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Abstract

A fragment-based approach to drug design has recently emerged in which small
chemical groups that bind to adjacent sites on a receptor are identified, optimised,
and linked together to generate a high-affinity lead compound. Due to its sensi-
tivity, nuclear magnetic resonance (NMR) is a particularly useful technique for the
detection of low-affinity fragment binding. An aim of this project was to explore
further the utility of NMR with regards to fragment ligand binding using a well-
understood model system — the Src Homology 2 (SH2) domain from v-Src kinase.
This choice was supported by a large body of structural, functional, and thermody-
namic data, coupled with a decade of pharmaceutical investigation into several SH2
- domains. Our ongoing biophysical studies of v-Src SH2 required determination of
the apo solution structure of this domain. A high quality structural ensemble was
obtained using standard NMR techniques and a combination of manual and auto-
mated assignment methods. The internal hydrogen bonding, ionisation states, and
backbone dynamics of the apo v-Src SH2 domain was also explored using NMR.
The perturbation of v-Src SH2 backbone chemical shifts and dynamics by inter-
action with fragment ligands yielded insights into SH2 domain binding behaviour
and specificity. Computational approaches were used to identify potential fragment
ligands for v-Src SH2. A small library of these molecules were screened in vitro
using a recently-proposed YF.NMR competition screening approach, which was op-
timised for the detection of low-affinity fragments. Follow-up NMR and calorimetry
experiments confirmed the screening results and provided further characterisation
of the novel fragment ligands. Such compounds may be useful as phosphotyrosine
mimetics in SH2-related drug design. A novel 3P based screening experiment was
also proposed. These studies have furthered our understanding of the SH2 domain,
in terms of its binding specificity and drug design, and of the NMR screening ap-
proaches useful for fragment-based lead discovery.
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Chapter 1
Introduction

This thesis explores the use of nuclear magnetic resonance as a screening technique
suitable for fragment-based drug development. The work forms part of a continuing
collaboration between Celltech (now part of UCB) and the Molecular Biophysics
group at UCL, the broad aim of which is to deepen our understanding of protein-
ligand interactions. These studies made use of a suitable model system, a Src homol-
ogy 2 (SH2) domain, which has been a significant focus within our research group
" over a number of years. S S

Celltech are an international pharmaceutical company that has become inter-
ested in this novel, fragment-based approach to the discovery and development of
therapeutic compounds. Central to the application of this method is a suitable lig-
and screening technique that is capable of detecting the inherently weak interactions.
Nuclear magnetic resonance (NMR) spectroscopy is particularly suited to this task
and avoids many of the pitfalls associated with current high-throughput approaches.
As a consequence, the pharmaceutical industry has extended the traditional use of
NMR into the field of compound screening through extensive conceptual, experimen-
tal, and technological development during the previous decade. More recently, other
biophysical techniques, such as x-ray crystallography and mass spectrometry, have
been applied as alternative fragment screening methods. Celltech therefore wish
to explore the applicability of NMR in the analysis of weak-binding fragments, in
the development of suitable compound libraries, and in the interface between com-
putational techniques and in vitro follow-up screening. This thesis demonstrates
how NMR can be used to probe ligand binding sites by detecting changes in ei-
ther protein- or ligand-based spectra and it also provides further characterisation of
the model system. Chapters 3 and 4 report on research, performed at UCL, into
SH2 domain structure, mobility, ionisation states, and responses to ligand binding.
Chapters 5 and 6 describe computational and NMR-based screening studies carried
out at Celltech (Cambridge, UK).
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1.1 — Therapeutic ligand discovery

This introduction describes four subjects relevant to this project. Firstly, an
overview of the current approaches to, and difficulties experienced in therapeutic
ligand discovery is provided. The fragment-based method is then described fully in
terms of theoretical validity and practicality, and its various merits and drawbacks
discussed. A comparison of the various fragment screening techniques leads into the
second part, which provides a fuller description of experimental approaches in NMR-
based compound screening. The third section introduces the model system in terms
of its role in cell signalling and human disease, its structural and molecular biology,
and finally the possibilities for therapeutic intervention. The chapter concludes with
an overview of SH2 domain inhibitors, which entered pharmaceutical development
about 13 years ago. These efforts have been hindered by a marked intolerance
towards phosphotyrosine replacement groups that are required to improve the oral
bioavailability and stability of such compounds. Moreover, due to the presence
of many (~115)! homologous SH2 domains within the human cell, coupled with a
general lack of understanding of signal transduction, it has proved difficult to achieve
a high level of compound specificity?.

