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Bacterial fatty-acid biosynthesis:
a genomics-driven target for
antibacterial drug discovery

David J. Payne, Patrick V. Warren, David J. Holmes, Yinduo Ji and

John T. Lonsdale

In this review we demonstrate how the interplay of genomics,
bioinformatics and genomic technologies has enabled an in-depth
analysis of the component enzymes of the bacterial fatty-acid biosynthesis
pathway as a source of novel antibacterial targets. This evaluation has
revealed that many of the enzymes are potentially selective, broad-
spectrum antibacterial targets. We also illustrate the suitability of some
of these targets for HTS. Furthermore, we discuss how the availability of
a robust selectivity assay, mode-of-action assays and numerous crystal
structures provide an excellent set of tools with which to initiate
integrated programs of research to identify novel antibiotics targeted
at these enzymes.
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tibiotics originated from screening campaigns
focused on identifying antibacterial entities
from natural-product extracts. This approach
was effective for several decades, but since the
mid-1970s no novel class of broad-spectrum
antibiotics has been discovered. Consequently,
antibiotic research primarily focused on the
fine tuning of existing classes of antibiotics,
and incremental improvements in antibacter-
ial potency, spectrum and pharmacokinetic
parameters have been introduced to make
‘new generation’ antibiotics from established
classes. In many cases, these new antibiotics
are less affected by the established resistance
determinants that compromised previous
generations. However, there often remains
a pool of resistance mechanisms that can
further evolve and mutate to eventually com-
promise the second- and third-generation
molecules. This concept is illustrated by the
later generation cephalosporins, which were

originally unaffected by the ubiquitous TEM-
1 and SHV-1 B-lactamases. However, during
the past 10 years we have witnessed the wide-
spread emergence of numerous TEM and SHV
B-lactamases that possess point mutations in
their active sites enabling them to hydrolyze,
and thus confer resistance to, these newer
generation cephalosporinst.

Therefore, the majority of currently used
antibiotics acts against a limited number of
antibacterial targets. Resistance to this current
armory of antibacterials is increasing rapidly,
challenging our ability to treat infections
caused by common bacterial pathogens.
Consequently, both the medical community
and government organizations recognize the
need for novel antibiotics that act via inhibi-
tion of novel antibacterial targets.

Bacterial genomics has reshaped antibacter-
ial drug discovery. Advances in DNA sequenc-
ing technology are providing the sequences of
entire bacterial genomes at an unprecedented
rate. This has been demonstrated recently
with the generation of high-quality drafts of
15 different bacterial genomes in one month,
a rate of >1 genome per 1.5 working days. This
effort included sequencing the genome from
the ‘supergerm’, Enterococcus faecium, in 1 day.
It is estimated that almost 120 genomes will
have been completely sequenced within 2-3
years2. Access to whole or near-complete gene
sets from multiple organisms, in combination
with state-of-the-art bioinformatics techniques,
greatly facilitates the selection of novel an-
tibacterial targets. First, the genomes of clini-
cally relevant pathogens can be searched for
the presence of a specific gene and, therefore,
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Figure 1. The organization of fatty acid biosynthesis in mammals and bacteria. (a) In mammals, fatty acid biosynthesis is performed by a
single multifunctional polypeptide complex (existing as a dimer) and the growing acyl chain remains bound until chain elongation is
complete (reproduced, with permission, from Ref. 10). (b) In bacteria, each of the reactions are performed by discrete proteins, each of
which catalyzes a reaction in the pathway; the pathway intermediates are ferried from one specific protein to the next as thioester
derivatives of acyl carrier protein (ACP). The figure in brackets (e.g. 2C) denotes the length of the carbon chain.
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predictions can be made on the potential spectrum of a
given antibacterial target. Furthermore, paralogs within a
single organism can also be identified3. Second, genomic
information from a variety of different organisms enables
genes of interest to be rapidly identified and manipulated
in organisms other than Escherichia coli, such as the key
pathogens Staphylococcus aureus and Streptococcus pneumo-
niae. For example, advances in gene-knockout technologies
now enable the chromosomes of Gram-positive pathogens
to be rapidly scanned for genes essential for cell viability,
both in the test tube and during infection in the host.
Third, it is now possible to make valid predictions on the
potential selectivity of a novel bacterial target. Human
genome sequences can be searched for the presence of a
human equivalent. Where a human ortholog exists, mol-
ecular modeling and sophisticated sequence-analysis pro-
grams can be used to predict whether selective inhibition of
the bacterial enzyme might be possible. Finally, bacterial
genomics is making it possible to exploit broadly conserved
genes of unknown function via comparative genomic
analyses. Typically, these novel targets represent more than
20-30% of each new genome sequenced. In combination,
these approaches are empowering an early-phase discovery
process for the identification and validation of novel
antibacterial targets.
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Before the genomics era there was some evidence that
particular enzymes in the bacterial fatty-acid biosynthetic
pathway held promise as antibacterial targets. However, it
has been these genomic-based strategies that have enabled
a more informed appreciation of this pathway and other
pathways such as peptidoglycan, chorismate4 and iso-
prenoid biosynthesis® as sources of antibacterial targets.
This review will describe the potential for exploiting bac-
terial fatty-acid biosynthesis and its component enzymes
as an antibacterial strategy, and review the currently known
inhibitors of these enzymes.

