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Comparative analysis of the complete genome sequences of
10 bacterial pathogens available in the public databases
offers the first insights into the drug discovery approaches of
the near future. Genes that are conserved in different
genomes often turn out to be essential, which makes them
attractive targets for new broad-spectrum antibiotics.
Subtractive genome analysis reveals the genes that are
conserved in all or most of the pathogenic bacteria but not in
eukaryotes; these are the most obvious candidates for drug
targets. Species-specific genes, on the other hand, may offer
the possibility to design drugs against a particular, narrow
group of pathogens. 
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Introduction
Humans have been fighting bacterial pathogens for ages.
The first hymns of the Sanskrit text Atharva-veda
Samhita, dated ~2100 BC, already mention destroying
‘invisible worms’ in the body and suggest using a dark
branched plant growing on the tree (most probably a fun-
gus or a lichen) to cure infections of skin, bones, and
whole body [1]. Since then, humans have been utilizing
various chemical substances with antibacterial or bacte-
riostatic properties, which, in some cases, helped to tilt
the balance in favor of the clearly disadvantaged side. In
the past 50 years, borrowing anti-bacterials from other
bacteria and fungi even produced an impression of suc-
cess in this battle. This relatively peaceful situation could
not have lasted long, however, as antibiotics have to be
perfected in many painful stages of negative selection,
whereas antibiotic resistance in bacteria is subject to pos-
itive selection. Indeed, a drug-resistant bacterium
immediately acquires a tremendous evolutionary advan-
tage over its competition, which allows drug resistance to
quickly spread in the population. Facing more and more
bacteria with multiple drug resistance mechanisms,
humans have come to realize that they are still very far
from understanding the ways in which bacterial cells
function, divide, and behave in a community. In a major
step towards achieving an ultimate understanding of bac-
terial cell physiology, genomes of a number of bacteria,
including several pathogens, have been completely
sequenced ([2•]; Table 1). Here we discuss the impact of
microbial genomics on anti-bacterial drug discovery and
review some new approaches to the identification of
potential drug targets in complete microbial genomes.

Impact of complete genome sequences
In the past several years, complete genome sequences of
several pathogenic bacteria have been determined and
many more such projects are currently under way
[2•,3–5,6••,7–9,10••,11,12••–14••]. Even though microbial
genomics has had little direct impact on antibacterial drug
discovery so far, the possibilities of using complete genome
sequences for target identification are virtually unlimited
[15]. Complete genomes allow us to, firstly, compile a list of
all potential gene products produced by a particular organ-
ism, secondly, identify the functions (enzymes and
pathways) that are missing in a particular organism, and
finally, identify genes that are common to all (or most)
microorganisms in a chosen group or, vice versa, unique to a
particular pathogen. This redefines the problem of search-
ing for potential drug targets into the problem of selecting
best targets from the complete list of gene products. 

An important advantage of this post-genomic analysis is
the possibility of specifically looking for a target that is pre-
sent in many, or only in several, bacterial genomes — that
is, to design an antibiotic that should be active against a
wide range of bacteria, or one that should function as a
‘magic bullet’ against a particular pathogen. In addition,
comparing bacterial sequences to the growing database of
human genes can eliminate potential drug targets that
have close human homologs. This would help to avoid
costly dead-ends when a lead target is identified and inves-
tigated in great detail only to find out at some later stage
that all its inhibitors are invariably toxic for humans (see,
however, [16]).

Virulence genes as drug targets
The most natural choice for a drug target would seem to be
virulence-related genes, identified by in vivo expression
technology [17,18], or by increasingly popular DNA
microarrays [19]. Although these methods work for any
bacteria, the availability of the complete genome sequence
of non-pathogenic Escherichia coli K-12 strain MG1655 [3]
provided a framework for analysis of genomes from other
enterobacteria, such as enteropathogenic E. coli O157:H7
[20•], Salmonella typhimurium [21], Salmonella typhi [22],
Yersinia pestis, and many others. The first comparisons of
these genomes provided definite proof to the long-held
notion that genes encoding bacterial virulence factors
largely reside in well-defined pathogenicity islands that are
scattered around the chromosome [23]. These islands
often differ substantially from the rest of the genome in
such parameters as GC content, codon usage, and gene
density, suggesting that they are relatively recent acquisi-
tions that conferred pathogenicity to a relatively benign
symbiont [20•]. The proteins encoded by the pathogenici-
ty islands remain attractive targets for drug intervention;
however, apart from a few exceptions their functions and
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roles in pathogenesis remain unknown. It is unclear there-
fore, what, if any, would be the effect of drugs targeted
against such proteins. An important case in point is the
recent evidence that production of Shiga toxin 2 by
enteropathogenic E. coli O157:H7 might be coupled to cell
lysis by its lysogenic bacteriophage 933W [24•]. 