1.1 Therapeutic ligand discovery

Prior to the final decade of the twentieth century, the principal approach to identi-
fying therapeutic compounds was by screening for ability to induce a desired pheno-
typic change. Whilst this approach was successful in many cases, increased levels of
drug quality control has caused many candidate therapeutics to be rejected during
development, either due to unfavourable pharmacokinetic properties, or unaccept-
able side effects that may reflect poor selectivity of the compound. In order to re-
duce this high attrition rate of compounds during (pre-)clinical development* many
pharmaceutical companies have adopted a target-directed’ approach which seeks to
characterise disease at the molecular level using molecular and structural biology,
genomic and proteomic profiling, cell biology, physiology, bioinformatics and in vivo
studies. Target identification and validation has become a research field in its own
right and has benefited from recent advances in various ‘-omics’ technologies and,
particularly, the elucidation of the human DNA sequence. Thorough characterisa-
tion of a therapeutic target is advisable for at least two major reasons. Firstly, a
robust causal link between modulation of a particular molecule and the recovery of a

healthy phenotype can be established, ensuring compound efficacy. Secondly, knowl-

*Pre-clinical development refers to the analysis of the compound efficacy, toxicology and metabolism
using isolated cells or tissues, or using animal models of disease. Clinical development is the stage
prior to drug approval in which safety and efficacy is investigated using pool of human volunteers.
This consists of at least three levels of clinical trials which require several years to complete.

tA pharmaceutical ‘target’ is the molecule with which the intended drug will interact.
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1.1 — Therapeutic ligand discovery

edge of the potential or actual side effects caused by modulating certain molecular
activities can prevent future wastage of resources on projects that are likely to fail.
However, it should be noted that the final approved drug will itself have a separate
range of side effects that cannot be addressed at this stage.

Once a particular therapeutic target has been validated, the process of lead-
discovery aims to identify compounds that interact with this molecule and bring
about the desired change in biochemistry. Over the last 10-20 years, this has in-
volved high-throughput screening (HTS) of large compound collections using rapid,
a,sséy—based e.xpreriAméntrs and follow-up structural analysis. This phase in the his-
tory of drug discovery has been (and to some extent still is) dominated by the belief
that lead compounds can be obtained by screening as many compounds as possible.
This has resulted in considerable investment in combinatorial chemistry and HTS
equipment, as well as compound libraries themselves. The choice of compounds to
be screened also continues to be a highly active research field as workers have sought
to optimise the rate of lead discovery. Central to this approach are the concepts
of ‘drug-likeness’ and compound diversity. The former notion is used to filter out
compounds that are unlikely to result in acceptable therapeutics, as defined by those
- currently approved. Whilst such an approach would reduce wastage, it can restrict
innovation, miss useful compounds and perhaps lead to patent infringement issues.
The opposing idea of maximal compound diversity aims to explore novel areas of
‘chemical space’. Both concepts remain subjective, and are variably defined in the
literature. Computer-aided drug design methods have also progressed significantly
both in their sophistication and usage throughout the industry. Perhaps the two
most widely-used techniques are structure comparisons (pharmacophore and chem-
ical similarity searching) and molecular docking. Many other applications facilitate
the curation and selection of library compounds and analyse the vast quantities of
data generated in a typical HT'S program.

