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The emergence and increasing prevalence of multi-drug resistance bacterial strains represents a
clear and present danger to the standard of human healthcare as we know it. The systematic
study of modulating biological systems using small molecules (so-called chemical genetics) offers a
potentially fruitful means of discovering critically needed new antibacterial agents. Crucial to the
success of this approach is the ready availability of functionally diverse small molecule collections.
In this feature article we focus upon the use of a diversity-oriented synthesis (DOS) approach for
the efficient generation of such compound collections, and discuss the utility of DOS for the

discovery of new antibacterial agents.

Introduction

The development of antibacterial agents is one of the greatest
successes of 20th century medicine.! Since the serendipitous
discovery of penicillin by Alexander Fleming in 1928, an
arsenal of antibacterial agents have been developed and found
widespread clinical application. However, bacteria have
quickly become resistant to commonly prescribed antibiotics. >
Combined with the lack of fundamental antibiotic research
carried out by pharmaceutical companies
decades we are left with a legacy of relatively few efficacious
drugs.*® Indeed, there is little doubt amongst many involved
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in antibacterial research that the existing drugs we have in
hand for the treatment of infectious diseases are insufficient to
protect us in the long term.® Thus, bacterial infection, parti-
cularly from multi-drug resistant strains, remains a serious
threat to human lives>*”® and there is a clear and critical
medical need for the discovery of novel antibacterial agents. In
this context, small molecular mass compounds (so-called small
moleculest) are certain to play a prominent role.

Small organic molecules have always been of interest in
chemistry and biochemistry due to their ability to exert
powerful effects on the functions of macromolecules that
comprise living systems.”!® Indeed, the underlying approach
of using small molecules to treat disease represents the basis
for medicinal chemistry as we know it.!! There are a several

T The term ‘small molecules’ has no strict definition, but it is usually
used to describe carbon-based compounds whose molecular weight
is generally under 2000 g mol~' and always less than that of
macromolecules such as DNA, RNA and proteins.lz&129
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benefits associated with the use of small molecules as thera-
peutic agents including improved stability over peptides in oral
administration (where peptide bonds are easily cleaved by
proteases), synthetic accessibility and, perhaps most notably,
optimisation of compound bioactivity is considerably easier
for a small molecule than for complex macromolecules.

Methods which utilise small molecules as ‘chemical probes’ to
modulate biological systems can be described by the umbrella
term'? chemical genetics.'>™'> Whereas traditional genetics uses
gene knockouts (or knock-ins) on the level of the DNA, chemical
genetics uses biologically active small molecules to directly
attenuate the corresponding biological macromolecular product
and thus affect a biological response, for example, the inhibition
of bacterial growth. The first step of a chemical genetics experi-
ment involves the identification of a small molecule which
induces a desired phenotype (forward chemical genetics) or
modulates the function of a specific protein of interest (reverse
chemical genetics). Thus, in the former case, investigations
proceed from phenotype to protein, whereas in the latter case
investigations progress from protein to phenotype. Small mole-
cules that exhibit biological effects can be discovered by both
forward and reverse chemical genetics approaches through the
screening of collections (or ‘libraries’) of small molecules to
identify those with the desired characteristics (so-called ‘hits’).

This feature article discusses various aspects associated with
the use of a forward chemical genetics approach for the
discovery of new antibacterial agents. In particular, we focus
on the crucial importance of ‘high-quality’ rather than
‘high-quantity’ small molecule libraries, and the use of
diversity-oriented synthesis (DOS) to generate such compound
collections in a highly efficient manner. We conclude with
some representative examples from our own group which
highlight the utility of a DOS approach for the discovery of
new antibacterial agents.

Chemical genetics and antibacterial discovery

The ultimate aim of any biological screening project is to
identify biologically active small molecules. In particular, there

is a demand for novel biologically active molecules that exert
their biological effect through a unique mechanism. This is
perhaps most pertinent in the field of antibacterial discovery,
where it is widely recognised that dealing with the problem of
bacterial resistance is not simply a case of synthesising new
variants of existing drugs (see Fig. 1 for some examples of
existing antibiotics).I

Established antibiotics are based around a limited number
of structural classes which interfere with a small number
of biological targets and operate by a limited array of
mechanisms.!”?° Resistance to one antibiotic of a class
frequently leads to resistance to its’ whole class;*'** although
new derivatives of existing agents can improve efficacy
temporarily, the underlying resistance mechanisms are still
present in the environment.’ Consequently, there is an urgent
need for new antibacterial agents that have new modes of
action or interfere with novel targets23 and, as such, are not
subject to the resistance mechanisms that have evolved to
combat previous generations of antibacterials.?*

In the quest to discover novel antibacterial agents the use of
forward chemical genetics is particularly powerful; due to the
inherent lack of biological target-bias associated with the
approach, a single forward chemical genetics experiment has
the potential to identify numerous bioactive small molecules
which could operate via several different modes of action.
A forward chemical genetics programme generally consists of
three defined stages: the synthesis of a ‘suitably designed’ small
molecule library, a phenotypic screen to identify bioactive
compounds and a biological target identification method.!?
Work has have been carried out within the author’s research

1 An inherent problem associated with the “antibiotic approach’ is that
by inhibiting bacterial cellular processes that are essential for micro-
bial survival an intense selection pressure for drug-resistant mutations
is created. Consequently the development of resistance is inevitably the
result of antibiotic use and ultimately limits the efficacy and life span
of every antibiotic.!” That is, bacterial resistance to antibiotics can
never be overcome, it is simply a case of managing it as well as
possible.
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Naturally-Occuring Antibiotics
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Some selected examples of antibiotics. Most of the major classes of antibiotics in therapeutic use are natural products or semi-synthetic

derivatives thereof.'® There are three main classes of synthetic antibiotics in clinical use: sulfa drugs (e.g. sulfamethoxazole), the quinolones

(e.g. ciprofloxacin) and oxazolidinones (e.g. linezoild).'

groups to address all of these elements within the context of
the discovery of novel antibacterial agents.