Comparison of human and bacterial fatty-acid
biosynthesis

Fatty acid biosynthesis is carried out by the ubiquitous fatty-
acid synthase (FAS) system. In the type | system of mammals,
including humans, FAS is a single, large polypeptide com-
posed of several distinct domains®. In the type Il system of
bacteria?, plants® and protozoa®, the FAS components, in-
cluding the acyl carrier protein (ACP), exist as discrete pro-
teins (Fig. 1). The corresponding activities of the two FAS
systems are related in structure and function, but generally
lack overall sequence homology. The absolute requirement
of type Il FAS for bacterial viability, together with its major
differences compared with the type | FAS, suggests that
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selective compounds, with potential use
as broad-spectrum antibacterial drugs,
could be obtained. For example, the anti-
tuberculosis drug isoniazid can inhibit
both Fabl and a B-ketoacyl-ACP syn-
thase!!-13, and the antibiotic compound
thiolactomycin inhibits all three type
1l FAS condensing enzymes, but neither
of these compounds inhibit type | FAS.

Assessing bacterial fatty-acid
biosynthesis inhibition: impact of
genomics and bioinformatics

Until recently, the majority of research
on bacterial fatty-acid biosynthesis has
focused almost exclusively on E. colil4
(Fig. 2). Consequently, little was known
about the spectrum or characteristics
of the component enzymes in different
pathogens of clinical interest, or the
level of conservation that exists be-
tween enzymes from different bacterial
species. Access to fully sequenced and
assembled bacterial genomes has en-
abled the identification of many of the
component enzymes in Pseudomonas
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Figure 2. Schematic diagram of the dissociated type 2 bacterial fatty acid biosynthetic
pathway. The figure shows a composite view of this pathway and the key enzymes
involved. The distribution of particular components varies in a species-specific manner.
For example, FabA occurs only in Proteobacteria, whereas FabZ is ubiquitous. Both function
interchangeably in elongation cycles up to 10 carbons and both function in the synthesis of
saturated fatty acids. FabA is more active in the dehydration of B-hydroxydecanoyl-ACP and
also converts a small amount of the product, trans-2-decanoyl-ACP, to the cis isomer, which is
efficiently utilized by FabB, thus diverting the flow of intermediates into unsaturated fatty acid
biosynthesis. FabZ is the primary dehydratase involved in further elongation cycles. FabB and
FabF both occur in Proteobacteria whereas only a FabF synthase occurs in pathogenic Gram-
positive bacteria. In organisms containing both enzymes, FabB has been shown to be essential
for unsaturated fatty acid biosynthesis, and FabF is crucial for maintaining membrane fluidity
at lower than physiological temperatures. Three different enoyl-ACP reductase enzymes have
been discovered in different pathogens, Fabl and FabK (Ref. 24) and Fab L (Ref. 15).

aeruginosa, S. aureus, Enterococcus faecalis,

Haemophilus influenzae and S. pneumo-

niae (Table 1). For example, data have been published in
the past few years on the homologs of FabH, Fabl, FabG
and FabD from S. aureus®16-19, FabH and FabD from S. pneu-
moniaeb20.21 gnd Fabl and FabD from P. aeruginosa22.23,
Moreover, the identification of these genes has enabled
specific pathway enzymes to be cloned, expressed, charac-
terized and progressed to HTS for novel inhibitors.

