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Abstract

We deleted a subset of 27 open reading frames (ORFs)
from Escherichia coli which encode previously
uncharacterized, probably soluble gene products
homologous to proteins from a broad spectrum of
bacterial pathogens such as Haemophilus influenzae,
Staphylococcus aureus, Streptococcus pneumoniae
and Enterococcus faecalis and only distantly related
to eukaryotic proteins. Six novel bacteria-specific
genes essential for growth in complex medium could
be identified through a combination of bioinformatics-
based and experimental approaches.

We also compared our data to published results
of gene inactivation projects with Mycoplasma
genitalium and Bacillus subtilis and looked for
homologs in all known prokaryotic genomes. Such
analyses highlight the enormous metabolic flexibility
of prokaryotes. Six of 27 studied genes have been
functionally characterized up to now, amongst these
four of the essential genes. The gene products YgbP,
YgbB and YchB are involved in the non-mevalonate
pathway of isoprenoid biosynthesis. KdtB is
characterized as the posphopantetheine
adenylyltransferase CoaD. There are indications that
the other two essential gene products YjeE and YqgF,
which we have identified, also possess enzymatic
functions. These findings demonstrate the potential
of such proteins to be used in screening of large
chemical libraries for inhibitors which could be further
developed to novel broad-spectrum antibiotics.

Introduction

Conventional antibiotics are becoming less effective in
treating microbial infections due to the spread of resistant
bacterial strains (Hand, 2000). Therefore, it is important to
discover novel classes of antimicrobial agents that act
differently from the ones currently in use (Labischinski and
Johannsen, 1998). Conventional antibiotics are known to
target a small number of essential functions in bacteria
(Moir et al., 1999). Identification of novel target functions
for use in screening of large chemical libraries for inhibitors
represents one strategy to find novel antibiotic chemotypes.

In the recent five years since the publication of the
Haemophilus influenzae genome (Fleischmann et al.,
1995), high throughput genomic DNA sequencing has
delivered a large amount of genomic sequence data.
Actually, 38 complete microbial genome sequences
(including yeast) are available and many additional
microbial genomes will be published soon (http://
www.ncbi.nlm.nih.gov/Entrez/, National Center for
Biotechnology Information, Bethesda, MD). Such data
represent a valuable basis for the identification of novel
antibiotics targets.

Computer-aided comparison of genomic sequences
helps to identify and classify homologous gene products
derived from different organisms (Kanehisa and Goto,
2000; Tatusov et al., 2000; Overbeek et al., 2000; Perriere
et al., 2000; Bansal, 1999; Gaasterland et al., 1998;
Bruccoleri et al., 1998). Such analyses allow assignment
of functions to proteins not yet functionally characterized
and open up new and comprehensive insights into bacterial
physiology. Nevertheless, for many bacterial gene products
only their general functional role or no function at all can
be predicted. Several research projects have been initiated
to study the large proportion of uncharacterized genes in
bacterial genomes. As one starting point the genes have
been inactivated in order to study the resulting cellular
phenotypes. While systematic bacterial gene disruption or
deletion studies have been published for the organisms
Mycoplasma genitalium (Hutchison et al., 1999) and
Bacillus subtilis (Research consortia in Europe and Japan:
http://bacillus.genome.ad.jp/BSORF-DB.html, http://
locus.jouy.inra.fr/cgi-bin/genmic/madbase_home.pl;
Ogasawara, 2000), only a small number of uncharacterized
genes from the Gram-negative model organism
Escherichia coli has been inactivated so far (Mori et al.,
2000; http://ecoli.aist-nara.ac.jp/; Arigoni et al., 1998). We
therefore started a program to delete a subset of 27 open
reading frames (ORFs) from E. coli (Blattner et al., 1997)
which encode uncharacterized proteins homologous to
proteins from a broad spectrum of bacterial pathogens and
distantly related to eukaryotic proteins. We aimed to identify
novel bacteria-specific genes essential for viability, because
their corresponding gene products have the potential to
become targets for future broad-spectrum antibiotics.

Results

Gene Selection
We used several criteria in order to select E. coli genes for
deletion analysis: (1st) The E. coli gene products should
possess significant sequence similarity to proteins from H.
influenzae and B. subtilis (FASTA E-value threshold < 10-4).
(2nd) They should be distantly related to Saccharomyces
cerevisiae proteins (FASTA E-value > 10-4). (3rd) The
proteins should not be functionally annotated. (4th) The
proteins should not be closely related to other proteins in
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E. coli. Therefore a “uniqueness index” was calculated for
each protein representing the z-score of the best homolog
from the phylogenetically distant organism B. subtilis (=
ortholog) divided by the z-score of the best homolog within
E. coli (= paralog). Only proteins with a “uniqueness index”
> 2.5 were considered. (5th) Proteins should be probable
soluble proteins. They should not contain more than one
predicted transmembrane domain. (6th) Homologs should
be found in representatives of at least two of the three
genera Streptococcus, Staphylococcus and Enterococcus
(TBLASTN P-value < 10-4).

