protein structures (Fig. 5) [25]. Other
similar systems that are being pursued include Bax, Bak and the BH3-only proteins which
bind to Bcl-2 and Bcl-xL by inserting an a-helix into a hydrophobic groove; compounds
have been developed that bind in this groove on Bcl-2 and/or Bcl-xL and thereby stimulate
apoptosis [28 – 30].

Figure 3. The non-homologous end joining protein XRCC4 binds to a flexible linker
between tandem BRCT domains of DNA ligase IV, imposing structure on the linker
through the interaction. Here we show the complex of the yeast analogues Lif1 and
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Lig4. The Figure shows two views in which the Lif1 is shown red and the Lig4 in
blue. Note the extended path of the linker which presumably becomes organized only
on complexation

Figure 4. a. Human recombinase RAD51 binds BRC repeats of BRCA2 in an inter-
action that is essential for function in recombination. Although this is usually essential
for normal DNA repair there is an advantage in disrupting recombination during
radiotherapy and chemotherapy, which function through the introduction of DNA
damage in cancerous cells. Whilst RAD 51 independently forms a stable globular
structure, only upon interacting with RAD 51 does the BRC peptide fold into a defined
3D structure. Closer examination of the interaction (b and c) shows discrete regions of
interaction that may be useful drug targets in disrupting the interaction and thus
blocking recombination.

Disruption of multiprotein complexes offers completely new approaches and new targets
for therapeutic intervention. However it is an area which is largely avoided by the major
pharmaceutical companies, because of the complexity of the systems and the presumed
difficulty in making small molecules that disrupt protein-protein interactions. Biotechnol-
ogy companies have been set up specifically to work in this area (notably Sunesis, see
[20]), but commercial pressures have inevitably pulled them back to more conventional
targets. In the meantime there is a developing academic interest in disrupting protein-
protein interactions, not only in our laboratory but also in many others e. g. the work of
A. Hamilton at Yale [31].
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Figure 5. Multiprotein systems usually involve proteins of preformed globular struc-
ture that interact with through a discontinuous epitope (a). It has become evident that
very often the globular structures adapt through conformational changes upon inter-
action to form a complex (b). However, it is now recognized that many protein
components are natively unstructured and adopt an ordered tertiary structure only
upon interaction with another partner (c). In such complexes the interacting polypep-
tide is a local sequence giving rise to a continuous epitope. After Blundell et al., 2006.

Conclusions

Structure-based approaches are now playing major roles in all stages of drug discovery.
Structure-based lead optimization is practised widely with large teams of structural biolo-
gists recruited into all the large pharmaceutical companies. Drugs now in use and new ones
reaching the market provide ample evidence of its usefulness and for most companies
structure-guided approaches have become central to developing good drug candidates.

But many key targets for drug discovery are multiprotein systems. The discovery of small
molecule antagonists that bind at the large and flat interfaces and disrupt the formation of
complexes becomes a real challenge. New approaches and contributions are an urgent
priority and there will be key roles in both academia and industry in advancing this process.
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