Given the diversity and genetic plasticity of virulence plas-
mids and pathogenicity islands, selecting a satisfactory
drug target from the growing body of sequence informa-
tion [24•,25–27] remains quite a challenge. To further
complicate the case, in addition to the acquisition of path-
ogenicity islands and/or virulence plasmids, conversion of
E. coli into a pathogen might involve a loss of certain
genome fragments [28•]. To delineate the differences
between related pathogens and non-pathogens, the recent-
ly developed PCR-based subtractive hybridization method
[29•] can be used to specifically amplify DNA sequences
that are present in one (e.g. virulent) but not the other
(e.g. avirulent) strain, even when complete genomes are
not yet available. The most important question in the
process of drug target selection thus becomes the require-
ment that the target be not only expressed in the host

organism, but be essential for virulence, or better yet, for
the very survival of the microorganism. 

Uncharacterized essential genes as drug targets
Identification of new genes as being essential can be
accomplished by a number of ways. The experimental
approaches usually rely on lethality of gene deletions
and/or transposon insertions into the gene in question
[30]. Recently, a combination of transposon mutagenesis
with PCR-based screening has been used to efficiently
identify essential genes in Haemophilus influenzae and
Streptococcus pneumoniae [31••]. The availability of com-
plete genomes, however, allows us to greatly simplify this
task by applying computational methods for the initial
identification of probable essential genes. The notion that
the genes that are conserved across diverse phylogenetic
lineages are likely to be essential was first used to delin-
eate a possible ‘minimal gene complement’ [32]. Since
then, well-conserved unidentified genes have indeed
been demonstrated to be indispensable for bacterial cell
growth in several cases [33••,34•]. Demonstration of
essentiality of a particular gene is, of course, only the first
step towards using it as a drug target. Significant follow-up
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Table 1

Genome sequencing of bacterial pathogens.

Species Genome Proteins Affected tissue Disease caused Reference
size (bp) encoded*

Proteobacteria
Escherichia coli 4,639,221 4,289 Intestine and free-living – [3]
Haemophilus influenzae 1,830,138 1,709 Lungs Pneumonia [4]
Helicobacter pylori 1,667,867 1,566 Gastrum Ulcer [5]
Rickettsia prowazekii 1,111,529 834 Intestine Typhus [6••]
Gram-positive bacteria
Bacillus subtilis 4,214,814 4,100 Free-living – [7]
Mycoplasma genitalium 580,073 467 Urogenital tract Urethritis [8]
Mycoplasma pneumoniae 816,394 677 Lungs Pneumonia [9]
Mycobacterium tuberculosis 4,411,529 3,918 Lungs Tuberculosis [10••]
Spirochaetae
Borellia burgdorferi 910,725 850 Skin Lyme disease [11]
Treponema pallidum 1,138,011 1,031 Genitals Syphilis [12••]
Chlamydiae
Chlamydia trachomatis 1,042,519 894 Urogenital tract Trachoma, pelvic inflammation, epididymitis [13••]
Chlamydia pneumoniae 1,230,230 1,052 Lungs, bronchs Pneumonia, bronchitis [14••]
Forthcoming genomes
Campylobacter jejuni 1,641,480 1,731 Gastrum Ulcer (a)
Bordetella pertussis ~3,880,000 NA Lungs Whooping cough (a)
Neisseria gonorrhoeae ~2,200,000 NA Urogenital tract Gonorrhea (a)
Neisseria meningitidis 2,184,406 NA Brain Meningitis, septicaemia (a)
Salmonella typhi ~4,500,000 NA Intestine Typhoid fever (a)
Streptococcus pyogenes 1,877,697 1910 Pharynx, skin, soft tissues Necrotizing fascitis, toxic shock syndrome (a)
Vibrio cholerae ~2,500,000 NA Intestine Cholera (a)
Ureaplasma urealyticum 751,719 605 Urogenital tract Chorioamnionitis, intrauterine infection (a)
Yersinia pestis ~4,380,000 NA Intestine Plague (a)