Access to the fully sequenced genomes of pathogenic
organisms facilitates early determination of the potential
spectrum of each of the fatty-acid biosynthetic enzymes.
Analysis of the enoyl-ACP reductase homologs provides a
perfect illustration of the power of genomics and bioinfor-
matics in assessing novel antibacterial targets. Based on
work performed on E. coli it was believed that Fabl was
unique in performing the enoyl-ACP reductase reaction in
bacteria. However, sequence similarity searches failed to

a Payne, D.J. et al. Identification and characterization of the S. aureus Fab
I (enoyl-ACP reductase). 99th American Society of Microbiology General
Meeting, Chicago, IL, USA; Abstract K131

b Lin, A.H. et al. (1999) The cloning, expression, purification and
characterization of the S. aureus malonyl co A-Acyl carrier protein
transacylase. 99th American Society of Microbiology General Meeting,
Chicago, IL USA; Abstract K119

identify a Fabl homolog in the S. pneumoniae genome. Rock
and colleagues deduced that S. pneumoniae possessed an
alternative enoyl-ACP reductase, FabK, which bears no
significant homology to Fabl. Further bioinformatic analy-
sis found that FabK was present in several other organisms
and, in some cases, such as E. faecalis and E. faecium, both

Table 1. Identification of Fab genes in key respiratory
and Gram-positive pathogens

Target S. aureus S.pneumoniae E. faecalis H. influenzae
FabG g g g g
FabK g | | g
Fabl g g | g
FabA g | g g
Fabz g g g g
FabB g | g g
FabF g g g g
FabH g g g g
FabD g g g g

Abbreviations: S. aureus, Staphylococcus aureus; S. pneumoniae, Streptococcus
pneumoniae; E. faecalis, Enterococcus faecalis; H. influenzae, Haemophilus influenzae.
Key: O = homologue present in genome; 00 = homologue absent from genome.
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mation that could only be obtained

via considerable experimentation in
the pre-genomics era.

In contrast to FabB, FabA and the
enoyl-ACP reductases, other enzymes
in the fatty-acid biosynthetic pathway
appear conserved among relevant
clinical pathogens and thus could be
more appropriate choices as broad-
spectrum antibiotic targets (Table 1).
For example, the phylogenetic analysis
of FabH (Fig. 3) demonstrates the
conservation of this target in a broad
spectrum of bacterial pathogens.

Validation of bacterial fatty-acid
biosynthesis as an essential
antibacterial target

Confirmation that a target is essential
for bacterial survival is an important
aspect of the characterization of a
novel antibacterial target, and can be
achieved by attempting either disrup-
tion or complete replacement of the
target gene in the organism of choice.
Several methods are available for this
type of target validation and, with the
advent of genomics, it is possible to
take a directed, rather than random,
approach to defining essential genes.
Gene disruption can be achieved by
plasmid insertion mutagenesis, whereby
an internal fragment of the target gene

Drug DiscoveryToday

Figure 3. Phylogenetic analysis illustrating the spectrum of FabH. The distance-based
FabH phylogeny illustrates the broad range of bacterial species that contain the FabH
protein. The numbers in the figure indicate the nodes for which there is a confidence
level above 50%. The tree is preferentially rooted with the species Pseudomonas
aeruginosa and Mycobacterium tuberculosis to more easily demonstrate the presence of

is cloned into a non-replicative vector
containing a selectable marker. The
plasmid is introduced into the target

FabH in both Gram-positive and Gram-negative commercially relevant pathogens.

