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�
The need for new antibiotics is a well known
concern of health care professionals. Not sur-
prisingly anxiety over the issue has percolated

to the national press with headlines such as ‘Superbugs:
Crisis Grows’ (Daily Mail, 6 December 2003) and
‘Superbug Apocalypse’ (Daily Mail, 30 September 2003).
Remarkably, current antibacterial therapy remains
largely dependent on antibiotic classes discovered more
than 20 years ago. Resistance to these antibiotics is
increasing (Fig. 1) and, even more worrying, is the
emergence of pan-resistant organisms in our hospitals.
For many years antibiotic research was focused on
making new derivatives of these established classes of
antibiotics, but the pre-existing resistance mechanisms
are compromising their further development. Conse-
quently, entirely novel classes of antibiotics are needed
for the future.

In the mid-1990s bacterial genomics was believed to
be the technological advance that would rapidly provide
much needed new classes of antibiotics for the 21st
century. However, here we are in 2004 and no new class of
broad spectrum antibiotic has reached clinical use in the
last 20 years; the prospects for novel acting antibiotics
being launched in the next 5–10 years are frighteningly
low, especially with the alarming withdrawal of many
companies from this therapeutic area. Consequently, 
this review will illustrate how genomics enabled the
industrialization of novel antibiotic target selection and
validation, give an overview of the processes and scientific
complexities of progressing from genome to antibiotic
and provide a perspective of where we go from here.

� Bacterial genome sequencing
The first bacterial genome was sequenced in 1995 and
with technologies capable of sequencing an entire
genome in just days, it is not surprising that as many as
100 bacterial genomes are now available. With respect to
antibiotic discovery, access to a complete genome for a
particular organism reveals all the potential proteins 
(targets) that could be exploited as antibacterial
strategies.

� Target selection
Novel target selection is possible on a scale and accuracy
unimaginable in the pre-genomic era. For example, if
seeking a Gram-positive-only antibiotic, bioinformatics
can identify genes only present in clinically important
Gram-positives, but absent from Gram-negatives.
Alternatively, if designing an antibiotic to treat a specific
set of bacterial infections (e.g. respiratory infections or
urinary tract infections) targets can be selected that are
present in the common causative bacteria. Access to the
human genome also enables evaluation of the potential
selectivity of a novel antibacterial target. If a human
homologue exists, in-depth comparison with the
bacterial version is necessary to assess the likelihood of

selective inhibition of the bacterial target. The goal is to
identify targets that are present in a clinically relevant
spectrum of pathogens with a good selectivity rationale.

� Target validation
After selecting an antibacterial target, the next steps are
proving that it is critical for survival and validating that
inhibition of its function will result in bacterial death. A
variety of methodologies have been developed to assess
this. The simplest is to selectively delete the gene of the
target from the genome; if the organism is able to sustain
growth despite loss of the gene, this demonstrates that
the target is not essential. Gene regulation approaches
(e.g. inducible promoters and antisense) have also been
used successfully, with essential genes being identified
by a concomitant decrease in growth following down
regulation of the gene. Many of these approaches have
been optimized to provide rapid throughput target
validation. For example, GlaxoSmithKline (GSK)
developed robust systems for evaluating the essentiality
of genes in Haemophilus influenzae, Streptococcus pneumoniae
and Staphylococcus aureus and more than 350 targets were
evaluated. Overall, genomics has enabled the industriali-
zation of novel antibiotic target discovery and validation
(Fig. 2).
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BELOW (TOP):
Fig. 1. Increasing resistance to
established classes of antibiotics

BELOW (BOTTOM):
Fig. 2. Industrialization of novel
antibiotic target discovery and
validation.
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has been identified with all the requisite preclinical
properties, it enters the development phase. Here, good,
predictable animal infection models and relatively rapid
clinical trials with clearly defined end points facilitate a
higher probability of success than in some other thera-
peutic areas.

� But there are surprises…
Progressing a project to identify an antibiotic with an
entirely novel mechanism of action can be an adventure
into the unknown compared with finding new deriva-
tives of established classes of antibiotics. This is
exemplified by the methionyl tRNA synthetase (MRS)
target. This target is essential in a broad spectrum of
bacterial pathogens, and as part of a strategic effort to
screen all 19 of the Gram-positive tRNA synthetases 
we identified a promising inhibitor of MRS. Chemical
optimization of this hit successfully yielded highly
potent antibacterial compounds which cured multi-
resistant bacterial infections in animal models. However,
it was found that the MRS (MRS1) screened in the 
HTS only existed in around 50 % of clinical isolates 
of Str. pneumoniae; the other 50 % possessed a different
MRS, MRS2. Despite overall high similarity between
MRS1 and MRS2, this chemical series achieved potent
inhibition of MRS1, but inhibition of MRS2 was
severely compromised because of a leucine to tryptophan
difference in the active site of MRS2. Consequently, 
the series possessed unacceptably poor antibacterial
activity against 50 % of all Str. pneumoniae clinical
isolates. Extensive efforts to modify the molecule to
achieve inhibition of both MRS types whilst
maintaining its other drug-like qualities failed. This
experience illustrates the need for target validation
beyond the genome, emphasizing that the genomes 
we have access to only represent the genetic make up 
of a single organism which may not be entirely
representative of its species.