According to the criteria mentioned above, twenty
seven E. coli ORFs encoding putative proteins were
selected for deletion studies: kdtB, smpB, ybaB, ybaD,
ybaK, ybaX, ybeA, ybeY, ychB, yfgB, ygaG, ygbB, ygbP,
yggJ, yggV, yhbC, yhbJ, yhbY, yhhF, yhiN, yidA, yigZ, yjeE,
yjeQ, yqgF, yraL, yrfI (see Table 1). Among these ORFs

ygbB is the only gene which does not exactly fit to our
criteria. Its homologs among Gram-positive cocci could only
be identified in E. faecalis but not yet in S. pneumoniae
and S. aureus. Since in H. pylori and T. pallidum (Genpept
acc. nos. 2314164 and 3322804) ygbB is fused to ygbP, a
gene which fulfils our criteria, we also considered ygbB for
deletion analysis.

Gene Inactivation Studies
For gene inactivation studies either the plasmid pMAK705
or pKO3 was used (Hamilton et al., 1989; Link et al., 1997).
These plasmids are temperature-sensitive for replication
and can be used to transfer mutations into the E. coli
chromosome. A list of generated deletion mutants is given
in Table 2.

Using the pMAK705 system, the generated mutants
carrying the inactivated gene in the chromosome

Table 1. E. coli open reading frames selected for deletion studies and distribution of homologs among phylogenetically diverse organisms

Name Presence (+) and absence (-) of homologs 1 in various organisms and gene inactivation phenotypes of B. subtilis Annotation of gene products (status August
of gene and M. genitalium 8 2000) 7

kdtB 4 + + + - +U + + + - + + - + + + + - - - - - - phosphopantetheine adenylyltransferase
smpB 9 + + + + +V + + + +V + + + + + - + - - - - - - tmRNA-binding protein
ybaB + + + + +L + + + +L + + + + - + - - - - - - - uncharacterized protein
ybaD + + - - +V + + + - + + + - - + - - - - - - - uncharacterized protein
ybaK + + - - +V + + + - - - - - - - - - - - - - - uncharacterized protein
ybaX + + + + +V - + + - - + - - - - + + + + - - - predicted ATPase (confers aluminum

resistance) 10

ybeA + + + - +U + - + - - - - - - + - - - - - - - uncharacterized protein
ybeY + + + + +U + + + +L + + + + + + + - - - - - - uncharacterized protein (putative metal-binding)
ychB 4 + + + - +L + + - - + + - - + + + - - - - - - enzyme of deoxyxylulose 5-phosphate pathway
yfgB + + + - +V + + + - + + - - + + + - - + - - - predicted Fe-S-cluster redox enzyme
ygaG + + + - +U + + + - - - - + - - - - - - - - - LuxS protein involved in autoinducer AI2

synthesis
ygbB 4 + + + - +L + - - +L + + + - + + + - - - - - - enzyme of deoxyxylulose 5-phosphate pathway
ygbP 4 + + + - +L + + + - + + + - + + + - - - - - - 4-diphosphocytidyl-2-methylerythritol synthase
yggJ + + + + +V + + + - + + - + + + + - - - - - - uncharacterized protein
yggV 3 + + + + +V + + + - + + + + + + + + + + + + + uncharacterized protein
yhbC + + + + +V + + + - + + - + + + + - - - - - - uncharacterized protein
yhbJ + + - - +V + + + - + - - - - - - - - - - - - uncharacterized protein
yhbY + + - - +V + + + - - - - - - - - + + + - - - predicted RNA-binding protein
yhhF + + + + +V + + + - + + + + + + - - - - - - - putative N6-adenine-specific methylase
yhiN + + - - +U + + + - - + - - - - - - - - - - - predicted flavoprotein
yidA 2,3 + + + - +V* + + + +* + + + + + + + + + + + - + predicted hydrolase of the HaloAcid

Dehalogenase superfamily
yigZ 3 + + + - +V + + + - - - - + - + - - - - + + - uncharacterized protein 6
yjeE 4 + + + + +U + + + - + + + + + + + - - - - - - predicted nucleotide-binding protein
yjeQ 5,9 + + - - +V + + + +V + + - + - + + - - - - - - predicted GTPase
yqgF 4 + + + + +U + + + +L + + + - - + + - - - - - - predicted endonuclease
yraL 2,3,5,9 + + + + +V + + + +L + + + + + + + + + + + - - predicted methyltransferase
yrfI + + - - +V + + + - - + - - - + + - - - - - - uncharacterized protein

