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INTRODUCTION

The increasing frequency of nosocomial infections due to
methicillin-resistant Staphylococcus aureus (MRSA) and van-
comycin-resistant Enterococcus faecium (VRE) and the fear
that high-level vancomycin resistance will eventually spread to
staphylococci underscore the need for vigilance in the continu-
ing war against pathogenic microbes (18, 39). Current widely
used antibiotics are targeted at a surprisingly small number of
vital cellular functions: cell wall, DNA, RNA, and protein bio-
synthesis (Table 1), and instances of resistance to these anti-
biotics are widespread and well documented (48). Thus, there
is little doubt that new antibiotics are needed to combat the
growing problem of antibiotic-resistant bacteria, and targeting
of new pathways will likely play an important role in discovery
of these new antibiotics. In fact, a number of crucial cellular
pathways, such as secretion, cell division, and many metabolic
functions, remain untargeted today. In the last 3 years, high-
throughput automated random genomic DNA sequencing to-
gether with robust fragment assembly tools has delivered a
wealth of genomic sequence information to assist in the search
for new targets. In many cases, entire biochemical pathways
can be reconstructed and compared in different pathogens.
The purpose of this minireview is to indicate where this infor-
mation can be found, to outline some of the ways in which it
can be used, and to describe new tools to take advantage of
genomic sequence information in the drug discovery process.

Each potential new antibiotic must meet a number of crite-
ria before it is approved for use, and the choice of an appro-
priate target is the first step in this process. It is helpful to
review the utility of genomic information with regard to some
of the key criteria which antimicrobial targets must meet. In
general, (i) a target should provide adequate selectivity and
spectrum, yielding a drug which is specific or highly selective
against the microbe with respect to the human host but also
active against the desired spectrum of pathogens; (ii) a target
should be essential for growth or viability of the pathogen, at
least essential under conditions of infection; and (iii) some-
thing about the function of the target should be known so that
assays and high-throughput screens can be built. Identification
of potential new targets can proceed from any one of these
criteria, but ultimately all must be met by a successful target.
For example, a variety of methods may be used to find genes
which are essential for the survival of an organism under de-
fined conditions or which are necessary for infectivity in an
animal model. Comparative genomics may be used to identify
potential targets which are shared across multiple microbial

species. Several tools, primarily sequence similarity based, may
be used to predict the function of most genes so that specific
pathways can be targeted. As discussed below, genomic se-
quence information provides assistance in all of these areas:
selectivity, spectrum, functionality, and essentiality (Fig. 1).

CURRENT RESOURCES FOR GENOMIC SEQUENCE
AND FUNCTIONALITY INFORMATION

Numerous databases are now available which contain both
sequence and functionality information. Most of these are ac-
cessible over the Internet through convenient Web browser
interfaces. Many also permit downloading of sequence infor-
mation for use on local servers. Sequence databases now con-
tain the nucleotide and predicted amino acid sequences of
virtually every gene in the model microbes Escherichia coli,
Bacillus subtilis, and Saccharomyces cerevisiae as well as in a
variety of other bacteria (Table 2; a version of this table is
updated regularly by The Institute for Genomic Research
[TIGR] on their Web site: http://www.tigr.org/tdb/mdb/mdb
.html). These databases are the result of extensive analysis
of the genomic sequences of those organisms. Open reading
frames have been analyzed by sequence comparison and by
codon usage to identify those which are most likely to repre-
sent transcribed genes. Putative functions have been assigned
to slightly more than half of the genes in the model organisms
based on sequence comparisons to genes of known function
in other organisms, shared sequence motifs, or clustering of
sequences into related families. Databases such as EcoCyc,
KEGG, and WIT present these data in an organized and useful
manner (see Table 3).

Recently, some commercial databases have also become
available for nonexclusive use by commercial subscribers.
These databases generally also provide sequence information
not available in public databases and comparative software and
analysis tools for convenient analysis of the data. For example,
the results of prerun sequence similarity searches may be
stored to provide rapid answers to complex comparative geno-
mic queries by a subscriber. Finally, several Web-accessible
sites offer useful tools for sequence analysis via sequence sim-
ilarity searches, motif searches, and structural comparisons.
Examples of relevant Internet sites providing databases of se-
quence and functionality information and research tools are
described in Table 3.

The next advance in microbial genomics will be the avail-
ability of the complete genomic sequence from multiple strains
of a single bacterial pathogen. The discovery of genes con-
served in multiple pathogenic strains or the recognition of
genes found only in the most virulent strains are examples of
the power such genomic comparisons will provide. Sequence
for a second strain of Helicobacter pylori has appeared and
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sequence for a second strain of Mycobacterium tuberculosis will
appear soon (Table 2).