Acceptable lead compounds are subjected to further optimisation and pre-clinical
development. Structural analysis of the interaction with the target is frequently used
to suggest modifications that can be assessed in binding assays. Compounds closely
related to identified leads can also be screened for activities. Iterative improvements
in affinity, potency, selectivity and pharmacokinetic properties result in disclosure
of a drug candidate and preparation for clinical evalulation*. Compounds approved
for human clinical trials are subjected to a series of investigations into matters of
safety (Phase I) and efficacy (Phase II), before being tested in a large cohort of
patients (Phase III). Although approval of a drug for marketing requires successful

completion of Phase III clinical trials, its long-term effectiveness is often explored

tPotency is defined as the pharmacological activity of the compound. Pharmacokinetics refers to
the uptake, distribution, metabolism and excretion of the compound.
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1.1 — Therapeutic ligand discovery

and compared to that of competitors in Phase IV trials. The United States Food and
Drug Administration (FDA) policy suggests that companies investigate and report
on long term adverse side effects. However, a recent editorial in Nature magazine
reported that about 70 % of these 1200 studies have yet to begin, suggesting that
the FDA lacks the political power or will to insist on such studies® 4.8

In conclusion, the pharmaceutical industry has, over the past century, utilised a
diverse array of approaches towards the development of safe and effective therapeutic

ligands for a wide range of disease phenotypes.

1.1.1 Inadequacies in current lead discovery

It is a well-documented fact that despite extensive investment in both compound
libraries and HTS equipment, there has not been a concomitant increase in the num-
ber of new chemical entities (NCEs)Y or of drug approvals, which has remained at
around 30 per year over the last decade (original source: FDA website)® 6. There
has been much comment in the literature concerning the failure of large-scale, high-

89  Although combinatorial

throughput techniques to revolutionise drug design
- chemistry has made a formidable contribution to chemical synthesis research, it has
not been properly applied to the field of drug design”. The immaturity of the tech-
nology coupled with a lack of understanding of which compounds are worth screening
has led to the failure of many projects to generate a suitable lead compound®.
HTS approaches have tended to result in lead compounds that are drug-like in
terms of their size and pharmacokinetic properties, however of relatively low potency
that precludes entry into pre-clinical development®. The lead optimisation process
often causes molecular weight increases that reduce drug-likeness to unacceptable
levels. Harren Jhoti of Astex Technology estimates that 70 % of HTS hits usually
fail to progress into lead optimisation due to this reasoning!®. The shift in focus from
screening drug-like compounds to smaller ‘lead-like’ compounds has only occurred
relatively recently®.
Although combinatorial chemistry has enabled companies to develop large pro-
prietary libraries for screening, it fails to take advantage of the potential chemical
diversity space. For molecules consisting of up to 30 non-hydrogen atoms, it has been

$Merck’s pain killer Vioxx serves as an example of the need for effective monitoring of side effects.
The drug was approved by the FDA in 1999, but two years later agency epidemiologists identified
that patients receiving high doses were susceptible to heart attacks and sudden death. Despite this
finding, the FDA continued to approve Vioxx for further clinical indications until Merck performed
their own study in 2004 and discovered the link with heart attacks and strokes and withdrew the
compound from the market. It has been estimated that ~25,000 people suffered early deaths
as a result of this oversight. This has led to a large media and political debate concerning the
safety of current therapeutics, as well as the unethical dominance of pharmaceutical companies
over regulatory bodies.

YAn NCE is a drug that contains no previously approved active moiety
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1.1 — Therapeutic ligand discovery

estimated that there are over 106 possible structures' 12. Even the largest current
proprietry libraries only contain in the region of 1-2 million compounds. Hann and
coworkers demonstrated that increasing the complexity of ligands is likely to re-
duce the probability of identifying a screening hit®. Protein-ligand interactions are
determined by a complex balance of many factors — enthalpic and entropic — that
together generate the overall free energy of binding. Molecular recognition depends
on the features of the ligand being compatible with those of the binding site. Hann
et al. used a simple model of complexity to show that for a given binding site, the
success rate of identifying a ligand is strongly dependent on the complexity of the
initial ligand. Complex ligands may contain moieties that confer favourable binding
in isolation, however the presence of other groups within the molecule may inhibit
such interactions. Thus the probability of identifying a ligand is therefore higher
when considering relatively simple compounds.

The extensive investment in HTS technologies has resulted in considerable finan-
cial commitments within many pharmaceutical companies towards the maintenance
and operation of equipment and the curation of compound libraries. In an effort to
reduce screening costs, it has become common to utilise computational pre-screening
- filters to remove unlikely ligands. Whilst docking, compound similarity, and phar-
macophore searching are undoubtedly useful techniques an excessive reliance on
computer-driven screening of lead- or drug-like compounds is currently inadvisable.