1Homologs of E. coli y-gene products were obtained using BLASTP or TBLASTN. Only hits with P- values < 10-2 were considered.
2Homolog in E. coli exists (“uniqueness index” > 2.5; see Experimental procedure).
3Homolog in S. cerevisiae exists (The initial searches used for gene selection used FASTA algorithm with E-value threshold < 10-4, see Experimental procedure).
4Essential for viability in LB medium.
5Deletion causes reduced growth rate in LB medium.
6Publication about a distantly related mammalian homolog: Hagiwara et al., 1997.
7Annotations are derived from the COG database (Tatusov et al., 2000).
8Gene inactivation phenotypes in complex media in B. subtilis and M. genitalium (see Discussion): V = viable; L = lethal in B. subtilis and no transposon integration obtained in M.
genitalium, respectively; U = phenotype unknown; * = Several homologs exist in B. subtilis. Disruption of closest homolog (yxeH) leads to viable phenotype. Three homologs exist in
M. genitalium: MG125 and MG265 could be disrupted. In gene MG263 no transposon integration could be detected.
9Deletion study already performed for yraL and yjeQ by Arigoni et al. (1998) and for smpB by Karzai et al. (1999).
10Jo et al., 1997.
11thermo. = thermoautotrophicum
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(the selection marker for pMAK705) at 43°C and 30°C. At
43°C mutants loose the temperature-sensitive pMAK705
derivative and can only grow, when they do not need the
functional gene copy. In case of mutants in non-essential
genes the number of colony forming units was
approximately the same at 43°C and 30°C. The absence
of the functional copies in clones growing at 43°C was
verified using PCR methods. When the number of colony
forming units was at least 103-fold reduced at 43°C in

Table 3. Temperature-shift experiments with deletion strains carrying functional gene
copies in pMAK705

Replaced                  Number of colony forming units (cfu) a Phenotype b
gene

30°C + Cm 43°C + Cm 30°C - Cm 43°C - Cm

yjeE c 1.04 x 107 1.00 x 103 0.68 x 107 1.60 x 104 essential
kdtB d 2.40 x 107 1.20 x 103 2.56 x 107 1.20 x 104 essential
smpB d 1.60 x 107 < 103 1.80 x 107 1.53 x107 non-essential
ybaB c 2.48 x 107 0.60 x 104 2.96 x 107 1.80 x 107 non-essential
ybeY d 1.84 x 107 < 103 1.96 x 107 2.60 x 107 non-essential
ygaG c 2.30 x 107 2.60 x 103 1.87 x 107 2.17 x 107 non-essential
yhbY c 1.80 x 107 < 103 1.44 x 107 1.40 x 107 non-essential
yhiN d 3.04 x 107 1.40 x 103 1.92 x 107 2.24 x 107 non-essential
yjeQ c 2.10 x 107 < 103 2.33 x 107 2.53 x 107 non-essential

Control
pepM c 0.80 x 107 < 103 1.44 x 107 0.60 x 104 essential

Control strains f
JM101 1.20 x 107 < 103 1.82 x 107 1.00 x 106 -
MC1061 1.44 x 107 < 103 0.96 x 107 1.48 x 107 -

aDifferent dilutions of approximately 107 cfu per strain were streaked on LB agar plates
at 30°C and 43°C in the presence (+) and absence (-) of chloramphenicol (Cm). In the
presence of Cm (the pMAK705-selection marker) strains can grow at 30°C. Only mutants
with integrated pMAK705 derivatives survive at 43°C.
bPhenotype: Deleted gene is essential or non-essential for viability of the cells on LB
medium.
cHost strain: E. coli JM101.
dHost strain: E. coli MC1061.
eTemperature-shift experiment for a known essential gene: The gene pepM was cloned
into pMAK705, interrupted by a kanamycin resistance marker according to Link et al.
(1997), and exchanged with the chromosomal locus of E. coli JM101.
fTemperature-shift experiment with E. coli host strains JM101 and MC1061 carrying
pMAK705.

Table 2. List of E. coli deletion mutants

Mutant E. coli host Name of Location of genes in the Location of chromosomal Sequences replacing Applied vector
name strain 5 deleted gene chromosome 1 and gene deletions 1 the deletion 5 system for deletion