organism and transformants are iso-
lated on selective media. Because the

FabK and Fabl were present24 (Table 1). Therefore, progress-
ing a Fabl inhibitor might be an effective strategy against
specific pathogens such as Staphylococci sp., but inhibition
of both FabK and Fabl would be required to achieve broad-
spectrum antibacterial activity. Considering the differences
between FabK and Fabl this could be challenging.
Furthermore, analysis of the S. aureus, S. pneumoniae and
E. faecalis genomes illustrates the absence of FabA and FabB
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vector is unable to replicate in the
host, the only way to maintain the selective marker is via
homologous recombination with the target gene. Clearly,
this will disrupt the gene of interest and, if achieved,
appears to demonstrate that the gene is non-essential.
Although this is an efficient and rapid method for assess-
ing whether a gene is essential, the results can be mislead-
ing. The insertion of a large DNA-sequence into the gene
could have effects on the expression of essential genes
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downstream of the targeted gene (polar effects), leading to
the impression that a non-essential gene is a valid target
for antimicrobial therapy. Conversely, this type of experi-
ment leaves the N-terminal portion of the gene intact and,
as a result, it is possible to get expression of this part of the
protein which, if active, could give the impression that a
valid target is non-essential. Allelic replacement mutagene-
sis, in which the target gene is deleted and replaced with a
selectable marker following double-crossover homologous-
recombination, is a more effective procedure and has been
successfully applied to a comprehensive analysis of the en-
tire set of two-component signal transduction systems
from S. pneumoniae?s. The absolute requirement of the fatty
acid biosynthetic pathway can be examined in this way,
enabling the suitability of each component enzyme to be
assessed as a potential antibacterial target.

Moreover, the antibacterial activity of specific inhibitors
of some of the enzymes in the fatty-acid biosynthetic path-
way confirms that these components are essential for bac-
terial viability. Indeed, some of these compounds provided
early, and largely ignored, clues to the potential of this area
as a target for antibacterial intervention. Cerulenin, thio-
lactomycin, diazaborines and triclosan (Fig. 4) all possess
antibacterial activity mediated via inhibition of one or
more of the component enzymes of the pathway.

Diazaborines: inhibitors of Fabl

The diazaborine antibacterials have been established for
almost 30 years26. However, their molecular target was not
identified for some time after their discovery. They were
initially described as selective inhibitors of lipopolysaccha-
ride biosynthesis?’. Pretreatment of E. coli with diazaborine
SaB84.474 made the bacteria less virulent in vivo when
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(d) Triclosan

Figure 4. Inhibitors of bacterial fatty acid biosynthetic enzyme:
(a) thiolactomycin, (b) diazaborine, (c) cerulenin and (d)
triclosan.
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compared with untreated controls. Subsequently, it was
shown that these compounds target the enoyl-ACP reduc-
tase, Fabl28. The molecular mechanism of inhibition of
Fabl by diazorborines has since been elucidated following
the solution of the crystal structure of Fabl with a diazor-
borine complexed in the active site2?. However, exploita-
tion of these molecules is believed to be restricted by the
inherent toxicity associated with this class of compound.

Cerulenin: inhibitor of FabB and FabF

Cerulenin inhibits the condensation reaction in the path-
way that is responsible for the chain-elongation phase of
fatty acid biosynthesis. This compound possesses similar
potency in this reaction in both mammals and bacteria3°
and, therefore, the poor selectivity and undesirable reactivity
of this compound curtailed further exploitation.

Thiolactomycin: inhibitor of FabB, FabF and FabH
Thiolactomycin is a selective inhibitor of the bacterial con-
densation enzymes!4 (FabB, FabF and FabH), although it is
a much less potent inhibitor of FabH. This compound ex-
hibits relatively poor in vitro antibacterial activity, and yet,
paradoxically, good efficacy in animal infection models
was observed3l. The relatively poor in vitro antibacterial
activity of thiolactomycin might have prevented further
exploition.

Triclosan: inhibitor of Fabl
It has recently been shown that the primary antibacterial
target of triclosan, and related compounds, is Fabl in
E. coli32:33, |dentification and characterization of Fabl from
S. aureus®18 has confirmed that the antibacterial target of
triclosan in this organism is also Fablc.18. However, FabK,
the enoyl-ACP reductase described above and found in
other organisms, is refractory to inhibition by triclosan24.
Therefore, the mode of action of triclosan against organisms
in which Fabl is not essential is likely to be via an alternative
mechanism, possibly disruption of bacterial membranes.
To date, experimental inhibitors have demonstrated that
Fabl and the initiating and chain-elongation condensing
enzymes (FabH, and FabB and FabF, respectively) are viable
antibacterial targets. It is likely that the other pathway
components are also attractive antibacterial targets.