Thus the current high throughput approaches to lead discovery have not led
to the expected increase in pharmaceutical output. This is probably due to sev-
eral inter-related reasons including conceptual and technological immaturity and
an inherently low probability of identifying complex ligands by a mass screening
approach. Despite advances in target identification and validation, chemistry and
compound screening, the process of lead discovery remains a slow and risky affair.
It has been estimated that only 8 % of clinical development candidates reach the
market and of these, only one in three yields a return on investment®. As the cost
of drug development continues to approach the billion dollar mark, some argue that

drug discovery is becoming increasingly unsustainable®.

1.1.2 Fragment approach to drug design

Over the last decade, an alternative approach to drug discovery and design — termed
‘fragment-based’ — has been proposed in order to break the deadlock encountered
with combinatorial chemistry and HTS. In its simplest form, fragment-based meth-
ods involve the identification of very small molecules that have affinity for the target
of interest, and to optimise, and link them to generate a lead-like ligand of acceptable
binding affinity.
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1.1 — Therapeutic ligand discovery

A fragment-based approach to drug design is tractable for at least two reasons.
Firstly, protein surfaces generally feature a number of distinct interaction subsites,
which can be exploited by small molecular fragments. Such cavities differ in size,
shape, hydrophobicity, charge and hydrogen-bonding potential. Secondly, a high-
affinity compound can be obtained through conjugation of two low-affinity fragment
ligands. This idea was formulated in terms of theoretical Gibbs!? free energy by
Page and Jencks over two decades ago'® !°. Consider a high-affinity ligand, A—B,
which can be divided into two fragments A and B. The binding of each fragment
to the receptor can be described in terms of an ‘intrinsic binding energy’, AG;, and
an unfavourable term, AG,, which reflects the loss of rotational and translational
entropy (Figure 1.1). For each ligand, the total free energy change on binding is the
sum of these two contributions. Although the intrinsic affinity of A—B is more or
less additive (AGA™2 ~ AGA + AGP), the respective AG, terms are only weakly
determined by molecular weight (AGA~8 ~ AGA ~ AGP) and therefore the total
free energy change for binding ligand A—B is much more negative than for the
fragments alone, which corresponds to a higher affinity. This model assumes that
fragments A and B are linked in such a manner that they able to bind in their
optimal configurations without introduction of molecular strain and that the linker

itself provides no new favourable interactions.

AG;)

total

=AG +AG”

AG?

total

=AG” + AG?

MGl = AG!" + 4G/
AG? = AG + AG”
AG!? =~ AG! = AG?

AGHE << AG),, +AG!

total toi total

Figure 1.1 Free energy decreases can be achieved through fragment linking.

In principle, Page & Jencks’ theory is supported by empirical affinity measure-
ments for A, B and A-B. For example, when developing inhibitors for stromelysin,
Hajduk et al. identified two fragments with individual K; values of 17 mm and 20
pM, which, when linked together generated a ligand of K; = 25 nm (Figure 1.2)'6.
A similar result was obtained for avidin, in which a 0.41 pm inhibitor was generated
(Figure 1.2)'7.

Recently, Murray & Verdonk published a further development of Page & Jencks’

6

original theorum®. Using the same nomenclature, the binding affinity of molecule
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Figure 1.2 Examples of improvements in free energy obtained through fragment
linking. Information from Table 1 in Murray & Verdonk® was used to generate this
figure.

A—B is defined as follows:

AGH] = AG + AG? + AG, + AG:2 + AGL P + AGhndn, (1.1)

rot str

In this formulation, AG, is a free energy term associated with the loss of rigid
body entropy on binding to the target. It is assumed that this is equal for A, B
and A—B. Introduction of new rotatable bonds in A—B incurs an entropic penalty
(AG2;5). Free energy is also lost if fragments A or B are not presented into their
respective pockets in the lowest energy conformation (AG4,?). Finally, AG{,‘;;(ﬁng
accounts for any favourable or unfavourable interactions between the protein and
the linker.