*The number of annotated open reading frames in the latest update of
GenBank Genomes division (ftp://ncbi.nlm.nih.gov/Entrez/genomes),
see [2•] for more details. (a) The data on the C. jejuni, B. pertussis,
N. meningitidis, S. typhi, and Y. pestis sequencing projects are from the
Sanger Centre website (http://www.sanger.ac.uk/Projects/Microbes);
on the N. gonorrhoea project from the University of Oklahoma website

(http://www.genome@ou.edu); on the S. pyogenes project from the
presentation by JJ Ferretti at the ASM General Meeting (Chicago, IL,
1999); on the U. urealyticum project from the University of Alabama
website (http://genome.microbio.uab.edu/uu/uugen.htm); on the
V. cholerae project from the NIAID website
(http://www.niaid.nih.gov/dmid/genome.htm). 



research is required to characterize the cellular functions
of these gene products and validate them as targets. Such
projects are of major fundamental value, as they help to
assign functions to the remaining unidentified genes in
microbial genomes, thus filling the ‘blank spots’ in bacte-
rial proteomes [34•]. Lists of such conserved
uncharacterized proteins are available in the Clusters of
Orthologous Groups of proteins (COG) database [35,36•]
as the S-COGs and in the PROSITE database [37] as
Uncharacterized Protein Families (UPFs). Although char-
acterizing a completely new protein family that can be
used as a drug target is certainly a worthwhile goal, most
research groups lack sufficient resources to systematically
implement this approach. It makes sense, therefore, to
consider looking for drug targets among previously char-
acterized proteins that are specific and essential for a
particular pathogen. 

Species-specific genes as drug targets
An interesting approach to the prediction of potential drug
targets, designated ‘differential genome display’, has been
proposed by Peer Bork and co-workers [38,39••]. This
approach relies on the fact that genomes of parasitic
microorganisms are generally much smaller and code for
fewer proteins than the genomes of free-living organisms.
The genes that are present in the genome of a parasitic
bacterium, but absent in a closely related genome of free-
living bacterium, are therefore likely to be important for
pathogenicity and can be considered candidate drug tar-
gets. Exhaustive comparison of H. influenzae and E. coli
gene products identified 40 H. influenzae genes that have
been exclusively found in pathogens and thus constitute
potential drug targets [38]. Recently, this approach was
expanded by considering the genome of H. pylori, another
proteobacterial pathogen [5,40]. By comparing the
H. pylori genome with those of E. coli and H. influenzae, 594
H. pylori-specific genes were identified, of which 398 had
unknown functions, 123 represented known host-interac-
tion factors, and the remaining 73 genes coded for
species-specific proteins [39••]. This latter group included
metabolic enzymes, restriction enzymes, transposases, and
predicted conjugation enzymes. Some of the enzymes
identified in this search, such as, for example,
pyruvate : ferredoxin oxidoreductase, had relatively narrow
phylogenetic distribution and could be used as potential
drug targets. 

A similar approach, referred to as ‘concordance analysis’,
has been described [41•] that allows one to search for
sequences that are present in some genomes (e.g. E. coli,
B. subtilis, H. influenzae, H. pylori, and M. tuberculosis) but
not in others (e.g. yeast). This algorithm would search bac-
terial genomes for conserved bacteria-specific proteins that
are absent in eukaryotes. Although the genes identified in
such a search are not necessarily essential for bacteria, their
conservation across the bacterial domain is indicative of
their importance. A significant drawback of this approach,
however, is the necessity to rely on certain arbitrary cut-off

scores to deduce similarity. This may result in costly mis-
takes, such as, for example, not recognizing yeast
homologs of the E. coli genes fabD, galU, and glnA [41•], all
of which are not only present in yeast, but have even been
experimentally characterized.