COMPARATIVE GENOMICS TO ASSESS THE
SPECTRUM AND SELECTIVITY OF A TARGET

One powerful use of genomic sequence information is to
compare all of the identified genes in different bacterial patho-
gens to determine which genes are, or are not, shared by var-
ious species. Indeed, Tatusov et al. (50) have suggested that
gene families conserved among bacteria but missing from eu-
karyotes comprise a pool of potential targets for broad-spec-
trum antibiotic development. An early step in this direction
was taken by Mushegian and Koonin (36), who identified
256 genes shared by the two completely sequenced bacterial
genomes at that time, those of Haemophilus influenzae and
Mycoplasma genitalium. On the other hand, genes which are
apparently unique to a species such as H. pylori might be ideal
for targeting that species with a narrow-spectrum antibiotic. As
the number of sequenced bacterial and fungal genomes grows,
so does the ability to find genes common to most microbial
pathogens or truly unique to a particular species. For example,
Arigoni et al. (6) identified 26 genes in E. coli, most of which
were conserved in the B. subtilis, M. genitalium, H. influenzae,
H. pylori, Streptococcus pneumoniae, and Borrelia burgdorferi
genomes. They reasoned that this list of genes, which had no
predictable function, contained novel targets for broad-spec-

trum antibiotic development. These analyses can be extended
by including sequence comparisons to eukaryotic genomes as a
means to examine potential selectivity of a target (50). For
example, Arigoni et al. (6) reported that 15 of 26 proteins
broadly conserved across bacterial species also exhibited sig-
nificant sequence similarity to proteins in S. cerevisiae and,
therefore, represented targets which, in an assay, might iden-
tify compounds that also have human toxicity. While these
targets could simply be avoided, it should be noted that the
targets of the majority of marketed antimicrobial agents show
some conservation with mammalian proteins.

As in all sequence comparisons, the search parameters and
the quality of the input data, e.g., partial human or mammalian
sequence information, are critical. Relevant issues which must
be addressed include questions such as the following. What
degree of sequence similarity to another bacterial genome
indicates a shared gene? What degree of sequence similarity to
a mammalian gene warns of a possible toxicity problem? Since
sequence similarity-searching algorithms allow nearly com-
plete flexibility in the choice of these parameters, some known
examples are necessary to calibrate the method. Mushegian
and Koonin (36) used a BLASTP score of 90 as the cutoff for
defining a biologically relevant relationship between two pro-
tein sequences. The appropriate cutoff score for exclusion of
genes with apparent mammalian homologs may be more gene
specific. Some examples reveal a general trend. Trimethoprim
is a highly selective inhibitor of bacterial dihydrofolate re-
ductases (DHFR) despite the fact that the human and E. coli
DHFR gene products share 28% amino acid identity over the
length of the two proteins (40). Similarly, the quinolones are
highly selective against bacterial gyrases despite the fact that
the C-terminal domain of human topoisomerase II shares 20%
amino acid identity with E. coli gyrase A (25). Fluconazoles are
highly selective for fungal lanosterol 14-a demethylases, even
though the human and yeast gene products share 37% amino
acid identity over their full length (5). These sequence identity
percentages translate into BLASTP scores of 132, 125, and
301, respectively, in a search of a large nonredundant protein
database comprised of sequences from GenBank, SwissProt,
and PIR. Therefore, exclusion of genes having apparent mam-
malian homologs with scores .150 would likely be suitable for
a search of bacterial targets, but the score cutoff would have to
be raised to allow identification of the broadest set of antifun-
gal target genes.

IDENTIFICATION OF ESSENTIAL TARGETS
EXPERIMENTALLY

Genomic sequence information is not required for discov-
ering essential genes, but such information does facilitate the
process. Genes which are essential to pathogenesis and prevent

FIG. 1. Schematic view of genomic tools applied to antimicrobial-drug discovery. See the text for details. G1ve and G-ve, gram positive and gram negative,
respectively.