The search for novel antibiotics targeted at bacterial
fatty-acid biosynthesis

To identify novel and selective inhibitors of these targets it
is imperative that HTS assays can be developed to identify

¢ Slater, C. et al. (2000) Mode of action of triclosan in Staphylococcus aureus.
American Society of Microbiology, Los Angeles, CA, USA. Abstract A101
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Figure 5. HTS for Fabl. Fabl catalyzes the NADH-dependent
reduction of crotonoyl CoA to butyryl CoA. The conversion of
NADH to NAD+ is followed spectrophotometrically by a
decrease in absorbance at 340 nm.

lead compounds, and that a human FAS assay is available
to assess their selectivity. Furthermore, structural infor-
mation on these enzymes is also required to provide tools
for the rational exploitation of the novel inhibitors identi-
fied by HTS assays. These aspects are described in the next
section of this review, using Fabl and FabH as examples.

Amenability to HTS

Many of the component enzymes are amenable to the
development of HTS assays for the discovery of novel in-
hibitors. Pharmaceutical companies have already started
screening some of the component enzymes, as exemplified
by the recent report that 200,000 compounds have
been screened against E. coli Fabl; interestingly, this screen
identified triclosan as a lead34.

The availability of the component enzymes from Gram-
positive bacterial pathogens has facilitated screening
against both Fabl and FabH by GlaxoSmithKline. The for-
mat for the Fabl HTS assay used crotonoyl-CoA as substrate
and activity was measured by a decrease in absorbance at
340 nm as a result of oxidation of NADH (Fig. 5). This
screen identified several novel leads, two of which are
described here.

S. pneumoniae FabH has also been screened. Lack of access
to significant quantities of acyl-ACP substrates has previ-
ously limited the ability to directly assay many of the
component enzymes of fatty acid biosynthesis, although
recently this has become less problematic. As large quanti-
ties of purified malonyl-ACP were unavailable, S. pneumo-
niae FabH was screened in a coupled assay, in tandem with
FabD. Careful characterization of the FabD reaction per-
mitted synthesis of controlled levels of malonyl-ACP that
could be utilized by FabH. The use of radiolabeled acetyl-
CoA permitted quantitation of FabH activity by monitor-
ing the level of radiolabeled acetoacetyl-ACP production in
a filtration assay. The use of this HTS format enabled the
discovery of several compound classes that included
potent inhibitors of FabH. In addition, a scintillation prox-
imity assay amenable to HTS has also been developed for
FabH3s.
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The other enzymes in the pathway also appear to be
amenable to a HTS format, either as single enzymes, or
coupled with another enzyme in the pathway. Finally, it
might be possible to configure a ‘one pot* HTS assay for all
the biosynthetic enzymes in much the same way that
has been achieved for the enzymes in the peptidoglycan
biosynthesis3¢ pathway and this possibility justifies further
investigation.

Development of a human selectivity assay

It is essential that the selectivity of HTS leads is evaluated
in a timely manner. To facilitate this, human testes FAS1
was cloned, expressed and purified by workers at
GlaxoSmithKline, and HTS assays were configured in 96-
well microtitre plates3’. FAS1 is amenable to assaying in
several formats. Activity was initially detected by monitor-
ing the incorporation of radiolabelled acetyl-CoA into ma-
ture fatty acids; the identity of the latter being confirmed
by gas chromatography. However, radioactive filtration-
based assays are generally undesirable for a variety of
reasons, and so a second continuous spectrophotometric
assay was developed. Monitoring the oxidation of NADPH
at 340 nm provides a convenient and robust method of
determining the selectivity of large numbers of compounds.

Tools for the rational design of novel inhibitors

A wealth of structural data has been generated on E. coli
Fabl, FabF, FabD and FabH. For example, the structure of
E. coli FabH was recently elucidated38 and further refined
by Qiu and colleagues3® and these coordinates can be used
for the rational design and modification of FabH in-
hibitors. The physiological form of the enzyme was shown
to be dimeric. Three-dimensional structures in the pres-
ence and absence of ligands have been refined to 1.46 A
resolution and revealed detailed interactions involved in
ligand binding, particularly the mechanism of substrate
CoA binding. These structures also provided new insights
into the FabH mechanism. At present, no crystal structures
of the enzymes from Gram-positive pathogens have been
solved, but this situation is likely to change in the near
future. Other structures (e.g. Fabl and FabF) have been de-
termined with inhibitors complexed in their active site40-43
and this information will prove invaluable for under-
standing the mechanism of inhibition by novel inhibitors.