Library design in the context of antibacterial
discovery: biological and structural diversity

The ready availability of small molecules is of vital importance
in biological screening experiments.>> However, a fundamental
consideration is what compounds should be synthesised and
employed in these screening processes.”® Ultimately this is
determined by the desired outcome of the experiment and
the requirements this places upon the compounds.?’” For
example, if the goal of a screening process is to identify a
small molecule for application as an orally bioavailable drug,
then several observations have been made as to molecular
characteristics that are desirable (most notably Lipinski’s
‘rule-of-five’ criteria).”” > However, since antibacterial
compounds are generally more hydrophilic and have a greater
molecular weight than other drugs in general (Fig. 2), the
guidelines that govern the discovery of orally bioavailable
drugs are unlikely to be useful for the identification of new
antibiotic compounds.®

An important consideration is the nature of the biological
target of interest. When a specific biological molecule or
family of molecules is targeted the compounds used in the

screening process are usually carefully designed based on
knowledge of the targets structure or the structure of known
natural ligands.?’' However, if the screening process is
unbiased, such as in a forward chemical genetics experiment
where the precise nature of the biological target is unknown,
the selection criteria for small molecules is dramatically
complicated and cannot be defined a priori.?63

The identification of novel biologically active small molecules
may be aided by screening functionally (biologically) diverse
compound libraries, since it has been argued that a greater
sample of the bioactive chemical universe (i.e. of all bioactive
molecules) increases the chance of identifying a compound with
the desired properties (for example, a small molecule with
antibacterial properties that operates via a novel mode of
action).**** The overall functional (biological) diversity of a
small molecule library has been shown to be directly correlated
with its overall structural diversity, which in turn is related to
the amount of chemical space the library occupies.***

Structural diversity and chemical space

Chemical compounds can be characterized by a wide variety of
physiochemical and topological ‘descriptors’ which contain
information about either the bulk properties of the compound,
such as molecular mass and lipophilicity, or its topological
features such as degree of branching.*®>° ‘Chemical space’ is a
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Fig. 2 A plot of calculated log P(o/w) (partition coefficient between octanol and water)®® vs. molecular mass of antibacterial compounds
(red squares) compared with compounds from the MDL Drug Data Repository (MDDR) database (blue circles). Antibacterial molecules are, on
average, more hydrophilic and typically have a greater molecular weight, which is in agreement with previous reports.’

term often used in place of multidimensional descriptor space;
it is a region defined by a particular choice of descriptors and
the limits placed upon them.*® In the context of small molecule
libraries, chemical space can be defined as the total descriptor
space that encompasses all the small carbon-based molecules
that could, in principle, be created.*’

Each specific molecule will have a unique combination of
molecular properties and thus descriptor values, and will
therefore reside at a discrete point in chemical space.
Consequently, the structural features present within a
collection of molecules will influence the overall distribution
of the collection in chemical space. Thus it follows that the
more structurally diverse the library, the more chemical space
it interrogates. As molecular shape is intrinsically linked to
biological activity, the greater the structural diversity and thus
chemical space coverage of a library, the greater its overall
functional (biological) diversity and consequently the better
the odds of identifying small molecule modulators for a broad
range of biological targets.*® This viewpoint is supported by
the similar property principle*! which states that structurally
similar molecules will exhibit similar physiochemical and
biological properties.**

Biologically relevant chemical space

Biologically relevant chemical space has been defined as those
parts of chemical space in which biologically active compounds
reside.”> The degree of overlap between biologically relevant
chemical space and total chemical space is somewhat of a
contentious issue and subject to much debate in the
literature.”?%>”* The limits of biologically relevant chemical

space are defined by the specific binding interactions that must
occur between small molecules and the three-dimensional (3D)
molecular recognition patterns on biological molecules such as
proteins.”’ What is uncertain is the size of this region in
comparison to total chemical space, i.e. whether the biologically
relevant region is ‘small’ and most of the chemical universe
is ‘empty’ (containing no therapeutically interesting
compounds).”® That is, are the regions of chemical space
defined by natural products and known drugs the most fertile
regions for discovering biologically active small molecules,” or
is there scope for discovering useful bioactive molecules, parti-
cularly those with novel modes of action, from ‘un-tapped’
areas of chemical space??’-*> What is clear is that if we do not
try and access such regions, we will never know! In particular,
since antibacterials are rather ‘un-drug-like’ structures in the
sense that they are, on average, larger and more hydrophilic
than other drug compounds (Fig. 2), it is likely that chemical
space with these properties has not yet been sampled suffi-
ciently. In spite of this controversy, structural diversity
(and thus total chemical space coverage), though rarely the
‘end-game’ in a chemical genetics experiment, is generally
perceived to be an important consideration in small molecule
library synthesis, particularly when the precise nature of the
biological target molecule is unknown or the identification of a
novel biologically active molecule is desired.?>*4

Maximising structural diversity and the importance
of structural complexity

It is widely accepted that it is not synthetically feasible to
produce all theoretically stable, small carbon-based

This journal is © The Royal Society of Chemistry 2009
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molecules.?’?>*2 Therefore the generation of a collection of
structurally diverse small molecules offers a unique challenge
to the synthetic chemist.?®>?> Making molecules costs, both in
terms of time and money; therefore selectivity in synthesis is an
important consideration. This issue has spurred the develop-
ment of several different approaches to efficiently interrogate
wide regions of chemical space simultaneously or to identify
and access areas of chemical space which have an enhanced
probability of containing bioactive compounds.?®

Though the term ‘diversity’ is to some degree a subjective
one, there are four main components of structural diversity
that have been consistently identified in the literature:*>#°

1. Appendage diversity (or building-block diversity)—
variation in different structural moieties around a common
skeleton;

2. Functional group diversity—variation in the functional
groups present;

3. Stereochemical diversity—variation in the orientation of
potential macromolecule-interacting elements;’

4. Skeletal diversity—presence of many distinct molecular
skeletons (or frameworks/scaffolds).§

Increasing the skeletal diversity in a small molecule library is
widely regarded as one of the most effective ways of increasing
the overall structural diversity of the library.?>33474
Furthermore, computational analyses have been carried out
to support the notion that small multiple scaffold libraries are
superior to large single-scaffold libraries in terms of
bio-relevant diversity.>* Libraries which are based around a
single scaffold, regardless of their size, are restricted to a
limited number of molecular shapes, as opposed to
smaller libraries designed around multiple scaffolds.’**
Consequently, the compounds in libraries which are based
around a common molecular skeleton tend to display chemical
information similarly in 3D space, thus limiting the range of
potential binding partners to a small set of macromolecules
with a complementary 3D binding surface.”*’

In addition to structural diversity, structural complexity is
another characteristic that is important in small molecule
libraries. Although there is some debate in the literature, it
has been argued that molecules that are structurally complex
are more likely to interact with biological macromolecules in a
selective and specific manner.?>->"-2%-%

Sources of small molecules

In the context of the discovery of novel biologically active
small molecules, including antibacterial agents, what is
required is a small molecule library that efficiently interrogates
large areas of chemical space simultaneously and whose
members have the potential to act as selective modulators of
biological molecules. Thus what is needed are molecules that
are structurally diverse (and consequently functionally diverse)

§ The term ‘molecular skeleton’ has no strict definition. Within the
context of this report, the description recently outlined by Schreiber is
appropriate; the term skeleton loosely denotes rigidifying elements in
small molecules; these can be atom connectivities that yield either
linked, fused, bridged or spiro rings, or acyclic conformational
elements that provide substantial rigidification by avoiding non-
bonding interactions.”®

and structurally complex. A collection of such compounds has
the potential to provide hits against a panel of biological
targets, allowing the discovery of small molecules with
previously unknown (and potentially novel) biological effects.!