TABLE 1. Gene targets of widely used antibiotics

Target category and
gene product Antibiotic class

Protein synthesis
30S ribosomal subunit ................................Aminoglycosides, tetracyclines
50S ribosomal subunit ................................Macrolides, chloramphenicol
tRNAIle synthetase......................................Mupirocin
Elongation factor G....................................Fusidic acid

Nucleic acid synthesis
DNA gyrase A subunit; topo-

isomerase IV ...........................................Quinolones
DNA gyrase B subunit ...............................Novobiocin
RNA polymerase beta subunit..................Rifampin
DNA .............................................................Metronidazole

Cell wall peptidoglycan synthesis
Transpeptidases...........................................Beta-lactams
D-Ala-D-Ala ligase substrate......................Glycopeptides

Antimetabolites
Dihydrofolate reductase.............................Trimethoprim
Dihydropteroate synthesis .........................Sulfonamides
Fatty acid synthesis.....................................Isoniazid
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colony formation in a conditional-lethal manner are potential
targets for new antimicrobials. This assumes that a small or-
ganic molecule which inhibits the activity of an essential gene
product would either kill or inhibit the growth of the bacterium
which requires that functional protein. Such conditional lethal
genes can be discovered through classical mutagenesis tech-
niques. Availability of the sequence of the genome means that
the full sequence of each mutated gene, and frequently its
cellular role as well, can be gleaned from a short sequence read
on a complementing plasmid insert. This additional informa-
tion accelerates the processing of a mutational study enor-
mously. Depending on the availability of genetic tools for the
microbial species in question, a variety of molecular genetic
methods can be used to discover essential genes. For example,
in E. coli, genes can be placed under control of a regulated pro-
moter by use of an appropriately constructed transposon sys-
tem (11), or genes can be mutated to a conditional-lethal form.
In principle, such conditional mutants can be used in whole-
cell screens under moderately suppressing conditions in which
the cells may be hypersensitive to drug-like compounds which
act against that gene product (see below).

It seems reasonable to assume that most genes which are
essential to the cell for growth or viability on laboratory media
will also be required for growth or viability in an infected host.
Experimentally, media can be varied in order to identify genes
which are essential under the widest range of growth condi-
tions and particularly in rich media which may simulate con-
ditions in necrotic tissue of an animal host. Cells carrying
auxotrophic mutations may find sufficient nutritional supple-
ment in the host tissues to permit growth or at least survival.
Such genes might be poor targets for new antimicrobials unless
experiments establish that the particular nutrient is in short
supply in the host or that cells are incapable of transporting the
nutrient efficiently. In order to establish that a gene target is
essential in an infection, a transposon-based gene tagging

method called “signature-tagged mutagenesis” (STM) has
been used to identify genes which are essential in an animal
model (22, 35). However, since cells carrying the disrupted
tagged genes must be grown in the laboratory prior to intro-
duction into the animal, the method may be biased against
genes which are essential for growth both on laboratory media
and in an animal model. Indeed, many of the genes identified
by STM appear to encode virulence factors which affect the
ability of the pathogen to colonize or damage host tissue rather
than the viability of the pathogen. New drugs which intervene
in these processes could prove highly selective, and resistance
to such drugs might be rare since loss or mutation of the
virulence factor would also likely reduce virulence. However,
other resistance mechanisms, such as drug modification and
efflux pumps, could be problematic. In addition, the absence of
a convenient in vitro assay for such drugs would hamper the
development, testing, and approval processes. It remains un-
clear how many important antimicrobial targets would be
missed by using as targets for drug discovery only those genes
which are essential for growth or viability on laboratory culture
media.

A related, important feature of a suitable antimicrobial gene
target is its expression pattern in the infection. The absolute
level of expression may be less important than information
about whether it is expressed at all. A highly expressed, abun-
dant gene product should be no more difficult to inhibit than a
low-abundance gene product since an inhibitor with suitably
high affinity will be effective in either case unless it is poorly
taken up by pathogens. However, if a gene is not expressed at
all in an established infection of an animal host, then it will be
of no interest as a potential target. A gene already established
as being essential for growth or viability in the laboratory by
genetic methods obviously must be expressed under these con-
ditions because its failure to be expressed as an active product
causes the pathogen to die. Knowledge that such an essential

TABLE 2. Sequenced microbial genomes

Internet resource Genome Strain(s) Size
(Mb) Institution(s) Reference

www.tigr.org/tdb/mdb/hidb/hidb.html Haemophilus influenzae RD KW20 1.83 TIGR 13
www.tigr.org/tdb/mdb/mgdb/mgdb.html Mycoplasma genitalium G-37 0.58 TIGR 15
www.tigr.org/tdb/mdb/mjdb/mjdb.html Methanococcus jannaschii DSM 2661 1.66 TIGR 8
www.kazusa.or.jp/cyano/cyano.html Synechocystis sp. PCC 6803 3.57 Kazusa DNA Research Institute 27
www.zmbh.uni-heidelberg.de/M_pneumoniae/