orientation (+/-) transfer 5

BD1 3 MC1061 kdtB 3807452..3807931 + 3807554..3807892 kanamycin cassette pMAK705
BD2 MC1061 smpB 2752917..2753399 + 2752935..2753363 in-frame 21-bp tag pMAK705
BD3 JM101 ybaB 493300..493629 + 493328..493601 tetracyclin cassette pMAK705
BD4 MG1655 ybaD 432226..432675 + 432348..432476 kanamycin cassette pKO3
BD5 MG1655 ybaK 505827..506306 - 505863..506288 in-frame 21-bp tag pKO3
BD6 MG1655 ybaX 464076..464771 - 464115..464753 in-frame 21-bp tag pKO3
BD7 MG1655 ybeA 667471..667938 - 667507..667926 in-frame 21-bp tag pKO3
BD8 MC1061 ybeY 691097..691564 - 691136..691543 no sequence pMAK705
- 2 MG1655 ychB 1261249..1262100 - 1261285..1262188 kanamycin cassette and in-frame 21-bp tag pKO3
BD10 MC1061 yfgB 2641149..2642303 - 2641185..2642285 kanamycin cassette pKO3
BD11 JM101 ygaG 2812239..2812754 - 2812470..2812616 tetracyclin cassette pMAK705
BD12 3 MG1655 ygbB 2869324..2869803 - 2869360..2869791 in-frame 21-bp tag pKO3
BD13 3 MG1655 ygbP 2869803..2870513 - 2869839..2870501 in-frame 21-bp tag pKO3
BD14 4 MG1655 yggJ 3089126..3089884 + 3089170..3089848 in-frame 21-bp tag pKO3
BD15 MG1655 yggV 3094700..3095293 + 3094718..3095257 in-frame 21-bp tag pKO3
BD16 4 MG1655 yhbC 3315195..3315653 - 3315231..3315616 in-frame 21-bp tag pKO3
BD17 MG1655 yhbJ 3344756..3345610 + 3344774..3345574 in-frame 21-bp tag pKO3
BD18 JM101 yhbY 3325431..3325724 + 3325449..3325688 in-frame 21-bp tag pMAK705
BD19 MC1061 yhhF 3602024..3602620 + 3602138..3602271 kanamycin cassette pKO3
BD20 MC1061 yhiN 3633838..3635040 - 3633868..3635016 in-frame 21-bp tag pMAK705
BD21 MG1655 yidA 3873768..3874580 - 3873804..3874562 in-frame 21-bp tag pKO3
BD22 MC1061 yigZ 4030079..4030696 + 4030106..4030408 kanamycin cassette pKO3
BD23 3 JM101 yjeE 4393163..4393624 + 4393451 6 tetracyclin cassette in BpmI-site pMAK705
BD24 JM101 yjeQ 4388035..4389048 - 4388130..4389002 kanamycin cassette pMAK705
BD25 3 MG1655 yqgF 3091519..3091935 + 3091535..3091848 kanamycin cassette 7 pKO3
BD26 MC1061 yraL 3290116..3290976 - 3290352..3290826 kanamycin cassette pKO3
BD27 MG1655 yrfI 3527406..3528290 + 3527433..3528251 kanamycin cassette pKO3

1 Base-pair positions in the complete genomic E. coli sequence, Genbank accession number U00096 (NC_000913).
2 Deletion mutant could not be generated even with simultaneous complementation by a functional gene copy in the ara locus (see Results).
3 Mutants contain functional gene copy in pMAK705 (strains BD1 and BD23) or in chromosomal ara locus (BD12, BD13, BD25).
4 Mutants contain kanamycin cassette instead of araBAD in the chromosome.
5 Host strains (JM101, MC1061, MG1655), sequences used for deletion replacement (in-frame 21-bp tag, kanamycin cassette, tetracycline cassette) and plasmids (pKO3, pMAK705):
see Experimental procedure. 6 In case of mutant BD23 the ORF was disrupted by a resistance casette at the BpmI site at pos. 4393451.
7 In case of the conditional mutant BD25 the wild-type locus mutation was generated using a resistance cassette as deletion marker.

Figure 1. Growth of a conditional E. coli mutant. ∆YQGF: yqgF-deletion
mutant with arabinose inducible yqgF copy; MG1655: E. coli wild-type strain.
“+ ara”: growth with 0.2% arabinose; “- ara”: growth without arabinose. A
volume of 5 ml arabinose-free LB medium was inoculated with fresh
colonies, grown on LB-agar plates with 0.2% arabinose, and incubated
over night at 37°C. The cultures monitored by absorbance measurements
were inoculated with diluted aliquots of the over-night culture and incubated
at 37°C. They contained 50 ml LB with and without 0.2% arabinose,
respectively. Identical growth behaviors could be monitored with the
arabinose-dependent ygbB- and ygbP-deletion strains.

simultaneously retained the functional copy of the gene
on the plasmid. We tested, whether the plasmid could be
removed from the cells by incubating the same number of
mutant cells on LB agar plates without chloramphenicol
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comparison to 30°C, we considered the inactivated gene
essential for growth on LB medium. We checked by PCR
that clones even growing at 43°C have not lost the
functional gene copies. Among nine genes tested with the
pMAK705 system, seven turned out to be non-essential
(smpB, ybaB, ybeY, ygaG, yhbY, yhiN, yjeQ), while the
genes yjeE and kdtB could be considered essential (Table
3).