There are a number of potential sources of small molecules
for use in biological screens. Nature has traditionally served as
a rich source of biologically active molecules*®>>>* which
exhibit enormous structural diversity®® and usually a high
degree of specificity for their biological target. A multitude
of natural products have proven to be useful as drugs or
leads®>>® and are still a major source of innovative therapeutic
agents for infectious diseases.'”*? Indeed, most of the major
classes of antibiotics in therapeutic use are natural products or
semi-synthetic derivatives thereof (Fig. 1).'® In addition, due
the evolution of natural products to interact with target
proteins, hit rates in high-throughput screens are usually
several times higher for natural products compared to small
molecule libraries from conventional synthetic sources
(vide infra). Unfortunately there are several problems asso-
ciated with using natural product compounds in screening
experiments including difficulties with purification, bioactive
component identification, structural assignment and chemical
modification and analogue synthesis (processes which are
pertinent in the drug development process).>> Of particular
importance for the discovery of novel antibacterial agents is
the fact that natural products only occupy a small proportion
of total chemical space®®*° which runs the risk of omitting a
vast number of possibly biologically valuable small molecules
from any screening process.’

The problems associated with the use of natural product
compounds in biological screening experiments has spurred
the development of several different synthetic approaches for
the de novo creation of small molecule collections. It is possible
to divide these approaches into two broad categories based
upon the nature of the molecular skeletons present in the small
molecules that are generated:

1. Biased approaches: the synthetic route is designed with a
pre-encoded skeletal bias such that all compounds are based
around a similar molecular skeleton;

2. Non-biased approaches: the synthetic route is designed
with no pre-encoded skeletal bias such that a range of different
molecular skeletons are present in the final small molecule
collection.

It should be noted that this distinction is somewhat arbi-
trary and most approaches towards small molecule library
synthesis lie somewhere along a continuum between these two
extremes. Nevertheless, this division does provide a useful
framework for the following discussion.

Biased approaches: combinatorial synthesis and
synthesis around privileged structures

collections are
35,54

Pharmaceutical proprietary compound
traditionally very important sources of small molecules.
At the beginning of the 1990s a typical pharmaceutical
company would have possessed numerous collections of
structurally related compounds which had been synthesised
during traditional medicinal chemistry-lead optimisation
campaigns.>’ Such compound collections would have been
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panned for possible antibacterials (and many other drug types)
over the course of many years and it was acknowledged at this
time that the ‘low hanging fruit’ from the antibiotic tree had
probably already been picked.” Companies therefore sought
new sources of compounds to augment their screening
collections.>®” Combinatorial chemistry emerged as a key
strategy in this regard.

In a very broad sense combinatorial chemistry may be
defined as the rapid synthesis and screening of libraries of
varied compounds to identify agents with desired functional
properties.”® Combined with established high-throughput
screening (HTS) techniques, the development of combinatorial
chemistry strategies in the early 1990s enabled the synthesis
and testing of libraries of hundreds of thousands of different
compounds at comparably low cost.>* The approach was
quickly embraced by the pharmaceutical industry with the
hope that new drug leads, including novel antibiotic classes,
would be produced by sheer weight of numbers. However, the
expected surge in productivity, both in terms of antibiotic
discovery and drug discovery in general, has not materialised.
Indeed, as of the end of the calendar year 2007 there was only
one reported de novo new chemical entity resulting from this
method of chemical discovery which had been approved for
drug use (as an antitumour agent).>®

This ‘innovation deficit’ is generally attributed to defects in
the nature of the libraries produced.® Early combinatorial
libraries have been described as being intrinsically useless for
drug discovery®® because the compounds were too similar to
each other, having limited structural diversity®* and conse-
quently offering only a narrow slice of chemical space.®® This
limited degree of overall structural diversity can be primarily
attributed to a lack of skeletal diversity. Traditionally,
combinatorial libraries contained large numbers of molecules
which were each based around a specific molecular skeleton
(a ‘one-synthesis/one skeleton approach’) which resulted in a
high degree of appendage and functional group diversity
(and possibly stereochemical diversity) but little variety in
the nature of the core molecular scaffold.”?>* Recent years
have witnessed the development of more considered synthetic
strategies in an attempt to increase the structural diversity
exhibited by combinatorial libraries.>> Nevertheless even these
approaches are generally limited to known biologically active
frameworks and, as such, have met with limited success in
identifying novel biologically active small molecules.

In the context of antibacterial discovery it has been argued
that pharmaceutical companies should place a greater
emphasis on generating libraries which access the unique
physiochemical property space spanned by known anti-
bacterial agents;®' existing antibacterials do not generally
follow Lipinski’s ‘rule-of-five’ criteria whereas corporate com-
pound collections have always been heavily biased towards
compounds that do (vide supra).’ Therefore, to some
researchers it is unsurprising that such collections have been
found to be inadequate for the identification of new anti-
bacterial agents.>®' Indeed, in a recent review on antibiotic
discovery, researchers from GlaxoSmithKline commented that
a new paradigm for library design in the context of anti-
bacterial discovery is needed, with an emphasis upon greater
molecular diversity and a better understanding of which

physical chemical properties are important for antibacterials.’
However, it is important to note that new antibacterial agents
with novel modes of action may exist outside of known
‘antibiotic physiochemical space’; consequently, small
molecules libraries that simultaneously cover both known
‘antibiotic chemical space’ and unexplored regions of chemical
space may prove particularly valuable in this context.

Although molecules based around a specific core skeleton
are usually limited to a smaller range of biological partners
than molecules based around a wide variety of skeletons, it has
emerged that there is a sub-set of molecular skeletons whose
presence in molecules confers upon them more flexible binding
properties. These skeletons are known as ‘privileged’
frameworks (or substructures®®) which have been defined as
molecular scaffolds with versatile binding properties, such that
a single scaffold is able to provide potent and selective ligands
for a range of different biological targets (including multiple,
unrelated classes of protein receptors®’) through modification
of functional groups.®*®* Privileged scaffolds are common to
known biologically active molecules (usually natural products)
and thus have proven biological relevance.?®43-%4

Recent years have witnessed an increase in the synthesis of
small molecule libraries which are based around such
privileged structures.®®’! The rationale behind using such an
approach is based on two main hypotheses. Firstly, that
millions of years of evolutionary pressure has ‘pre-validated’
natural products, and thus compounds that are structurally
similar, to be able to modulate protein function.?643:72774
Secondly, that the chemical space explored by natural
products and protein structure during evolution is strongly
limited in size and highly conserved.?® That is, there is a
concept of ‘evolutionary convergence of structures’ in that
natural products have evolved to interact with multiple
proteins.”>’* Synthesis around a privileged scaffold has been
described as being distinct from the process of (focused)
combinatorial library synthesis because the ultimate goal is
the identification of compounds with novel biological
properties distinct from those of the original privileged
compound.”” The screening of compound collections
containing various privileged scaffold motifs has successfully
identified numerous novel compounds with antibacterial
activity (Fig. 3, though at the time of writing none have been
successfully developed into marketed drugs).