MP_Home.html
Mycoplasma pneumoniae M129 0.81 University of Heidelberg 23

speedy.mips.biochem.mpg.de/mips/yeast/yeast
_genome.htmlx or genome-www.stanford
.edu/Saccharomyces

Saccharomyces cerevisiae S288C 13 European and North American
Consortium

17

www.tigr.org/tdb/mdb/hpdb/hpdb.html Helicobacter pylori 26695 1.66 TIGR 51
www.genetics.wisc.edu/ Escherichia coli K-12 4.6 University of Wisconsin 7
www.genomecorp.com/gene/sequences/

methanobacter/abstract.html
Methanobacterium thermo-

autotrophicum
delta H 1.75 Genome Therapeutics and Ohio

State University
43

www.pasteur.fr/Bio/SubtiList.html Bacillus subtilis 168 4.2 International Consortium 31
www.tigr.org/tdb/mdb/afdb/afdb.html Archaeoglobus fulgidus VC-16, DSM4304 2.18 TIGR 29
www.tigr.org/tdb/mdb/bbdb/bbdb.html Borrelia burgdorferi B31 1.44 TIGR 14
www.ncbi.nlm.nih.gov/cgi-bin/Entrez/

framik?db5Genome&gi5133
Aquifex aeolicus VF5 1.55 Diversa 10

www.bio.nite.go.jp/ot3db_index.html Pyrococcus horikoshii OT3 1.80 National Institute of Technology
and Evaluation

28

www.sanger.ac.uk/Projects/M_tuberculosis/ Mycobacterium tuberculosis H37Rv 4.40 Sanger Centre 9
www.tigr.org/tdb/mdb/tpdb/tpdb.html Treponema pallidum Nichols 1.14 TIGR and University of Texas 16
chlamydia-www.berkeley.edu:4231/ Chlamydia trachomatis Serovar D (D/UW3/Cx) 1.05 University of California at Berke-

ley and Stanford University
46

evolution.bmc.uu.se/;siv/gnomics/Rickettsia.html Rickettsia prowazekii Madrid E 1.11 University of Uppsala 4
www.genomecorp.com/hpylori or www.astra-

boston.com/hpylori
Helicobacter pylori J99 1.64 Genome Therapeutics and

Astra AB
3

www.tigr.org/cig-bin/BlastSearch/blast
.cgi?organism5m_tuberculosis

Mycobacterium tuberculosis CSU#93 4.40 TIGR Unpublished
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gene is also expressed in an animal model would suggest that
it is essential in an infection as well. Two types of methods offer
information about gene expression. First, for genes whose se-
quence is known, reverse transcriptase PCR (RT-PCR) may be
used to detect transcripts in cells grown on agar media or in
animal infection models (47). Alternatively, for organisms
which have been sequenced in their entirety, a whole-genome
view of gene expression may be obtained by gridding clones,
PCR products, or synthetic oligonucleotides representing ev-
ery gene onto a solid support. Total RNA may be isolated from
cells grown under conditions of interest, labeled, and hybrid-
ized to the array (12). While thorough, this type of method
suffers from some problems: (i) appropriate controls must be
run to eliminate the possibility of bacterial DNA contamina-
tion in the RNA preparation, (ii) probes are difficult to prepare
because bacterial mRNA is notoriously unstable, and (iii) the
whole-genomic scale of the experiments makes the arrayed
membranes difficult and expensive to prepare and read. A
genetic promoter trap method termed “in vivo expression tech-
nology” or IVET may be more feasible for most laboratories
(21, 33). In this approach, which has been developed for use in
Salmonella typhimurium grown intraperitoneally in BALB/c
mice or in cultured macrophages, random DNA fragments are
cloned upstream from a gene whose expression is required for
growth in an animal host. Cells, which multiply in vivo, are
recovered and cloned. The sequences of fragments serving as
functional promoters in vivo are then determined. A second,
related promoter trap method termed “differential fluores-
cence induction” (DFI) has been described recently (53). The
distinguishing features of this approach are that (i) the gene
used for selection encodes a modified green fluorescent pro-
tein and (ii) the selection is accomplished with a fluorescence-
activated cell sorter. If such methods can be extended to other
bacterial species and animal hosts, they will be extremely use-
ful for assessing random genomic fragments or specific genes
of interest for expression in vivo.