Another approach to ‘genome subtraction’ takes advan-
tage of the COG database, which includes conserved
protein families represented in at least three phylogenet-
ically distant organisms with completely sequenced
genomes [35,36•]. Clicking on a particular phylogenetic
pattern retrieves a list of all COGs with the same pattern
(Figure 1); this allows a direct search for rare and unusu-
al phylogenetic patterns. For example, in the pattern
‘-hu*****’, the first slot is reserved for E. coli; the dash
indicates that the respective protein (COG) is not found
in the E. coli genome. The letter h stands for H. influen-
zae and the letter u stands for H. pylori (ulcer): asterisks in
the remaining slots mean that respective proteins (COGs)
can be either present or absent in genomes of the other
organisms. Entering such a pattern initiates a search for
all conserved protein families (COGs) that are present in
both H. influenzae and H. pylori, but absent in E. coli
genome (Figure 1). In the current release of the COG
database (21 genomes), this pattern is found in only 17

Searching for drug targets in microbial genomes Galperin and Koonin    573

Figure 1

‘Genome subtraction’ using the COG database. The phylogenetic
pattern ‘-hu*****’ denotes conserved proteins that are present both
in H. influenzae and H. pylori genomes, but not in the related but
much larger genome of E. coli. Such unusual phylogenetic patterns
often indicate species-specific proteins that might be used as
potential drug targets.



protein families, five of which include urease and urease-
accessory proteins, which are essential for acid tolerance
in H. pylori and are known virulence factors [36•,40]. In
an agreement with the ‘differential display’ approach
[39••], this search also retrieves type II 3-dehydro-
quinase, the predicted cytochrome c biogenesis protein
CcdA, and other proteins (Figure 1). Search for H. influen-
zae genes that are missing both in E. coli and H. pylori
brings up only seven protein families, two of which are
remarkably well conserved in very diverse organisms
[42,43] and have been recently implicated in pyridoxine
biosynthesis [44]. These examples show that ‘genome
subtraction’ approaches are quite useful, particularly
when they retrieve species-specific target proteins with
well-established activities, or better yet, with known sub-
strate specificities.

Unique enzymes as drug targets
As most currently known antibacterials are essentially
inhibitors of certain bacterial enzymes, all bacteria-specific
enzymes can be considered potential drug targets. Such
enzymes can be identified by the ‘genome subtraction’
methods described above, followed by a detailed analysis
of each of the resulting protein families. Until the com-
plete human genome becomes available, however, this
analysis will remain fairly cumbersome, as ‘genome sub-
traction’ will have to be done with all available eukaryotic
genomes, such as yeast and worm ones, with the human
expressed sequence tag (EST) database, and so on.
Fortunately, this process can be partially automated by
considering only those enzymes that have been already
characterized in bacteria but are known to be missing in
humans. An attractive variant of this kind is a substitution
of ‘genome subtraction’ by ‘pathway subtraction’ [45•,46•].
This approach, referred to as PathoLogic [46•], quickly
identifies enzyme pathways that are specific for bacteria

(e.g. peptodoglycan biosynthesis) and, accordingly, repre-
sent convenient drug targets.

A different variant of a similar approach relies on the
enzymes that are subject to non-orthologous gene dis-
placement — that is, can be found in nature in two or more
different forms [47,48]. In many such cases, one form of
the enzyme is found in bacteria, while a different form
(distantly related or unrelated) is found in eukaryotes
[49••]. Such analogous (as opposed to homologous)
enzymes can be identified based on the simple criterion
that they have identical Enzyme Commission (EC) num-
bers, but very low sequence similarity scores (Figure 2). In
several cases, detailed analysis of such proteins has led to
suggestions that they could be used as drug targets ([49••];
see Table 2). 

In many cases, metabolic reconstruction fails to identify can-
didate enzymes for certain critical steps in bacterial
metabolism. Non-orthologous gene displacement can be
expected for these steps, and such ‘unusual’ enzymes make
very attractive drug targets. Examples of such enzymes
include dehydrine-type fructose-1,6-bisphosphate aldolase,
originally described in E. coli [50] and represents the only
aldolase variant in Chlamydia [13••,14••], and the unique oro-
tidine-5′-phosphate decarboxylase of M. tuberculosis [51],
found so far only in other mycobacteria and in Myxococcus xan-
thus, Thermus thermophilus, and Trypanosoma cruzi (Table 2). 