We continued the gene inactivation studies using
pKO3, since non-essential genes could be identified faster
than with the pMAK705 system. After cointegration and
resolution of pKO3 derivatives it is possible to directly select
for loss of the excised plasmids. The pKO3 plasmid carries
the sacB marker which is lethal for E. coli growing in media
containing sucrose. In the presence of sucrose and the
gene-replacement marker kanamycin more than 95% of
the recombinant clones represented the mutation in case
of non-essential genes. This way, we identified six genes
being non-essential (ybaD, yfgB, yhhF, yigZ, yraL, yrfI).
Since mutations with resistance markers can influence the
expression of ORFs located downstream of the gene of
interest, we tried to directly generate in-frame deletions
for the majority of genes. Such mutations should not cause
polar effects (Link et al., 1997). After the temperature-shift
experiment for generating in-frame deletions in non-
essential genes, the wild-type and mutant genotype should
be distributed equally among the obtained clones. For six
genes (ybaK, ybaX, ybeA, yggV, yhbJ, yidA) we could
identify the deletion genotype, while for another six genes
no deletion genotype could be detected in 50 clones tested
(ychB, ygbB, ygbP, yggJ, yhbC, yqgF). We considered such
genes to be probably essential and tried to put the genes
under the control of an arabinose-inducible promoter. At
first, we replaced the chromosomal araBAD genes with
the gene of interest using pAL761 plasmid derivatives, and
then tried to delete the respective gene from its wild-type
locus in the presence of arabinose. For three genes (yqgF,
ygbP, ygbB) a clear growth-dependence of the strains on
arabinose could be detected (Figure 1). The gene ychB
could not be deleted at the wild-type locus even in the
presence of an arabinose-induced gene copy (number of
tested clones: 200). We do not know why the deletion could
not be generated, but consider this observation a strong
indication for the essentiality of ychB.

The growth of the conditional mutants in the genes
yhbc and yggJ was not affected by the absence of
arabinose. To investigate this observation further, we tried
to replace the functional gene copies located at the ara
locus by a kanamycin cassette using pAL769. After
cointegration and resolution of pAL769 we obtained
kanamycin-resistant and chloramphenicol-sensitive clones.
For both genes (yhbC and yggJ), we could show that the
kanamycin cassette indeed replaced the functional gene
copy. Therefore, we consider these genes non-essential.
Obviously, the chance to directly find in-frame deletions in
the natural loci of non-essential genes after cointegration
and resolution of pKO3 derivatives is sometimes even
worse than 1:50, since we initially did not find wild-type
yggJ and yhbC deletions among 50 colonies tested (see
above).

In summary, among 27 genes tested six were essential
for growth in LB medium (yjeE, kdtB, yqgF, ygbP, ygbB,

ychB). Most deletion mutants of non-essential genes grew
with the same growth rate as the corresponding wild-type
strains in LB medium. Only yraL and yjeQ mutants exhibited
20% and 50% reduced growth rate, respectively.

Discussion

Gene Replacements in E. coli Using Two Different
Vector Systems
Using the two different vector systems pMAK705 and
pKO3, respectively, we were able to successfully generate
gene deletions in non-essential genes of E. coli. Since we
could directly select for loss of the excised plasmid using
pKO3 derivatives (Link et al., 1997), we could identify non-
essential genes much faster than using pMAK705. After
cointegration and resolution of the pMAK705 derivatives
the cells retained the free plasmids, and we initially tested
whether marker exchanges took place. Then we checked,
whether the bacteria could loose their plasmids carrying
the functional gene copies. This procedure was much more
time-consuming, but allowed us to directly identify novel
essential genes by making temperature shifts as shown in
case of yjeE and kdtB (Table 3). Experiments with pKO3
derivatives which did not lead to gene replacements raised
the chances but were no final proof for identification of
essential genes. The subsequent deletion of essential
chromosomal loci by simultaneous complementation with
arabinose-inducible gene copies did also allow us to identify
novel essential genes using pKO3 as shown for yqgF, ygbB,
ygbP and by Arigoni et al. (1998). In the future, the
differentially regulated mutants will help us in functional
characterization of such unknown ORFs (y-genes).

Identification of Novel Essential E. coli Genes and
Impact for Antibacterials Research
A subset of 27 originally uncharacterized ORFs (y-genes)
from E. coli was selected for deletion studies according to
certain criteria: The genes are similar to proteins derived
from genomes of phylogenetically diverse pathogenic
bacteria such as H. influenzae and at least two of the Gram-
positive representatives Streptococcus, Staphylococcus
and Enterococcus. Antibiotic resistances in such Gram-
positive coccal pathogens are one of the major problems
in health care. In addition, the proteins are not or only
distantly related to yeast proteins and as we have checked
afterwards also to complete sets of Caenorhabditis elegans
and Drosophila melanogaster proteins as well as the so
far known mammalian proteins. Consequently, the selected
proteins could become ideal targets suitable to discover
drugs acting selectively against a broad spectrum of
bacteria including the problematic Gram-positive
pathogens. The “uniqueness” of the studied protein
sequences in E. coli lowers the probability that deletion of
their functions can be complemented by other E. coli
proteins. Because of their predicted solubility, the proteins
can easily be screened in cell-free systems against a large
library of compounds to search for specific inhibitors. In
conclusion, six novel essential genes were found in E. coli
(kdtB, yqgF, yjeE, ygbP, ygbB, ychB). The corresponding
gene products could indeed be over-expressed and purified
as soluble proteins (data not shown).