� Where next ?
It is easy to accuse genomics of not delivering! However,
this is really not true as genomics could only ever 
identify novel antibacterial targets and new genomic
technologies. Due to genomics, we now probably know
all the potential ways to kill bacteria and experiments
previously conducted on a gene scale can now be
performed to give readouts on the entire genome.
Making antibiotics from genomics depends heavily on
high throughput screening and successful optimization
of hits from these screens. The preclinical complexities
and hurdles of these factors were underestimated in 
the genomic era and are the two main issues that have
compromised the delivery of antibiotic development
candidates and thus new drugs.

So where do we go from here? Antibiotic research now
needs to focus on thoroughly validated targets and

provide the substantial medicinal chemical resource
necessary to develop promising antibiotic leads that act
on these targets. As part of this strategy, a return to
microbiology is required to provide high quality and 
fast in vivo and in vitro microbiological evaluation 
of promising preclinical antibacterial compounds. 
Success at high throughput screening also needs to 
be addressed. Acquisition and generation of novel
compound libraries especially suited to the chemical
parameters common to antibacterial compounds –
‘antibacterial targeted chemical diversity’ – is one
welcome approach. In addition, screening new
generations of natural product diversity, such as gene
shuffling of known secondary metabolite pathways,
could also yield new compounds to screen against
antibacterial targets.

In conclusion, since 1995 big pharma and the 
biotech industry have applied immense resources to
exploiting genomics in an attempt to identify new
antibiotic molecules. Although this has provided 
an unprecedented number of antibacterial strategies,
success measured in terms of new antibiotics has 
been disappointingly poor. This, along with changing
corporate priorities and regulatory issues, has contri-
buted significantly to many companies withdrawing
from antibiotic research, despite the fact that the 
medical need for novel acting antibiotics remains
unquestionable. At GSK we hope to increase prospects
for delivering new antibiotics by applying significant
microbiological and medicinal chemistry resources to
tackle directly the preclinical challenges and use the 
very considerable knowledge from bacterial genomics 
to facilitate the success of our antibacterial research.
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� High throughput
screening (HTS)
Following the identifi-
cation of validated, select-
ive targets the next step is
to find an inhibitor of the
target by high throughput
screening of a diverse set 
of compounds. Producing
sufficient reagents and 
configuring an assay to 
be run at high through-
put (screening > 100,000
compounds) can normally
be achieved fairly effici-
ently for antibacterial
targets, facilitated by the
fact that production of 
the many milligrams of
protein needed for HTS can be easily achieved via
expression in bacterial hosts.

Having obtained high quality hits from HTS, 
the application of medicinal chemistry is necessary 
to introduce all the necessary properties for a 
successful antibiotic; this process is known as ‘lead
optimization’.

� Hits from HTS 
Identification of hits and the lead optimization steps 
(Fig. 3) are the two most challenging aspects of deliver-
ing new antibiotics from genomics. First, the hit rate of
HTS of antibacterial targets is less than that achieved for
targets from other therapeutic areas. GSK bases this by
comparing data from other therapeutic areas with the
results of more than 50 screens run on antibacterial
targets. There may be a combination of reasons, but
analysis of the chemical properties and parameters 
of known antibacterial compounds suggests that such
properties may not be well represented in standard
screening collections and a broader or more ‘anti-
bacterially relevant’ diversity has to be acquired and
screened. Consequently, the poorer hit rate from HTS of
antibacterial targets compromises success at the earliest
step in the cascade.

� Lead optimization of hits to antibiotics
It is likely that a hit from HTS will possess selective
micromolar inhibitory potency against the target with
low-level antibacterial activity. At this early stage it is
imperative to demonstrate that the compound’s anti-
bacterial effect is clearly a result of inhibition of the
target and not due to potentially non-specific effects.
Providing robust mechanism of action (MOA) data can
be highly complex and requires significant biochemical
and complex proteomic and gene expression approaches
(e.g. gridding).

Once MOA is confirmed, significant medicinal
chemical resources are required to optimize the hit into a
molecule that has all the requisite properties for the
development of a successful antibiotic. This process has
an additional aspect that is very different from other
therapeutic areas in that ideally the final molecule needs
to possess antibacterial activity against more than one
pathogen, and optimistically, multiple pathogens.
Essentially, this means optimizing the inhibitory
activity against the target from each of a key spectrum of
pathogens. Although the target is deliberately selected
to be highly conserved across these pathogens, the
architecture of the active sites will differ slightly, which
can add to the challenge of finding one molecule that fits
all. Furthermore, even if a molecule has been identified
that has equal inhibitory potency against the targets
from all the key organisms, considerable challenges still
exist in optimizing penetration through the bacterial
wall and membranes which are characteristically diff-
erent in each species. Consequently, it can take a con-
siderable effort to identify molecules that demonstrate
good target inhibitory activity and thus antibacterial
activity across multiple pathogens.

Then, whilst maintaining the broad antibacterial and
target inhibitory activity, other important attributes are
necessary. These include favourable pharmacokinetics
(PK), efficacy in animal models, lack of toxicity and even
parameters such as appropriate solubility, stability and a
commercially viable synthetic process (Fig. 3). One other
challenging factor is that we are often dealing with 
an entirely new chemical entity that has never been
previously evaluated for pharmacological activity and so
no structure activity relationship (SAR) exists. This is in
contrast to delivering new derivatives of established
classes of antibiotics such as cephalosporins, macrolides
or quinolones where decades of SAR exist to facilitate 
the lead optimization process. Finally, once a molecule
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RIGHT:
Fig. 3. The complexities of
chemical optimization of ‘hits’ 
from HTS to antibiotic development
candidates.
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