IDENTIFICATION OF ESSENTIAL TARGETS
USING DATABASES

Potential gene targets selected from databases can be vali-
dated by examining the effect of a gene knockout on cell growth
or viability. Recombination is almost exclusively between ho-
mologous regions in bacterial genomes, and many common
pathogens as well as model bacteria are transformable. Ex-
change between the chromosomal wild-type allele and a ver-
sion engineered to carry a deletion and/or an insertion of a
drug resistance cassette is generally efficient enough to be
practical in the laboratory. Interpreting the results of such an
experiment, however, may be difficult for two reasons. First,
the frequent occurrence of polycistronic messages in bacteria
means that disruption of a gene may have a deleterious effect
on expression of a distal neighboring gene, a so-called “polar”
effect. In that case, the inviability caused by a gene knockout
could be due to loss of expression of a gene other than the one
disrupted. Precautions can be taken to reduce these effects by,
for example, including a moderate-strength outward reading
promoter in the disrupted version of the allele so as to permit
expression of the downstream gene(s). Second, the method
works better as an exclusionary tool than as an inclusionary
one. While success in generating a cell carrying a disrupted
allele indicates that the gene is not essential for growth or
viability of the cell, failure to generate such an altered cell
could be due to any one of multiple causes including polar
effects or inefficient recombination in a particular genetic
interval.

One solution to this problem is to carry out allele exchange
as a two-step process (20, 32). In E. coli, for example, the dis-
rupted allele together with the vector carrying it can be
integrated into the genome by means of a single crossover,
a so-called “Campbell insertion.” Recombination between ho-
mologous regions on the two copies of the allele now on the
chromosome will eliminate the vector sequences and either
copy of the allele. Which copy is eliminated depends upon
which regions of homology were involved in the recombina-
tion. Failure to find cells retaining only the disrupted allele
strongly suggests that such progeny are inviable. Success in
finding cells retaining only the wild-type allele confirms that

TABLE 3. Additional Internet resources

Database or organization Internet address

Sequence databases
NCBI..................................................http://www.ncbi.nlm.nih.gov/Entrez/

Genome/org.html
DDBJ.................................................http://www.ddbj.nig.ac.jp/htmls_test/

Welcome-e.html
EBI/EMBL........................................http://www.ebi.ac.uk/ebi_home.html
GSDB ................................................http://www.ncgr.org/gsdb/Index_gsdb.html
SwissProt (Geneva)..........................http://expasy.hcuge.ch/www/expasy-top

.html
Candida .............................................http://alces.med.umn.edu/Candida.html
MIPs...................................................http://www.mips.biochem.mpg.de/
RDP ...................................................http://rdp.life.uiuc.edu/
SGD ...................................................http://genome-www.stanford.edu/

Metabolic databases
KEGG................................................http://www.genome.ad.jp/kegg/
Ecocyc................................................http://ecocyc.PangeaSystems.com/

ecocyc/ecocyc.html
WIT....................................................http://www.cme.msu.edu/WIT/

Sequencing groups
Berkeley.............................................http://chlamydia-www.berkeley.edu:4231/
Genome Therapeutics .....................http://www.genomecorp.com/home.htl
Sanger ................................................http://www.sanger.ac.uk/Projects/
Stanford.............................................http://sequence-www.stanford.edu/group/

malaria/index.html
TIGR .................................................http://www.tigr.org/tdb/mdb/mdb.html
University of Oklahoma ..................http://dna1.chem.uoknor.edu/index.html
University of Queensland ...............http://www.cmcb.uq.edu.au/aeruginosa/
University of Washington ...............http://chimera.biotech.washington.edu/

uwgc/
Washington University ....................http://genome.wustl.edu/gsc/bacterial/

salmonella.html

Tools and resources
Biomolecular Research Tools ........http://www.public.iastate.edu/;pedro/

rt_1.html
COGs.................................................http://www.ncbi.nlm.nih.gov/COG/
NCGR................................................http://www.ncgr.org/microbe/Index_bns

.html
MAGPIE...........................................http://www.mcs.anl.gov/home/gaasterl/

genomes.html
Genobase...........................................http://specter.dcrt.nih.gov:8004/
Micro Underground.........................http://www.lsumc.edu/campus/micr/mirror/

public_html/index.html
ANMR...............................................http://www.wdcm.riken.go.jp/
WHO .................................................http://www.who.ch/Welcome.html
Pallen .................................................http://www.qmw.ac.uk/;rhbm001/ketbook/

chapter.html
CDC...................................................http://www.cdc.gov/
University of Kansas........................http://www.kumc.edu/research/fgsc/main