It can reasonably be assumed that homologs to the
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essential E. coli genes also play important roles in various
pathogenic bacterial species and that most genes which
are essential to the cell for growth in rich medium under
laboratory conditions are probably required for growth in
the infected host (Moir et al., 1999). In addition, deletions
of some of the other broadly conserved 21 genes, which
either cause reduced growth rates (such as in case of yraL
and yjeQ) or show no detectable phenotype during
logarithmic growth in LB medium at 37°C, could
nevertheless be crucial for growth and viability under host-
specific conditions.

Comparison to Other Gene Inactivation Studies
Our results can be compared to the results of systematic
gene inactivation programs in M. genitalium using
transposon integration methods and B. subtilis using gene
disruption methods (see Table 1). Eight examined E. coli
y-genes possess homologs in M. genitalium, harboring the
smallest known bacterial genome. Two of these y-genes
were essential in E. coli. Arigoni et al. (1998) identified a
similar percentage of essential genes. They found 6
essential genes among 26 studied E. coli y-genes with
homologs in M. genitalium. On the other hand, in M.
genitalium the majority of the E. coli y-gene homologs
seems to be essential (homologs of ybaB, ygbB, yqgF, yraL
and ybeY). The observation that M. genitalium genes
cannot be disrupted by transposon insertion is no final proof
that all of such genes are really essential. However, we
can assume that the percentage of essential genes in M.
genitalium is higher than in E. coli, since organisms with
larger genomes such as E. coli probably possess more
backup mechanisms to tolerate gene deletions than M.
genitalium.

Twenty genes homologous to our selected E. coli
genes were inactivated in B. subtilis by Japanese and
European research consortia. Amongst these also the
homologs to the essential E. coli genes ygbP, ygbB and
ychB, which are called yacM, yacN, yabH in B. subtilis,
were studied and found to be essential.

Two of the genes studied by ourselves were also
deleted by Arigoni et al. (1998; see Table 1). While the
authors published yraL as being non-essential for growth
in LB medium, they identified yjeQ as an essential gene.
In contrast, we were able to create a yjeQ deletion in E.
coli. This mutation was created in strain JM101 which was
used in the beginning of our project while Arigoni et al.
exclusively used strain MG1655. Remarkably, the yjeQ-
deletion strain is reduced in growth rate (see Results). The
corresponding yloQ-mutant in B. subtilis exhibits the same
phenotype (http://locus.jouy.inra.fr/cgi-bin/genmic/
madbase_home.pl).

Functional Characterization of the Inactivated E. coli
y-Genes
Since we started these investigations, many novel functions
have been detected in E. coli by individual research groups.
Six of the 27 genes, which we have studied in our work,
have now been functionally characterized: smpB, encoding
a protein involved in tagging peptides derived from
defective mRNAs (Karzai et al., 1999; Karzai et al., 2000),
ygaG, coding for LuxS responsible for autoinducer
synthesis (Surette et al., 1999), kdtB, ygbP, ygbB, and ychB.

The last four genes play enzymatic roles in essential
biosynthesis pathways confirming our essentiality data.
While ygbP, ygbB and ychB are involved in biosynthesis of
isoprenoids (Rohdich et al., 1999; Herz et al., 2000; Luttgen
et al., 2000; Lange and Croteau, 1999; Lichtenthaler et
al., 2000), kdtB encodes a bacteria-specific
phosphopantetheine adenylyltransferase (CoaD) and is
necessary for coenzyme A biosynthesis (Geerlof et al.,
1999; Izard et al., 1999). Provided the substrates are
available, these four essential proteins indeed represent
enzymes which could be easily used to screen compounds
in biochemical assay systems in order to find specific
inhibitors. There are indications for the two essential genes
which remain uncharacterized that they also encode
enzymatic functions. YjeE possesses a nucleotide-binding
sequence motif, and YqgF is possibly an endonuclease
(Aravind et al., 2000).

Broad Conservation of Genes Versus Metabolic
Flexibility
Many genes conserved in several phylogenetic diverse
bacteria, such as the genes we have selected for deletion
studies, are nevertheless missing in distinct bacterial
species (see Table 1). This fact illustrates the enormous
metabolic flexibility of prokaryotes. Even the occurrence
of close homologs in different bacteria with high sequence
similarities to the essential E. coli proteins does not
necessarily mean that these homologs play the same
essential roles in each of the bacterial species. The Gram-
positive cocci E. faecalis, S. pneumoniae and S. aureus
all possess homologs to YgbP which is a 2-C-
methylerythritol 4-phosphate cytidylyltransferase involved
in the non-mevalonate pathway for isoprenoid biosynthesis.
However, unlike E. coli and the Gram-positive bacterium
B. subtilis those cocci do not contain the key enzyme of
the non-mevalonate pathway for isoprenoid biosynthesis,
the 1-deoxy-D-xylulose-5-phosphate (DOXP)
reductoisomerase. Instead, they harbor all enzymes of the
alternative mevalonate pathway (Wilding et al., 2000).
Some of these bacteria possess additional homologs of
the non-mevalonate pathway proteins such as YchB found
in E. faeclis and S. aureus and YgbB found in E. faecalis.
The homologs might play roles in metabolic contexts
different from isoprenoid biosynthesis. It will be interesting
to find out, whether the homologs of ygbP, ygbB and ychB
are nevertheless essential for viability in Gram-positive
cocci.