Critics of the privileged scaffold approach have argued that
many privileged structures have limited utility due to their
promiscuous nature (that is, a lack of target specificity).®
Typical privileged structure analyses have attempted to
identify minimal substructures that are frequently found in
ligands associated with a particular biological target family
(e.g. G-coupled protein receptors, serine proteases, protein
kinases and ligand-gated ion channels).”® However, this
process can easily detect structures that are merely drug-like
and/or promiscuous protein binders and therefore confer
bioactivity across a wide range of target families.”® In recent
years the definition of privileged structure has been modified
by some researchers to describe commonly occurring
fragments within ligands associated with a particular target
family; that is, the term has become identified with those
substructures found to be promiscuous within a given target

This journal is © The Royal Society of Chemistry 2009
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Fig.3 Some examples of compounds with antibacterial activity based
around privileged scaffolds. Compound 1 was found to act as an
inhibitor of the Mycobacterium tuberculosis enoyl acyl carrier protein
reductase InhA.” 1 is based around a piperazine scaffold (highlighted
in red) which is frequently found in biologically active compounds
across a number of different therapeutic areas, including antifungals,
antidepressants and antivirals.”>’® Compound 2 was found to exhibit
antibacterial activity against a range of Gram-positive bacteria.”” 2 is
based around a biaryl scaffold (highlighted in blue) which has shown
activity against across a wide range of therapeutic classes.®

family and carries that implication that these substructures are
specific to that target family.”® However a library based
around a ‘promiscuous privileged scaffold” may be advanta-
geous if the compounds are to be screened against a wide
variety of targets.”® It has been argued that selectivity could
possibly be introduced at a later date through appropriate
substitution of the molecular framework.®*"8

Related approaches include ‘natural-product guided’ meth-
ods such as ‘biologically oriented synthesis’’*** and ‘biology
inspired synthesis’® which involve the generation of compound
libraries based around the core structures of natural product
templates with proven biological relevance (i.e. in some sense
‘traditional’ combinatorial diversity around a natural product
scaffold or fragment thereof, with the aim of providing
screening collections with high biological relevance).®! These
methods have had success in the identification of novel bio-
active molecules, including antibacterials.?'® However,
conservation of a significant portion of the core structure of
a parent antibacterial compound may be a potential drawback
in the context of antibiotic development; the antibacterial ‘hits’
from such a collection are likely to share a similar mode of
action as the parent compound and thus be more susceptible to
existing resistance mechanisms (vide supra). That is, this
approach may be less likely to lead to novel antibacterials that
exert their biological effect through a unique mechanism.

Clearly, such ‘biased’ synthesis methods are particularly
relevant when a specific biological target is being considered.
When a less focused approach is required, for example the
biological target is unknown or we are hoping to find novel
biologically active molecules, such as antibacterial agents, the
use of non-biased synthetic approaches, which aim to access a
wider range of chemical descriptor space, may be more useful.

Non-biased approaches: diversity-oriented synthesis
as a source of skeletally diverse small molecules

Diversity-oriented synthesis (DOS) has recently emerged as a
new synthetic approach towards library synthesis which aims

to meet the challenge of synthesising structurally diverse small
molecule collections.”3>47:84

DOS has been defined as the deliberate, simultaneous and
efficient synthesis of more than one target compound in a
diversity-driven approach.** The aim of a DOS is to efficiently
interrogate wide areas of chemical space simultaneously; this
may include known bioactive regions of chemical space and
unexplored regions of chemical space.”>!3>3% The hope is that
by sampling a greater total area of chemical space the
functional (biological) diversity of the library will be greater,
thus increasing the chances of identifying a compound with the
desired properties, for example antibacterial activity through a
novel mode of action.**

A comparison of the synthetic strategies used in a DOS and
a ‘traditional’ combinatorial approach is given in Fig. 4.
A DOS pathway is analysed in the forward sense; simple
starting materials (in this case, a single compound) are
converted into a collection of structurally diverse small
molecules in no more then five synthetic steps (in order to
maximise synthetic efficiency).”**%¢ The overall aim is the
broad coverage of chemical space, which can be contrasted
with the outcomes of more traditional combinatorial syntheses.

A successful DOS must address the four main types of
structural diversity mentioned previously; that is, appendage,
functional group, stereochemical and skeletal.?>>2%36-87 The
most challenging facet of DOS, and of central importance to
its success, is the ability to incorporate skeletal diversity into a
compound collection.”*”#>8 Making molecules costs, both in
terms of time and money. Therefore the ideal synthesis of a
structurally diverse small molecule collection is one in which
this diversity is achieved in the most efficient manner. The
efficient generation of multiple molecular scaffolds is regarded
as one of the most effective methods of increasing the
overall structural diversity of a collection of molecules and
has been reported to increase the odds of addressing a
broad range of biological targets** (relative to a single-scaffold
library).253547:48

There is a clear distinction between DOS and traditional
combinatorial methods; DOS libraries are usually smaller but
consist of molecules that are typically structurally more
complex, have a greater variety of core structures (skeletons)
and possess richer stereochemical variation.® However, the
boundary between modern, more considered combinatorial
methods and DOS is less clear-cut, and the terms DOS and
combinatorial chemistry are often used interchangeably in the
literature. Indeed, since DOS incorporates many of the
principles of combinatorial chemistry, it is probably best to
consider DOS as a more evolved version of traditional
combinatorial methodologies.q Recently our group has intro-
duced the concept of the ‘molecular diversity spectrum’ as a
useful qualitative means for comparing the structural diversity
associated with a particular molecular collection (Fig. 5). It
should therefore be the goal of a DOS to synthesize, in a