.html
University of Georgia ......................http://fungus.genetics.uga.edu:5080/
Tripos.................................................http://www.tripos.com/sites.html
Motif ..................................................http://dna.Stanford.EDU/identify/
Pedant................................................http://pedant.mips.biochem.mpg.de/
GenTHREADER ............................http://globin.bio.warwick.ac.uk/genome/

genomic.html
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recombination is efficient in this genetic interval. However, in
many naturally competent bacterial species, such as H. influ-
enzae and S. pneumoniae, double-crossover events are ex-
tremely efficient, and allele replacement occurs with little or no
opportunity to isolate a single crossover intermediate (1).
While this complicates evaluation of essential genes in these
organisms, it provides a convenient method for disrupting
genes under conditions in which they are not essential so that
the resulting strains may be examined under a variety of other
conditions (e.g., see below).

A new approach promises to accelerate the process of eval-
uating the essentiality of genes. Smith et al. (44, 45) have
described a method for the yeast S. cerevisiae called “genetic
footprinting” which makes use of a quasi-random transposable
Ty element to generate a rich array of gene knockouts in a
population of cells. Further transposition is shut off, and the
population is then grown under a variety of conditions. DNA is
prepared from cells in the various growth populations, and the
DNA is queried by PCR amplification to determine if it will
yield PCR products between a gene-specific primer and a
transposon-specific primer. Failure to find such PCR products
suggests that cells carrying transposons in that gene were invi-
able under the growth conditions employed. Fluorescent PCR
products are viewed on standard sequencing gels by using
automated fluorescence sequencing machines and a commer-
cially available software package. An important control in this
method is the existence of a gene-to-transposon PCR product
in the so-called t0 cell population prior to the shutdown of
transposition. This assures the experimenter that this region is
not simply a “cold” spot for transposition. The efficiency of this
method derives from the use of random transposons to build
all necessary gene knockouts rapidly, followed by automated
PCR and analysis methods to interpret the results for any given
gene of interest.

Recently, a modified version of this method, called “geno-
mic analysis and mapping by in vitro transposition” (GAM-
BIT), has been applied successfully to two bacterial species (1).
In this variation of genetic footprinting, the transposition mu-
tagenesis was done on PCR-amplified genomic segments from
H. influenzae or S. pneumoniae in vitro, and the mutations were
introduced into these naturally competent host bacteria by
transformation. While the method suffers from the absence of
a true t0, the focus on 10-kb DNA segments permits near-
saturation mutagenesis with the mariner family transposon Hi-
mar1, which shows little or no insertion site specificity. These
authors identified four essential conserved genes of unknown
function from a total of 13 analyzed.

Currently, the main limitation to this method is a require-
ment for an efficiently transformable host bacterium so that
mutations generated in vitro can be evaluated readily in vivo.
Other limitations which apply to all genetic footprinting meth-
ods include the following: (i) essentiality of the function of a
gene that is duplicated or has a functional paralog cannot be
analyzed, since footprinting assesses the fitness of a single
mutagenized gene; (ii) polarity effects, although not a problem
for S. cerevisiae, may lead to misinterpretation of data obtained
from bacteria; (iii) the correlation of footprinting data with
gene knockout data has not been confirmed in any organism;
and (iv) footprinting data are technically difficult to interpret
for a variety of reasons, including the facts that some essen-
tial genes will tolerate insertions in the C-terminal coding
region (e.g., secA [1]) and cells carrying insertions in some
genes display an intermediate slow-growth phenotype (e.g.,
ade2 [44]).

TOOLS FOR PREDICTING THE FUNCTION
OF GENE PRODUCTS

Clearly, not all of the predicted functional assignments
based on sequence similarities are reliable. In some cases, for
example, the function of the closest-related protein has itself
been predicted based on its sequence similarity to a gene
product of known function. In other cases, the chain of relat-
edness to a protein of confirmed function may be even longer.
About half of the genes in bacterial genomes either lack sig-
nificant enough sequence similarity to permit functional as-
signment or have likely homologs whose function is unknown.
In neither of these cases can a function be predicted for the
gene product. Nevertheless, the results of sequence similarity
searches are a useful starting point for further investigation.
More sensitive sequence comparison searches may provide a
putative function or functional feature such as the presence of
a short protein sequence motif. For example, a search against
a database of clusters of orthologous groups of genes (COGs
[Table 3]) yielded over 100 additional functional predictions
for genes in the H. pylori genome (50).