Conclusion

In conclusion, our strategy to select uncharacterized E.
coli genes for deletion studies based on several criteria
including the sequence similarity to bacterial pathogens
and dissimilarity to eukaryotic sequences (with the
exception of plants and parasites) and to determine their
essentiality for bacterial growth led to six novel targets for
antibacterial drug discovery. Four of these targets have
now been functionally characterized. It still remains unclear,
in exactly which essential mechanisms the two other
proteins are involved.
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Experimental Procedures

Bioinformatics
Comparison analyses were performed using the similarity search algorithm
FASTA (version 2; Pearson and Lipman, 1988), in order to select E. coli
genes for deletion studies. The 4289 proteins derived from the genomic
sequence of E. coli K12 MG1655 from Genbank entry U00096 were
compared to the complete sets of proteins of the Gram-positive model
organism B. subtilis (Genbank/EMBL accession no. AL009126), of the Gram-
negative pathogen H. influenzae (Genbank/EMBL accession no. L42023)
and of the eukaryote S. cerevisiae (MIPS database; Mewes et al., 1999).
Similarities with E-values below 10-4 were considered. In addition, using
TBLASTN (version 2.0; Altschul et al., 1997) sequences similar to the E.
coli proteins (P-value < 10-4) were derived from the unfinished genomic
sequences of the Gram-positive pathogens S. pneumoniae, S. aureus and
E. faecalis (http://www.tigr.org, The Institute for Genomic Research,
Rockville, MD; S. aureus Genome Sequencing Project, Oklahoma
University, Oklahoma City, OK). Finally, homologs to the studied E. coli
gene products were derived from numerous phylogenetically diverse
organisms using BLASTP and TBLASTN (version 2; Altschul et al., 1997).
We considered hits below a less stringent P-value threshold (< 10-2) than
in the initial comparisons (see Table 1). For prediction of transmembrane
domains the program Peptidestructure of the Wisconsin Sequence Analysis
Package was used (version 9, Genetics Computer Group, Madison, WI).

Media, Strains, and Plasmids
All strains were grown in LB medium (Sambrook et al., 1989) with the
appropriate selection. For antibiotic selection, the concentrations of
antibiotics were 100 µg/ml (ampicillin), 20 µg/ml (chloramphenicol), 25 µg/
ml (kanamycin), and 10 µg/ml (tetracyclin).

Different derivatives of Escherichia coli K12 were used. For cloning
purposes, E. coli XL1 BLUE [recA1, endA1, gyrA96, thi, hsdR17 (rk-, mk+),
supE44, relA1, λ-, lac-, F'(proAB, laqIqZ∆M15, Tn10-tet); Stratagene, La
Jolla, CA] was used. Genomic DNA from E. coli MG1655 [λ-, F-] served as
template for PCR amplification of genomic sequences of interest. Gene
replacement experiments were performed either in E. coli JM101 [supE thi
∆(lac-proAB) (F' traD36 proAB lacIqZ∆M15)], in MC1061 [F- ∆(ara-leu)
∆(lacIPOZY)X74 araD139 galE15 galK16 hsdR rpsL thi λ-], or in MG1655.
A list of generated mutants is given in Table 2.

For cloning purposes plasmids pBluescript-II KS(+) (Stratagene, La
Jolla, CA) and pCRBlunt (Invitrogen, Groningen, Netherlands) were used.
Plasmids pUC4K (Genbank/EMBL accession no. X06404) and pBR322
(Life Technologies, Eggenstein, Germany) were used in order to cut out
kanamycin and tetracyclin resistance markers, respectively, with appropriate
restriction enzymes. For gene inactivation experiments in E. coli, the
plasmids pMAK705 (Hamilton et al., 1989) and pKO3 (Link et al., 1997)
were used. The plasmid pAL761 is a derivative of pKO3 containing a 1739-
bp NotI fragment derived form chromosomal E. coli DNA. The fragment
includes 890 bp representing the region downstream from araD including
108 bp of the araD 3'-end and 828 bp representing the region upstream of
araB including 14 bp of the araB 5'-end. The regions are separated by a
21-bp linker (5'-AGGCTAGCTTTAGCTCGAGGG-3') containing the
restriction sites NheI and XhoI in order to clone genes together with their
ribosomal binding site downstream from the araBAD promoter. The plasmid
pAL769 is composed of pAL761 and a pUC4K-derived kanamycin cassette
cloned into the XhoI restriction site.