9 It is widely accepted in the literature that the use of a traditional
combinatorial approach (diversity around a single scaffold) as a means
for structural optimisation once a biological active molecular skeleton
has been identified is without par; the principle benefit of DOS is in the
initial discovery of (potentially novel) biologically active skeletons.>®
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Fig. 5 The ‘molecular diversity spectrum’. ‘Diversity’ can be viewed as a spectrum ranging from a target-oriented synthesis (TOS) of a specific
molecule to the synthesis of all possible compounds (i.e. total chemical space coverage); a traditional combinatorial approach and a DOS produce
compound collections that sit between these two extremes. Below the diversity spectrum are two diagrams, created using principal component
analysis, which show the distribution of representative chemical collections produced by a traditional combinatorial synthesis and a DOS in
chemical descriptor space. Also included is a diagram showing the distribution of all known drug molecules in chemical descriptor space. These
diagrams illustrate the ability of a DOS library to cover a wider area of chemical space than a traditional combinatorial library. The DOS library
also achieves a better coverage of known bioactive chemical space. The nature of these libraries is discussed in more detail later in the text
(see sections on ‘Achieving skeletal diversity in a DOS’, and ‘Assessing the diversity of a small molecule library’). More detail regarding the use of
principal component analysis is given in Fig. 8.

qualitative sense, collections of small molecules which are as
near as possible to the right hand side of this spectrum.?

In is important to note that although a DOS aims to access a
wide area of chemical space, there is a still a certain degree of
bias associated with the compounds produced. This is because
the goal of a DOS is to generate compounds that are capable
of interacting with biological macromolecules; that is, a DOS
is designed to access biologically relevant space. Though the
boundaries of biological relevant chemical space are not
known, and thus there is undoubted value in generating novel
molecules from unexplored regions of chemical space, there

are nevertheless certain chemical features that are required in a
molecule in order for it to be able to interact with a biological
system in a useful manner. In the context of antibacterial
discovery using DOS, it is important to note that such
synthesis design criteria do not include limiting the library to
compounds that span the physiochemical property space
occupied by know antibiotic compounds (vide supra). There
are, however, molecular features that are desirable in terms of
any further development of the molecule into a therapeutic
agent (for example, favourable ADME (absorption, distribu-
tion, metabolism and elimination) properties as well as low
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toxicity). Consequently, a DOS is not simply a random
generation of compounds, but a carefully considered process
that aims to generate small molecules with diverse molecular
structures that are natural product-like and drug-like in terms
of their capability to interact with, and modulate, biological
systems.

DOS and antibacterial discovery

Since Schreiber’s seminal works in the field™*’#48%% the use
of DOS as a method for the generation of small molecule
libraries has increased dramatically. Many different general
strategies have been developed which aim to address all of
these aspects of diversity and the reader is directed to recent
review articles prepared by our group and others for a more
detailed discussion of this topic.>>**86! There are numerous
examples of novel, biologically useful small molecules
which have been discovered through the screening of DOS
libraries.®®7>9%92-%% However DOS is arguably an under-
exploited tool in the field of antibacterial discovery and there
are very few reports in the literature pertaining to the screening
of DOS collections (which incorporate skeletal diversity)
against bacterial targets. Therefore for the purposes of this
discussion we will highlight some examples from our own
laboratories on the use of DOS to discover new antibacterial
agents.

The overall aim of a DOS is the generation of a small
molecule collection that spans as much bioactive chemical
space as possible as this should increase the probability of
discovering small molecules with the desired biological proper-
ties (in this case, antibacterial activity). As outlined previously,
this functional diversity is most efficiently achieved through
the efficient incorporation of skeletal (scaffold) diversity in a
small molecule library.

Achieving skeletal diversity in a DOS

There are two main methods that have been employed in a
DOS context for the generation of skeletal diversity, based
upon either the reagent (the reagent-based approach) or the
substrate (the substrate-based approach).®*>%¢

The substrate-based approach to skeletal diversity

The substrate-based approach to skeletal diversity is based
around a folding process. It involves the conversion of a
collection of substrates, which contain appendages with
suitable ‘pre-encoded’ skeletal information (so-called o
elements), into products have distinct molecular skeletons
using a common set of conditions (Fig. 6).>%°° In practice,
such methods are usually based around intramolecular
reactions that ‘pair’ strategically positioned functional groups
in the substrates, resulting in compounds with diverse
skeletons.”® This approach is exemplified in a recent DOS
pathway developed by Morton and co-workers which resulted
in the generation of a total of 84 distinct molecular skeletons,
representing a significant landmark in the degree of skeletal
diversity incorporated in a synthetically-derived small
molecule library.”’

? LY
i
6 00

Common
conditions >

S -0

Distinct molecular
skeletons

Pre-encoded

starting materials
Fig. 6 An illustration of the substrate-based approach to skeletal
diversity. A collection of substrates which are each based around a
similar core skeleton but which carry different appendages (so-called
o-elements, labelled 6'—c?) is shown. Under a common set of reaction
conditions, each substrate is converted into a product having a
different molecular skeleton, with the skeletal outcome dependent
upon the nature of the c-elements present in the substrate; e.g. ‘red’
o” elements react in such a fashion so as to generate the molecular
skeleton highlighted in red.

The reagent-based approach to skeletal diversity

The reagent-based approach to skeletal diversity is a branching
synthetic strategy which involves a short series of divergent,
complexity generating reactions from a common starting
material to generate a collection of compounds with distinct
molecular skeletons (Fig. 7).°

In practise, reagent-based skeletal diversity is achieved via
two main methods:**

1. The use of a densely functionalised molecule where
different functionalities in the same molecule are transformed
by different reagents;

2. The use of a pluripotent functional group (i.e. one that can
participate in a number of different reactions) where exposure
of a given molecule to different reagents results in different
reactions occurring at the same part (functional group) of the
molecule.

The use of a pluripotent functional group strategy

Within the Spring group, we have developed several reagent-
based DOS approaches that utilise starting materials with a
pluripotent functionality. Critical to the success of a pluri-
potent DOS is the choice of a synthetically versatile starting
material that is capable of undergoing a wide variety of
N

Different

Reagents

Distinct
molecular
skeletons

CJ

Common starting
material

J

Fig. 7 The reagent-based approach to generating skeletal diversity.
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different chemical transformations and thus has the potential
to be converted into several products with different molecular
skeletons through the variation of reagents alone. These
products should themselves be suitable for further diver-
sification, preferably in further complexity-generating and
branching reaction sequences; this provides a means to
augment the skeletal diversity of the library further and ideally
offer a route for the introduction of stereochemical diversity.
Variation in the substrates used in these reactions provides
scope for the introduction of building block and functional
group diversity into the final library.