Murray & Verdonk used the results of previous fragment binding and structural
studies to estimate AG,. They ignored situations in which ligand strain and/or
linker interactions appeared to affect the overall free energy change on binding
(i. e. AGLE = AG’,mdmg 0) and assumed that AG2; P ~ 2.2 kJ/mol per bond.
Equation 1.1 can be re-written using the observed free energy changes for fragments
A and B, and linked compound A—B:

AGATE o A L REE LRG, ¢ AGEE (1.2)

tota rot

The values obtained for AG, ranged between 7 and 29 kJ/mol, which corresponds
to a range of 1.5 to 5 orders of magnitude in affinity. Due to the assumptions
involved, the authors recommended that AG, be considered in the region of 15-20
kJ/mol, but remember that the value will vary depending on the type of interaction.
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1.1 - Therapeutic ligand discovery

In conclusion, Murray & Verdonk suggest that fragments with dissociation con-
stants in the millimolar range are likely to display strongly favourable intrinsic
affinities (AG; is large and negative)®. Conjugation to another millimolar-affinity
fragment using an appropriate linker that delivers each component in an optimal
configuration ought to produce a ligand of high affinity, as required for an acceptable

lead compound in current pharmaceutical drug design processes.

1.1.3 Fragment linkage and optimisation strategies

Conversion of fragments to high affinity leads is possible, in theory, through provision
of the correct linker or other favourable modifications. This section describes several
complementary approaches that seek to facilitate this in practice. Throughout,
structural information concerning the protein in complex with bound fragments is
extremely useful for the efficient direction of fragment elaboration. Knowledge of
binding thermodynamics also enables detailed understanding of the energetic effect
of particular substitutions. Rees et al. (Astex Technology) categorize fragment-
based approaches to lead discovery and optimisation into four classes that describe

~ the evolution, linking, self-assembly and optimisation of fragments!8:

Fragment evolution

In this method, a fragment ligand is steadily enlarged by addition of side chains, or
other fragments not identified from screening. Modifications that result in affinity
improvements become the starting point for further evolution of the molecule. This
method has been used to develop inhibitors for several targets, such as Erm methyl
transferase and Urokinase (Figure 1.3). It is plausible that fragment evolution could
be used to design a side chain that will eventually be used as a linker to fuse two
fragments.

Fragment linking

The productive linking of fragments identified from screening presents a significant
challenge in the fragment-based ligand design paradigm. Linker design is best con-
sidered in terms of binding free energy: An ideal linker will preserve the lowest
energy binding conformation of each fragment, with minimal increases in configura-
tional entropy and maximal increases in enthalpy. In this regard, a small, inflexible
scaffold that makes favourable interactions with the protein surface is superior to
a large, flexible linker. A minimalist approach to linker design is ensures that the
characteristics of the ligand, such as molecular weight or polar surface area, do not
exceed the upper limits imposed by the pharmaceutical industry.
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Initial Evolved
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Figure 1.3 Examples of lead identification through fragment evolution. Top |
Urokinase inhibitor'®; Bottom | Erm methyl transferase inhibitor®.

Knowledge of the protein structure and binding conformations of fragment lig-
ands is highly instructive in linker design. The exact definition of atoms, including
possible contributions from solvent, facilitates modelling of putative linked frag-
ments, and provides a rational basis for maximising linker-protein interactions. A
focussed set of compounds can then be synthesised and analysed for their binding
ability. Water molecules are found to play an important role in some receptor-

ligand interactions®! 22 23,

In free energy terms, the entropic cost of trapping a
water molecule can be exceeded by an enthalpic gain. This has implications in the
design of linkers: attachment of a small group capable of hydrogen bonding directly
to the protein surface can displace a trapped water molecule, and may lead to a
more favourable free energy.

There are many examples in the literature of lead compounds that are derived
from the linked fragment approach. Figure 1.4 indicates two cases in which inhibitors

were disclosed for protein tyrosine phosphatase (PTP) 1B+ 25,

Fragment self-assembly

One of the foundations of modern biology is that molecular interactions are governed
by steric and energetic compatibility between surfaces. The properties of the binding
site in question thus dictate the ability of compounds to bind. Current drug design
efforts, including structure- and fragment-based approaches, require iterative cycles
of modification and screening in order to improve binding affinity to acceptable

levels. This is because our understanding of molecular interactions in terms of
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Figure 1.4 Examples of fragment linking in PTP1B inhibitor development.

structure, thermodynamics, solvent effects, mobility are not sophisticated enough
to enable routine de novo ligand design.