Cloning Gene Inactivation Constructs with Resistance Markers
DNA purification, restriction digestion, ligation and transformation of E. coli
were performed according to standard protocols (Sambrook et al., 1989).
At the beginning of the project, genes of interest were PCR amplified
including the 500- to 800-bp neighboring regions upstream and downstream
of the genes (oligonucleotide sequences can be delivered upon request).
The PCR products were cloned into cloning vectors pCRBlunt or pBluescript-
II KS(+). Using restriction sites located internally in the genes of interest or
using inverse PCR techniques, an antibiotic resistance cassette was
integrated, so that the genes were replaced by resistance markers (see
Table 2). The inactivated genes with neighboring regions were cut out and
cloned either into pMAK705 or into pKO3 using appropriate restriction sites.

Cloning In-Frame Deletion Constructs Without Resistance Markers
In-frame deletions were cloned according to Link et al. (1997): the 500- to
800-bp regions upstream and downstream of the gene of interest were
PCR amplified using the appropriate oligonucleotides (sequences can be
delivered upon request). The primers were designed such that the ends of
the PCR products facing the 5'- and 3'-extrimities of the gene carried a
complementary 21-bp tag sequence (5'-TGTTTAAGTTTAGTGGATGGG-
3'; Link et al., 1997). This tag sequence was used to assemble the products
in a second PCR reaction using the outward primers. The outward primers
contained terminal BamHI restriction sites allowing cloning of the fusion-

PCR product into the BamHI site of pKO3 or pMAK705.

Gene Replacement Using pMAK705 Derivatives
The pMAK705 constructs were transformed into E. coli JM101 or MC1061.
Cointegration and resolution of the plasmids were performed as described
(Hamilton et al., 1989). The pMAK705 derivatives of the obtained clones
were isolated and tested for carrying the originally chromosomal gene locus
using restriction analyses. The corresponding chromosomal recombination
event was diagnosed according to the size of the PCR products, that were
obtained from colony PCRs with appropriate primers flanking the regions
of recombination. Various dilutions of same numbers of clones, where the
resistance marker exchange took place, were plated on LB-agar plates
with and without chloramphenicol (the resistance marker indicating the
presence of the temperature-sensitive pMAK705) and incubated over night
at 30°C and 43°C. According to the frequencies of colony forming units
(cfu) on the different plates, it could be concluded whether the genes of
interest were essential or non-essential for growth on LB medium. In each
experiment, fifty colonies growing on chloramphenicol-free LB medium at
43°C were tested for presence or absence of the functional gene copy by
PCR with gene-specific primers (see Results).

Gene Replacement and Deletion Using pKO3 Derivatives
The pKO3 derivatives were transformed into E. coli MG1655 or MC1061.
Cointegration, resolution, and elimination of the plasmids were performed
as described (Link et al., 1997). Clones were grown on LB with the
appropriate resistance markers replacing the deleted genes and tested for
chloramphenicol sensitivity. The correct recombination event was verified
by PCR.

After cointegration, resolution and elimination of pKO3 derivatives
harboring in-frame deletions, the genotypes of chloramphenicol-sensitive
colonies were directly diagnosed according to the sizes of the PCR products
which were obtained from colony PCRs with appropriate primers flanking
the regions of recombination.

Generating Conditional Mutants
Conditional mutants were generated in a two-step procedure similar to
Arigoni et al. (1998): First, the araBAD genes of E. coli MG1655 were
replaced by the genes of interest using derivatives of pAL761. Clones were
selected for the inability to grow on M9 minimal media with 0.2% arabinose.
Second, the recombinant strains were transformed with the respective pKO3
deletion constructs. The integration and resolution steps were performed
in LB + 5% sucrose + 0.2% arabinose.

PCR Protocols
All PCR primers had a calculated melting temperature of approximately
60°C. For cloning purposes, Pwo DNA polymerase (Roche Diagnostics,
Mannheim, Germany) and for colony-PCR procedures a mixture of Taq
DNA polymerase (Roche Diagnostics) and Thermo Sequenase (Amersham)
was used. Chromosomal DNA fragments were amplified from 100 ng of E.
coli chromosomal DNA at primer concentrations of 1 µM and dNTP
concentrations of 250 µM. Twenty-five reaction cycles of 30 s at 94°C/30 s
at 52°C/1-2 min at 72°C were carried out with a final 5-min incubation at
72°C. Complementary 5'- and 3'-flanking regions of PCR products were
assembled by mixing 1 µl of each PCR reaction as template for the second
PCR with outward primers and under the same conditions as described
before. Diagnostic PCR on bacterial colonies was performed as follows.
Cell material was suspended in 50 µl H20. A PCR reaction was performed
in 50 µl with 5 µl of the suspended colony and the same conditions described
above.
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