These considerations are illustrated by two representative
case studies from our group. In both cases the overall aim was
the generation of a small molecule collection that spanned as
much bioactive chemical space as possible in order to increase
the probability of discovering small molecules with anti-
bacterial activity. Towards this end, we wanted the libraries
to cover known regions of bioactive space, as by definition
these are fruitful areas for the discovery of biologically active
molecules. Additionally, we wanted to access regions of
chemical space that are not covered by known natural pro-
ducts or pharmacologically active compounds, as bioactive
molecules from such regions may be more likely to exert their
biological activity through a novel mode of action. However,
the two DOS approaches differed in terms of the relative
degree of emphasis that was placed on exploring these different
regions of chemical space.

The first of these methods involved the use of fluorous
tagged diazaoacetate 3 as a starting unit in a branching DOS
strategy (Scheme 1).** In this DOS the main focus was on the
efficient generation of compounds that, while structurally
novel, were also based around a variety of natural product-
like scaffolds; that is, we aimed to explore areas of chemical
space ‘close’ to those occupied by known bioactive small
molecules through the incorporation of compounds based
known bioactive frameworks. Diazoacetate 3 was identified
as an attractive starting unit for two main reasons;
(i) diazoacetate compounds exhibit enormous synthetic
versatility, permitting the use of a wide variety of different
synthetic transformations and (ii) polyfluorocarbon tag
technology allowed standard solution phase parallel synthesis
methods to be coupled with the benefits of fluorous-based
purification protocols,”® thus simplifying the isolation and
purification of the library compounds. The main pathways are
summarised in Scheme 1. In the first stage of the DOS the
reactive diazoacetate functionality was exploited in four main
branching reactions (Step 1, Scheme 1, reactions a through to g).
The second stage of the DOS involved a series of complexity-
generating reactions to diversify these molecular frameworks
further, increasing the skeletal diversity of the library (Step 2,
Scheme 1, reactions i through to q). In selected cases, a third
stage of reactions was carried out (reactions r, s and t) to
introduce additional complexity and diversity. Variation in the
substrates used in these branching reactions (i.e. variation
in R'"') introduced appendage and functional group
diversity into the library. In addition, further appendage and
functional group diversity was incorporated into the
products from these pathways via the use of different ester
cleavage mechanisms (i.e ester hydrolysis, transesterification,

transamidation and ester reduction; R replaced by R!,
R!? etc.). Various substrates were used in the branching
synthetic routes outlined in Scheme 1 to synthesize
a library of 223 compounds based on 30 different core
molecular skeletons in no more then four linear synthetic
steps.

Several of these molecular skeletons have proven biological
relevance. Consequently, the inclusion of molecules based
around such scaffolds should allow the DOS library to span
regions of (and close to) known bioactive chemical space
(vide infra). For example, 4 is an ecgonine analogue; ecgonine
itself is a member of the tropane alkaloid family of natural
products and known bioactive molecules based on similar
scaffolds include cocaine and the molecules B-CIT and
B-CPT (radiolabelled forms of which have been used to help
investigate dopamine uptake in vivo)."°!°! Compounds 5 are
based around a coumarin skeleton. This privileged scaffold is
found in a wide variety of synthetic and naturally occurring
compounds that display a range of different biological
activities, for example the anti-coagulant warfarin'®? and the
rodenticide brodifacoum.!'®* Furthermore, the dihydropyrimi-
done framework present in 6 is a well-established privileged
sub-structure; compounds with this core scaffold have been
reported as anti-hypertensives and anti-cancer leads and this
class of compounds also exhibits anti-viral and anti-
inflammatory activity.®> Compounds based around these
privileged scaffolds are desirable to include in a structurally
diverse compound collection for use in chemical genetics
screens.

The second example of a branching DOS strategy from our
own group involves the generation of a library of small
molecules starting from a solid-supported phosphonate 7
(Scheme 2).'% In this DOS, an emphasis was placed upon
the exploration of uncharted regions of chemical space
through the development of routes to unnatural-product-like
(i.e. completely novel) molecular scaffolds. In the first step of
the DOS (Step 1, Scheme 2), 7 was reacted with a variety of
aldehyde building blocks in an E-selective Horner—
Wadsworth—-Emmons reaction (building block diversity) to
deliver twelve o,B-unsaturated acyl-imidazolidinones 8. The
pluripotent nature of 8 was exploited in the second step of the
DOS (Step 2, Scheme 2) which involved three catalytic
enantioselective divergent reaction pathways (stereochemical
diversity): (i) [2 + 3] cycloaddition (reaction b); (ii) dihydroxyl-
ation (reaction c); and (iii) [4 + 2] cycloaddition (reaction d)
to yield a collection of molecules based on three molecular
frameworks (skeletal diversity). The next step of the DOS
(Step 3, Scheme 2) involved a series of branching reactions
to diversify these key branch-point substrates further. For
example, the norbornene derivatives 9 (formed in step d)
served as versatile intermediates for a series of branching
reactions (reactions 1 to o) to generate five different molecular
scaffolds (skeletal diversity). Of particular note was an
interesting tandem ring-closing—opening—closing metathesis
reaction (reaction o) which created skeletally diverse tricyclic
products 10a (7-5-7) and 10b (7-5-8). In some cases, a fourth
stage of reactions was carried out (Step 4, Scheme 2)
to introduce additional complexity and diversity. The
imidazolidinone portion of 7 (R group in Scheme 2) allowed
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Scheme 1 DOS of a library of small molecules from a simple diazoacetate starting material 3. Step 1 refers to the first step of the DOS, Step 2
refers to the second step of the DOS. Reagents and conditions: (a) C¢Hg, Rhay(OCOCF3)y; (b) R'CCH, Rhy(OAc)s, CH,Cl,; (c) thiophene,
Rh,(OAc)y; (d) furan, Rhy(OAc), then I,; (e) LDA —78 °C, then R2COR?, THF then Rh,(OAc),, CH,Cl; (f) DMAD; (g) PA\CHO, PhNH, then
DMAD, Rhy(OAc), or PhMe-[Cu(OTf)],, CH,Cl,; (h) methyl acrylate; (i) R*NH,, NaOH, H,0, 180 °C then MeOH, H,SO,, 60 °C; (j) dienophile,
toluene, reflux; (k) DMAD, toluene, 100 °C; (1) cyclopentadiene, CH,Cl,, 0 °C to rt; (m) Grubbs’ second-generation catalyst, toluene, ethylene,
reflux; (n) phenol derivative, conc. H,SOy; (0) guanidine, EtOH, reflux; (p) guanidine, R®CHO, DMF, 75 °C; (q) NH,OH, THF, reflux;
(r) mCPBA, CH,Cl,, rt; (s) substituted 3-formyl chromone, EtOH, reflux; (t) substituted 3-formyl chromone, EtOH, reflux. DMAD = dimethyl

acetylenedicarboxylate, rt = room temperature.

the attachment of compounds at each stage of the synthesis
to a novel silyl-polystyrene solid support resin developed
previously within the group,'® which greatly simplified
purification during library synthesis. In the final step
of the DOS (not shown), the compounds were cleaved
off the solid support using a variety of reagents which
provided a means for the introduction of further appendage
diversity.