Membrane transporters as drug targets
Comparative analysis of complete genomes revealed that
most of the pathogens have drastically diminished biosyn-
thetic capabilities as compared to their free-living relatives
[8,56]. Instead, these organisms depend on their hosts to
provide essential nutrients such as amino acids, nucleobas-
es, and vitamins. Transport systems for these nutrients are
generally well conserved and easily identifiable [52].
Analysis of metabolic pathways allows one to predict which
substrates cannot be produced inside the cells and so need
to be transported [53]. All this makes bacterial transport
proteins attractive drug targets. A number of non-metabo-
lizable analogs of amino acids and nucleobases are already
available and can be easily checked for their potential
antibacterial activity. The nearly universal distribution of
most major classes of transport proteins [54], however,
makes it probable that effective inhibitors of bacterial trans-
port turn out to be also toxic for humans. A notable
exception is the ATP/ADP translocase of Chlamydia and
Rickettsia, which is related to the plant chloroplast translo-
case rather than to the mitochondrial one [55]. This
translocase, which is clearly indispensable for these
pathogens, appears to be a promising drug target (Table 2). 

Finally, an interesting approach that has emerged only
recently includes improving activity of the existing
antibiotics by inhibiting bacterial multidrug transporters
[56]. Genomes of many pathogenic bacteria appear to
contain homologs of multidrug pumps, which protect
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Table 2

Examples of species-specific drug targets in bacterial
pathogens.

Microorganism Suggested drug targets* References

Haemophilus influenzae SNZ1/pyroA [42,44]
Helicobacter pylori Phosphoglycerate mutase, [36•]

phosphoenolpyruvate synthase
Rickettsia prowazekii Lysyl-tRNA synthetase, [55,60]

ATP/ADP translocase
Mycoplasma genitalium Phosphoglycerate mutase [61]
Mycoplasma pneumoniae Phosphoglycerate mutase [61]
Mycobacterium tuberculosis OMP decarboxylase [51]
Borellia burgdorferi Lysyl-tRNA synthetase [60]
Treponema pallidum Lysyl-tRNA synthetase [60]
Chlamydia trachomatis DhnA-type aldolase, [13••,55]

ATP/ADP translocase
Chlamydia pneumoniae DhnA-type aldolase, [13••,55]

ATP/ADP translocase

*These enzymes are predicted to be indispensable for the indicated
microorganisms on the basis of the functional predictions and pathway
assignments, described in [35,36•,55].



bacterial cells by exporting antibiotic molecules.
Inhibiting such pumps not only creates convenient model
organisms for studying drug effectiveness [57•], but also
allows resistance to classical drugs such as tetracycline to
be overcome [58•].

Conclusions
The recent efforts in microbial genome sequencing have
been largely driven by the necessity to find effective ways
to cure and prevent diseases caused by these microorgan-
isms. The profound impact that these new sequence data
are going to have on all aspects of life science is only begin-
ning to be felt. In terms of antimicrobial drug discovery,
researchers now find themselves in a situation that might
remind one of the ‘Star Wars’ rebels receiving the blueprint

of the Imperial battle station: there are numerous possibili-
ties for mounting an attack, the success of which, however,
is far from predetermined. The list of potential drug targets
encoded in microbial genomes includes outer-membrane
proteins, host-interaction factors, permeases, enzymes of
intermediary metabolism, systems for DNA replication,
transcription, and repair, translation apparatus, and many
more. All these possibilities can and should be explored to
bring about comprehensive multi-pronged combinations of
antibiotics that would effectively fight bacterial pathogens.
If recent indications of bacterial involvement in heart dis-
ease, atherosclerosis, and stomach cancer [14••] are true,
antibacterial drugs may help to cure many of humanity’s
worst diseases. In this respect, at least, the next century
should be very exciting.
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Figure 2

Search for potential drug targets among
analogous enzymes. Analogous enzymes are
identified by: (a) extracting from the
GenBankTM all the sequences with assigned
Enzyme Commission (EC) numbers; (b)
comparing all the sequences with the same EC
number using the BLAST program;
(c) grouping together the sequences that show
significant similarity; (d) identifying the EC
numbers that contain two or more such groups;
(e) selecting for each such group
representative sequences that have links to at
least one PubMed citation. It ensures that the
EC assignment is correct and the sequences
obtained indeed represent analogous enzymes.
Identification of potential drug targets is
accomplished by, firstly, comparing the list of
analogous enzymes against the complete
protein sets of the pathogenic bacteria; and
secondly, identifying all the cases when a
parasitic genome contains enzyme forms that
are not found in any eukaryote (or in any
metazoa) and thus can potentially be inhibited
without major side effects.
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