Technologies to track the mechanism of action of novel
inhibitors

One of the challenges faced in the discovery and develop-
ment of novel inhibitors of antibacterial targets is confirm-
ing whether the mode of antibacterial action (MOA) corre-
lates with the observed in vitro activity against the purified
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Table 2. Use of Fab-overexpressing strains to track the mode of antibacterial action

Minimum inhibitory concentrate pg mi-1 Staphylococcus aureus Mode of action
Fabl ICg,

Wildtype Fabl OE (m)
Tetracycline 0.25 0.25 - Protein synthesis
Penicillin G 0.008 0.008 - Cell wall synthesis
Erythromycin 0.25 0.125 - Protein synthesis
Neomycin 8.0 8.0 - Protein synthesis
Mupirocin 0.03 0.03 - tRNA synthetase
Ciprofloxicin 0.125 0.25 - DNA replication
Triclosan 0.06 2.0 0.98 Fabl

target enzyme. Ready access to the gene sequences of the
Fab enzymes from different species makes possible the
up- or down-regulation of the expression of these enzymes
in a tightly controlled manner44. If regulation of the levels
of a particular gene target results in a selective and con-
comitant change in antibacterial sensitivity to an inhibitor
of the target, this provides corroboration of the mode of
antibacterial action. Table 2 illustrates how overexpression
of Fabl in S. aureus gives rise to a selective increase in mini-
mum inhibitory concentration (MIC) of triclosan, demon-
strating that Fabl is the primary antibacterial targetc.18,
Furthermore, a titratable antisense RNA system has been
developed in S. aureus that can be used both in MOA stud-
ies and to investigate the physiological effect of downregu-
lating Fab genes. The use of this technology has been
demonstrated with Fabl: induction of antisense to the Fabl
MRNA transcript caused a growth defect or lethal pheno-
type, depending on induction levels. Downregulation of
Fabl in this manner also gave rise to a selective increase in
sensitivity to triclosand. These systems provide additional
validated methodologies for tracking
the MOA of novel inhibitors of fatty acid

series led to a 16-fold improvement in antibacterial activity
and a fivefold improvement in potency of Fabl inhibi-
tion45. The initial benzodiazepine lead possessed no anti-
bacterial activity and exhibited only weak inhibition of
Fabl. Exploitation of this series yielded a >70-fold increase
in the potency of inhibition and MICs of 0.5 ug ml-* have
been achieved against S. aureus*6. Moreover, examples from
both series exhibit an increase in MIC against strains over-
expressing Fabl, confirming that their mode of antibac-
terial action is indeed via inhibition of Fabl. These leads
demonstrate the potential of screening Fab enzymes to
discover new antibiotics for the future.

Conclusions

Access to a broad spectrum of bacterial genomes has played
a key role in enabling a thorough assessment of this path-
way as a source of novel antibacterial targets. There is al-
ready substantial proof that several of these enzymes are
well-validated, essential and broad-spectrum antibacterial
targets. The development of genomics-based antisense and

biosynthetic enzymes.

Table 3. Hits from HTS of Staphylococcus aureus Fabl

Novel inhibitor-leads of component
enzymes

Two of the leads identified from HTS of S.
aureus Fabl at GlaxoSmithKline are shown
in Table 3. Both of these compounds
inhibited S. aureus and E. coli Fabl. Lead-
optimization studies in the imidazole

Benzodiazapine
series

d Ji, Y. et al. (2001) Validation of drug target by
regulated antisense RNA in Staphylococcus aureus.
American Society of Microbiology General Meeting:
20-24 May, Orlando, Florida, USA; Abstract
GMO01-A-31916

Imidazole series

HTS lead ICs0 (M)

S. aureus Fabl  Human fatty

acid synthase

" 0 CHs 7.8 >100
N N N
| L
ﬂ COLH
2.1 >100
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inducible-promoter technologies will provide exquisite
tools for the further evaluation of the Fab targets and could
provide an insight into which enzyme(s) offer the greatest
promise as antibacterial targets. Some of these Fab targets
have already been screened and others appear amenable to
HTS. The initial success of this area in providing novel
antibacterial agents is dependent upon identifying physio-
logically relevant inhibitors from screening and rational
design campaigns. Encompassing all the requisite pharma-
cological and toxicological features in lead molecules re-
mains a substantial challenge. However, we believe this
area has the potential to provide novel, potent and broad-
spectrum therapeutic agents and we predict an increase in
interest in this pathway by the microbiological and phar-
maceutical communities.
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