Using the chemistry shown in Scheme 2 and a limited
number of structurally diverse building blocks, a DOS of
242 small molecules was achieved, which have 18 molecular
frameworks among other unique structural features. Many
of these frameworks have no known representation in
nature, highlighting the capability of this DOS approach to
generate products that populate new, unexplored regions of
chemical space.

Assessing the diversity of a small molecule library

There is a clear justification for the production of structurally
diverse small molcule libraries as a means to improve coverage
of bioactive chemical space. However, a fundamental issue when
attempting such a synthesis is the subjective nature of diversity
itself; that is, how can one compare the overall diversity present
in different small molecule collections?®’ Recent years have
witnessed significant progress in the development of computa-
tional methods that allow an assessment of the diversity present
in different chemical collections in a more quantitative
fashion.*” %1% The goal of these methods is not to provide
an absolute measure of diversity, but a relative measure that also
agrees to a good extent with chemical intuition.

Within our group we have utilised a computational process
for diversity assessment based around the calculation of
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Grubbs’ second-generation catalyst, ethylene; (p) NalO,, THF-H,O (1 : 1); then R’NH,, NaB(OAc);H, CH,Cl,; (q) NalO4, THF-H,O (1 : 1);

then R®NHR®, NaB(OAc);H, CH,Cl,; (r) R°CHO, DMF, TsOH, 60 °C; (s) R'°C(O)R'’, DMF, TsOH, 60 °C. DMAD =

acetylenedicarboxylate.

molecular descriptor values followed by principal component
analysis (PCA).!” Though a detailed discussion of this
procedure is beyond the scope of this review, the significant
features are illustrated in the following case studies taken from
our own laboratories. For each compound in the DOS
libraries synthesised by Wyatt et al. and Thomas et al.
(Scheme 1 and Scheme 2), the values of 184 different physio-
chemical and topological chemical descriptor properties
(e.g. molecular weight, degree of branching, pK,, charges)
were calculated. The data sets produced for each compound
were analysed on a per molecule basis using PCA. This
method allowed a two-dimensional (2D) visual representation
of the distribution of the compounds of the DOS libraries in

dimethyl

chemical descriptor space to be derived (Fig. 8). The distribu-
tion in chemical space of three ‘benchmark’ molecule
collections was also computed and included in these diagrams.
The first of these collections was a focused library which was
produced via a more traditional combinatorial approach
(whereby a common scaffold is decorated with different
appendages).''® The second of these ‘benchmark’ collections
was a sample of all known drug molecules with a similar
weight range to the compounds present in the DOS libraries
(molecular weight cut-off 650), taken from the MDL Drug
Data Repository (MDDR) database.'!! Finally, the chemical
space coverage achieved by the 3762 compounds marked as
‘antibacterial’ in the MDDR database is also included. By this
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Fig. 8 A 2D visual representation of the distribution of different chemical collections in physicochemical and topological space derived using
molecular operating environment (MOE) descriptors followed by principal component analysis (PCA). The DOS libraries synthesized are depicted
by red dots (Wyatt et al.) and blue dots (Thomas ez al.). For comparison, a focused library (green dots), the MDL Drug Data Repository (MDDR;
grey dots), and antibacterial drugs (black dots) are depicted. PCA is a mathematical algorithm that reduces the dimensionality of a data set while
retaining most of the variation in the data set.'® In the original data sets each compound is described by the values of 184 different variables
(molecular descriptors). PCA discovers new variables called principal components which account for the majority of the variation in the data sets.
Each compound can then be described by the values of a relatively small number of these principal components. Thus each compound can be
represented by a relatively few numbers instead of by values for 184 variables. This allows visually accessible 2D representations of the distribution
of the data in physiochemical and topological space to be plotted.'® Factor 1 and Factor are the first two principal components, which explain the

majority of the variation in the data sets.

analysis, the two DOS libraries (high skeletal diversity) were
shown to span a larger region of chemical space then that
occupied by the ‘focused’ library (low skeletal diversity). This
helps to validate the concept that maximising skeletal diversity
in a small molecule library is crucial in terms of maximising
overall structural diversity and thus chemical space coverage.
The largest coverage of chemical space is achieved by the
MDDR sample, which contains a very diverse compilation of
compounds derived from a vast number of different sources,
both natural and synthetic. However, the DOS libraries
achieved a level of chemical space coverage (i.e. overall
structural diversity) very close to that observed in the MDDR
sample. This is despite the fact that the DOS libraries were
each derived from a single synthetic pathway, and each library
contains significantly fewer compounds than are present in
the MDDR sample. This illustrates the value of our DOS
approaches to generate structurally diverse products that span
a wide area of chemical space in an efficient manner. In
addition, the DOS libraries span a large region of chemical
space covered by currently known antibacterial compounds,
which is an important factor in the context of biological
screening.

Biological screening

Computational analyses can be performed to determine if a
high degree of structural diversity has been achieved in a small
molecule library. However, it is important to emphasise that
the ultimate success of any small molecule library is deter-
mined by the biological relevance of the compounds it
contains; if the small molecule library does not yield hits in
a chosen biological screening experiment, it will be deemed to
be unsuccessful, no matter how structurally diverse it is. In the
context of the DOS examples outlined in Schemes 1 and 2, we
were concerned with identifying compounds with antibacterial
activity.

Towards this end the DOS libraries of Wyatt ef al. and
Thomas et al. were screened in inhibition of proliferation
phenotypic assays against three strains of Staphylococcus
aureus: a methicillin susceptible S. aureus (MSSA) and two
UK epidemic methicillin-resistant strains (EMRSA-15 and
EMRSA-16).""> These MRSA strains are responsible for the
majority of infections with MRSA in the UK and both are
resistant to penicillins and erythromycin.''* This process
identified a number of structurally novel compounds that
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modulated bacterial growth (ranging from inhibition of
proliferation to complete abolition of bacterial growth over
the time course of the experiment) over a range of concentra-
tions (100 to 10 pM). The most active compound identified in
these preliminary screens was named gemmacin after Gemma
Thomas, the researcher who first synthesised it (Fig. 9).
Further phenotypic screening indicated that gemmacin has a
broad range of activity against Gram-positive bacteria. The
unusual molecular skeleton and unique structural features,
together with the positive in vitro results against a variety of
bacterial pathogens, highlight that gemmacin provides a new
structure for the discovery of critically needed antibiotics.