Tools other than sequence similarity have also been useful in
a few cases for predicting function of a gene product. For
example, a gene product, with no significant sequence relation-
ship to a protein of known function but which is likely to be
cotranscribed as part of a polycistronic message with other
genes of known function, may play a role in the same pathway
with the known gene products. In the E. coli genome, the
hypothetical gene yjaF appears to be cotranscribed with the
porphyrin biosynthetic gene hemE, and the hypothetical gene
yadM appears to be in an operon with the outer-membrane
usher protein HtrE, which is involved in transport and binding.
It is reasonable to speculate that these genes of unknown
function play roles in the same biochemical pathways as their
neighboring “known” genes. Of course, experimental evidence
would be required to confirm these hypotheses. Methods also
exist for identifying likely structural similarity even in the ab-
sence of strong primary sequence similarity. As the databases
of known structures grow, this will become a powerful ap-
proach for assigning likely functions to gene products. For
example, the “GenTHREADER” web site (Table 3) presents
analysis results from a fast fold recognition program on the
predicted open reading frames from three bacterial genomes.

Laboratory methods can also be invoked to solve questions
of unknown gene identities. An unknown gene may be used as
the bait in a yeast two-hybrid interaction trap to identify genes
whose protein products interact with the unknown protein.
The identity of an interacting partner will frequently implicate
the unknown in a particular cellular pathway (19). Finally, an
unknown gene may be expressed as a tagged fusion, the protein
purified by affinity column, and the product tested for catego-
ries of activities such as proteolysis, DNA cleavage or binding,
ATP or GTP hydrolysis, and binding, to name a few. The prob-
ability of successfully identifying an activity of an unknown by
the latter method is low, but this method may be warranted if
sequence comparisons suggest the presence of a motif associ-
ated with an assayable function. An attractive alternative is to
focus on assays which do not require knowledge of the cellular
function of a gene product (see below).

THE FUTURE: DEALING WITH GENE TARGETS
HAVING NO PREDICTABLE FUNCTIONAL FEATURES

The array of tools described so far, including comparative
genomic methods for identifying potentially useful gene targets
and allele exchange methods for validating the essentiality of
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those genes, provides both gene targets whose cellular function
can be predicted and gene targets for which little or no func-
tional information is available. Targets in the first class may
be used immediately to build biochemical assays and high-
throughput screens to detect small organic molecules which
inhibit the biochemical activity. Typically, the gene sequence is
amplified by PCR from genomic DNA of a given bacterium,
inserted into an expression vector, and expressed in E. coli
sometimes with affinity tags to facilitate purification of the
resulting protein product.

It is far less obvious how to proceed with gene targets lacking
any functional information. This problem has attracted consid-
erable attention in recent years because of the growing number
of such targets known to be shared across many bacterial
species (24), some of which are known to be essential in at least
one species. As a general guide, about 40% of bacterial genes
cannot be assigned a putative function at this time. If 10 to
15% of these genes are essential, then 4 to 6% of the genes in
a typical bacterial genome (about 100 genes) represent po-
tential antimicrobial targets which have never been used in
screens. Three basic types of approaches seem feasible and
have shared some initial success. First, cells expressing higher-
or lower-than-normal levels of particular genes have in some
cases been shown to be more resistant or more sensitive, re-
spectively, than their wild-type parents to chemical compounds
known to inhibit those gene products. For example, overex-
pression of the yeast ALG7 gene results in cells more resistant
than wild-type cells to tunicamycin (38), while reduced activity
of the same gene product results in cells more sensitive to the
drug (30). Similarly, increased expression of the ERG11 gene
in Candida glabrata results in higher levels of resistance to the
azole family of drugs which target that enzyme (54). A gene of
unknown function could be overexpressed in a host strain, and
the resulting assay strain could be tested for increased resis-
tance to a library of compounds. It is clear, however, that many
gene targets when overexpressed do not lead to resistance to
chemical compounds that are known to bind to the protein
product (e.g., gyrA [52]). Furthermore, overexpression of pro-
teins often leads to lethality or growth defects (e.g., kasA [34]).
Alternatively, a gene could be underexpressed or crippled by a
mutation so that cells might show increased sensitivity to a
compound which inhibits the protein product. Scientists at
Microcide Pharmaceuticals, Inc., have applied this approach
on a large scale using temperature-sensitive mutants grown at
intermediate temperatures in order to reduce the level of ac-
tivity of the target gene product (39a). Of course, it is not clear
what fraction of unknown gene products would provide the cell
with increased drug resistance or sensitivity when over- or
underexpressed in these ways.