Recently, strategies have emerged in which the prescriptive nature of a given
protein binding site is used to guide the assembly of fragments into high affinity
ligands?®® 27, Whereas standard combinatorial chemistry is based on large libraries
of pre-synthesised molecules, dynamic combinatorial chemistry uses reversible con-
nections between individual components to give access to every possible combination
(Figure 1.5). In the presence of a protein target, the continuous exchanging of library
components causes the highest affinity fragment combination(s) to be preferentially
formed. Exchange between library components is then quenched and the active
compound identified.

There are many suitable reversible linking reactions available, such as imine,
hemiketal and thiol formation (Figure 1.6)%®. In an ideal situation, the dynamic
combinatorial library (DCL) should be isoenergetic — in the absence of protein,
fragment pairing should not be biased by energetically favourable combinations.
This can be achieved in practice by separating the fragment from the crosslinking
site by a short linker. The equilibrium reaction conditions must not alter the native
protein binding site, nor react with the protein itself, as these will lead to incorrect
outcomes. Finally, a simple method of quenching the exchange of library components
must be available, for example, altering the pH or temperature.

Ramstrom & Lehn demonstrated the DCL concept by identifying ligands for
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Figure 1.5 Target-guided ligand assembly. Fragments are attached to a cross-
linking group that enables random pair-wise formation under certain conditions.
Addition of a protein binding site removes high-affinity ligands from the equilib-
rium, which leads to amplification of the combination within the mixture. Exchange
between fragments is quenched, and the active ligand identified.

concanalvalin A?°. The natural ligand for this protein is a trimannoside moiety, in
which two of the rings make important contacts with the protein, whilst the third
functions as a linker, and as such can be replaced. Thus, carbohydrate monomers —
mannose, galactose, glucose, arabinose and xylose — were attached to a short linker,
which terminated in a thiol group. Equilibration of the fragment library at pH 7.4
led to randomised pairing of fragments wvia reversible disulphide bond formation.
The linked fragments could be separated and identified using reverse-phase high-
performance liquid chromatography (RP-HPLC). Equilibration was continued in the
presence of concanavalin-linked sepharose beads, and exchange between disulphides
was quenched by acidifying the solution to pH 4. Elution of non-binding compounds
from the beads revealed that mannose-containing heterodimers had some binding
affinity for concanavalin. Through separation of the protein from the ligands, it was
found that the mannose homodimer — closely homologous to the natural ligand —
displayed the highest affinity.

Similar schemes have yielded novel leads targeted towards carbonic anhydrase®,

32 and caspase-3**. However, the DCL ap-

neuraminidase®, acetycholinesterase
proach is particularly sensitive to the linker design. One can imagine a situation
whereby optimal binding fragments exist in the DCL, yet because of inappropriate
linkage geometry, they do not form a viable conjugated ligand. It appears to be

more sensible to identify individual fragment ligands directed towards adjacent pro-
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(A) Reversible thiol formation

(B) Reversible acylhydrazone formation

o 0
NH Os_R;
R N2 4 Y —_—= . N/Nﬁ/Rz + H,0
H i
H

H

Figure 1.6 Two reversible reactions that can be used to crosslink the attached
fragments (denoted R). Note that in example (A), any combination of fragment
pairs can be formed, whereas in the second case (B), only Ry—Ry combinations are
possible.

tein subsites first, and then use the DCL approach to determine the optimal linkage
strategy by creating a library of fragments connected to a range of different-sized
linkers. Indeed, none of the above examples began with completely novel fragments.
Instead, existing lead compounds were fragmented and the DCL approach was used
to optimise the presentation of fragments into the relevant protein subsites.