These screening results demonstrate the utility of a DOS
approach for the discovery of new antibacterial agents. These
are compounds that are completely artificial, with novel
structures never before accessed by nature and which display
useful biological properties. This clearly illustrates the power
of DOS to explore uncharted regions of chemical space that
are ‘biologically profitable’ but have yet so far been ignored by
the process of millions of years of natural evolution. In
addition, this work helps to validate the usefulness of DOS
as a tool in the drug-discovery process.

Though biologically active molecules (so-called ‘hits’) can
be identified through the screening of structurally diverse small
molecule collections, optimisation is usually required to trans-
form these ‘hits’ into ‘leads’ that possess the right portfolio of
on- and off-target activities as well as physiochemical and
ADME/toxicity properties. Usually this is achieved by the
synthesis of a focused library of analogues of the original
bioactive molecule, through variation in appendage, func-
tional group and stereochemical diversity elements. Biological
screening of these compounds then allows structure activity
relationships (SAR) to be investigated. Recently, Thomas and
co-workers have reported such an SAR investigation of the
antibacterial compound gemmacin.!'* These studies resulted
in the identification of a new compound, gemmacin B, which

demonstrated higher levels of antibacterial activity against
EMRSA-16 (Fig. 9). Interestingly, these SAR studies indicated
that little chemical diversification from the original gemmacin
architecture was possible if antibacterial activity was to be
retained.

Analogue syntheses and SAR analyses were also carried out
on the most active compounds identified in the DOS library of
Wyatt et al.''> This work culminated in the discovery of an
antibacterial agent named emmacin after Emma Wyatt, the
researcher who first synthesised it (Fig. 9). Emmacin is a
structurally novel antibacterial agent with an activity against
EMRSA-15 and EMRSA-16 comparable to that of gemmacin
and superior to that of two other clinically important
antibacterial agents (Fig. 9). Both emmacin and gemmacin
were found not to exhibit cytotoxic properties in a variety of
mammalian-surrogate systems, and also lacked fungicidal and
herbicidal properties, demonstrating the capability of the
compounds to act as bacteria-selective agents. Such selectivity
is of vital importance for any possible further development of
these agents.

Target identification

Small molecules that exhibit antibacterial activity can be
identified through the phenotypic screening of structurally
diverse small molecule collections (i.e. forward chemical
genetics). However, identification of the biological target(s)
that physically interact with the compound of interest'
(so-called target identification) is notoriously difficult. Such
information provides knowledge regarding the underlying
mode of action of the antibacterial agent, which is crucial
for directed compound optimization and any pre-clinical and
clinical development.'!®

Recent years have witnessed the emergence of several
different methods for overcoming the problem of target
identification, and the reader is directed towards some recently
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published articles for a more detailed review of this area.!!”12°

Unfortunately, no systematic target-identification methodo-
logies of broad utility presently exist. Indeed, target identifica-
tion has been described as the ‘missing link’ in chemical
genetics, a technical hurdle that limits the methods huge
potential.''” Despite these difficulties, we have had some
success in identifying the biological targets of hits from DOS
libraries produced within the group, albeit on an ad hoc basis.

Target identification of gemmacin was attempted by
screening the compound in a range of biological assays
designed to identify common antimicrobial modes of action
(such as modulation of kinase activity, protein synthesis and
ATP synthesis uncoupling).!® Gemmacin was found to be
inactive in all of these assays, but did show activity in an assay
designed to detect the generation of reactive oxygen species,
which suggested that the compound may act as a cell-
membrane disruptor. A membrane disruptor assay carried
out with gemmacin did indeed demonstrate its capability to
act as a selective disruptor of bacterial cell membranes,
suggesting that this is at least one of the modes of action by
which the compound exerts its antibacterial effects. Interest-
ingly, membrane disruption is the primary mode of action of
antimicrobial peptides such as defensins, gramicidin S, type A
lantibiotics, and telavancin, which all have molecular weights
greater than 1700 g mol™".'® It is intriguing that the signifi-
cantly smaller molecule gemmacin (539 g mol ') could have a
similar mode of action.

Emmacin was subjected to a battery of biological assays,
but was found to be inactive in all of them. A comparison of
emmacin with the general structures of some known classes
of antibacterials revealed structural similarities with a number
of compounds known to act as inhibitors of the enzyme
dihydrofolate reductase (DHFR) (Fig. 10).

DHFR is a ubiquitous enzyme in eukaryotic and prokaryotic
cells which catalyses the reduction of 7,8-dihydrofolate to
5,6,7,8-tetrahydrofolate using NADPH as a cofactor.!23124
Tetrahydrofolate is involved in the biosynthesis of nucleotide
bases of DNA. Therefore inhibition of the DHFR enzyme
blocks DNA synthesis, thereby arresting cell growth.'?
A DHFR inhibition assay indicated that emmacin was a
prokaryote-selective, uncompetitive and reversible inhibitor
of the EMRSA-16 DHFR enzyme DfrBgyrsals. Despite
recent research into the discovery of new bacterial DHFR
inhibitors,?1"1?21257127 the enzyme is still viewed as an

underexploited target in the antibacterial field.'">! We could
find no examples of substituted diiydropyrimidine compounds,
of the type exemplified in emmacin, having been applied to this
therapeutic mode of action. Therefore, to the best of our
knowledge, emmacin represents the first member of a new
structural sub-class of bacterial-selective DHFR inhibitors.

Conclusions

Small molecule libraries produced via a DOS, which aim
to display a high degree of structural and thus functional
(biological) diversity, have proven to be valuable in chemical
genetics experiments for the discovery of molecules that can
modulate the activities of biological systems in a useful
fashion. However, only recently has the power of this
approach been directed towards the discovery of critically
needed new antibacterial agents. Work in this area has already
yielded positive results and offers great potential for future
success, particularly in the discovery of antibacterial agents
that operate via novel modes of action and are thus not
susceptible to currently existing resistance mechanisms.
However, continued improvements in each of the three
elements of forward chemical genetics (namely library design
and synthesis, biological screening and target identification)
will be required if the goal of using this approach to regularly
discover effective small molecule antibacterial agents which
are suitable for further development is to be achieved.

As a final point, it may come as a surprise to some readers
that we have made no attempt to patent any compounds
generated in our DOS libraries, including those with the
highest levels of antibacterial activity. This was a very
deliberate decision. We openly encourage the distribution of
this data in the hope that our bioactive hits may serve as
inspirational starting points for subsequent development into
more potent and selective antibacterial agents by others. We
firmly believe that it is only through the intense collaboration
of researchers from many disciplines, both industrial and
academic, that the tide of the battle against infectious diseases
will start to turn in our favour.
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