The second approach to this problem of assaying gene prod-
ucts of unknown function is probably more generally applica-
ble. Libraries of small molecules are screened for strong bind-
ing affinity to proteins of unknown function. This has been
achieved with peptides in phage display libraries because bind-
ing can be readily detected by elution of bound phage from the
protein tethered on a solid support. Proteins of unknown func-
tion can be produced easily as affinity fusion products for
attachment to solid supports, and a variety of peptide phage
display libraries are commercially available. Conformationally
constrained disulfide-bonded peptides with affinities in the 100
mM to 100 nM range can be obtained by this approach (55). Of
course, not all peptides detected by this approach will bind to
sites which inhibit activity, but an elegant new method, called
“validation in vivo of targets for anti-infectives” (VITA), has
been devised to identify those peptides which inhibit essential
cellular functions (49). Potential inhibitory peptides were ex-

pressed in a regulated manner within bacterial host cells which
were grown either on agar medium or in an animal model of
infection. Inhibition of cell growth or viability upon induction
of peptide expression validated the peptide-protein interaction
as useful for further drug development. While peptides are not
ideal drug candidates, a wider array of techniques are appli-
cable after a moderate binder has been obtained. The peptide
may be used as a surrogate ligand in a competition assay to
identify a small organic compound with higher affinity. Scintil-
lation proximity assays (26) or fluorescence polarization assays
(41) may be used in a high-throughput mode to identify com-
pounds in chemical libraries which compete for binding with a
labeled peptide. Alternatively, ligand binding assays may be
configured to work directly on libraries of unlabeled chemical
compounds. Shuker et al. (42) have described a nuclear mag-
netic resonance-based method capable of a throughput of
1,000 compounds per day. Mass spectrometric methods are
also of interest as potentially rapid ways to detect bound li-
gands from chemical libraries. One concern about these ap-
proaches is that proteins may have multiple accessible binding
sites, many of which have nothing to do with catalytic activity.
It is not clear at this early stage how significant an issue mul-
tiple binding sites will be. However, it is worth noting that
Shuker et al. (42) took advantage of a second binding site to
increase the affinity of an inhibitor for the protein. Ultimately,
of course, affinity ligands must be shown to inhibit cell growth,
that is, to have antimicrobial activity. Some chemical engineer-
ing of the compound may be required to increase microbial
uptake.

A third approach for assaying gene products of unknown
function relies on the complex gene expression regulatory net-
work found in many bacteria. Expression levels of genes in
metabolic pathways are often regulated in response to the
amounts of intermediates in the cell. For example, disruption
of the general secretory pathway in E. coli by mutation results
in dramatic up-regulation of secA gene expression (37). Alksne
et al. (2) took advantage of this fact to build a strain of E. coli
carrying a secA-lacZ fusion as a detectable reporter. Several
synthetic compounds and natural products were identified by
their ability to induce expression of the reporter. Many of these
exhibited antimicrobial activity and reduced the secretion of
Staphylococcus aureus toxin 1. Similarly, Mdluli et al. (34) have
reported that sublethal concentrations of isoniazid lead to up-
regulation of the kasA and acpM genes. This group has initi-
ated a whole-cell, high-throughput screen of chemical com-
pounds which induce expression of a luciferase reporter fused
to a gene in this regulated pathway. Screens of this type, which
take advantage of the bacterial gene regulatory network, are
inherently less specific than the two other types described here.
In addition, they suffer from the basic limitation of all whole-
cell screens: compounds must be capable of entering the cell in
order to be detected. However, these types of screens offer the
potential advantage of identifying compounds which act at any
of several points in a pathway.

CONCLUSIONS

The availability of genomic sequence information for all or
nearly all of several different bacterial species provides impor-
tant new advantages for target discovery. First, it permits use of
a comparative genomic analysis to identify potential new tar-
gets shared across several bacterial species or particular to a
single species. In this manner, it is possible to generate lists of
genes which represent potential targets for broad-spectrum or
highly focused narrow-spectrum antibiotics. Sequence compar-
isons can also provide some assurance against mammalian
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toxicity if proteins of similar sequence do not exist in mamma-
lian sequence databases. Second, sequence similarity provides
some insights into putative functions for most gene products.
Finally, availability of the entire sequence of the gene target of
interest permits rapid construction of gene knockouts to vali-
date the utility of the target and facile construction of expres-
sion plasmids for production of protein and development of
assays. The fact that bacterial and fungal genes can be assessed
rapidly for their relevance as potential antibiotic targets by
determining the effect of knocking out the gene and the fact
that their genomes are small enough to be sequenced in their
entirety are compelling reasons that the field of genomics will
likely find its first real utility in the development of new anti-
microbials.
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