Fragment optimisation

This class of fragment-based approach is used to optimise the drug-like properties of
a lead candidate other than affinity. Moieties that are associated with poor bioavail-
ability, pharmacokinetics or toxicology can be replaced in a modular fashion in order
to prepare a lead compound for clinical trials. For example, a benzamidine fragment
was identified in a screen against the S1 pocket of Factor Xa*. Using structure-
based virtual screening and three rounds of chemical synthesis, a compound with
IC50 = 16 nm was selected for lead optimisation. The benzamidine fragment was
replaced with an analogous group as it is often found to cause poor oral bioavail-
ability. The resultant drug candidate, LY517717, was submitted to Phase II clinical

trials.
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1.1.4 Patented fragment-based methods

Intellectual property is a highly prized commodity within the pharmaceutical in-
dustry. The fact that several companies have sought to develop technologies that
facilitate fragment-based methods and claim proprietary rights suggests that the ap-
proach is becoming increasingly mainstream. Among companies such as Plexxikon
Inc., Abbott Laboratories, Astex Technology, Structural GenomiX, and Vertex there
has been a large drive towards providing robust fragment-based drug discovery ‘plat-
forms’ that can revitalise their ‘product pipelines’ and generate additional income
through licensing. Whilst the hype surrounding HTS methods is gradually disap-
pearing, it is being replaced, perhaps prematurely, by enthusiasm towards fragment-
based methods. For example, Plexxikon Inc. claim that using their Scaffold-based
Drug Discovery™ procedure, pre-clinical candidate compounds can be synthesised
in under six months (source: www.plexxikon.com). Whilst the process has been
defined and demonstrated in the literature®®, the success of fragment-based drug
design methods can only be adequately assessed during the next 5-10 years as com-
pounds generated using this approach are subjected to clinical trials. Judging by
the current level of enthusiasm, it appears that fragment-based enabling technolo-
gieé will continue to be devéloped, pafehted, liéenéed, amjuired dnd out-éourced in
spite of the fact that no drugs derived from fragments have actually reached the

stage of governmental approval.|

1.1.5 Advantages of fragment-based drug design

It was demonstrated above why the fragment-based paradigm is valid in theory and
how the key element of fragment linking can be achieved in practice. In comparison
with current HTS approaches to lead discovery, it is highly advantageous to adopt
such a strategy for reasons outlined in the following section. The central concept of
the fragment-based method is efficiency — both in the path to a lead compound, and
ultimately its quality in terms of pharmaceutical potential. HTS approaches tend
to emphasise potency, however hit compounds have often not been suitable for fur-
ther optimisation. Figure 1.7 shows an approximate empirical relationship between
molecular mass and potency for a several compound classes. Hits derived from HTS
methods are larger and more potent than fragments, however as a high proportion of
atoms within a fragment are involved in binding, the latter group of compounds can
be considered more efficient binders'® *¢. Consequently, when fragments are linked
or enlarged to achieve the desired potency, the molecular weight of the compound
remains within the acceptable range for leads and/or drug candidates. Improving

IAs of August 2004, only one fragment-derived drug candidate (LY517717) has reached Phase II
clinical trials!8.
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1.1 — Therapeutic ligand discovery

the potency of relatively large HTS hits whilst maintaining or reducing molecular
weight has been a challenging task for the pharmaceutical industry, resulting in high
attrition rates for screening hits.

700

Relative molecular mass

1 mM 100 uM 1 uM 10 nM 1M

Potency/efficacy

Figure 1.7 Schematic comparison of compound mass and potency ranges for
fragments, HTS hits and drugs in clinical development. Figure used with permission
from Nature Reviews Drug Discovery'®.

Fragment-based drug design is also advantageous since the number of possible
compounds increases exponentially with molecular size!?. Thus, the diversity of
chemical space can be explored more efficiently using smaller molecules. Although
combinatorial chemistry is able to perform reactions on a large number of compounds
simultaneously, these are often routine in nature, and do not lead to a highly diverse
library. Conversely, by investing time in the development of a smaller library of
fragments, one can engineer diversity more easily.

As described above, Hann’s conceptual model showed that the probability of
identifying a ligand for a binding site decreases in an exponential manner as the
complexity of the ligand increases. Fragments are therefore more likely to bind to
a receptor, albeit weakly, than larger and more complex molecules. In other words,
small compounds that form favourable interactions with a protein site are less likely

to contain groups that are incompatible with these interactions.
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