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Summary

The genome sequence of Mycobacterium tuberculosis
was analysed by searching for homologues of genes
known to be involved in the reversal or repair of DNA
damage in Escherichia coli and related organisms.
Genes necessary to perform nucleotide excision repair
(NER), base excision repair (BER), recombination, and
SOS repair and mutagenesis were identified. In parti-
cular, all of the genes known to be directly involved in
the repair of oxidative and alkylative damage are pre-
sent in M. tuberculosis . In contrast, we failed to iden-
tify homologues of genes involved in mismatch repair.
This finding has potentially significant implications
with respect to genome stability, strain variability at
repeat loci and the emergence of chromosomally
encoded drug resistance mutations.

Introduction

Efficient systems have evolved to repair the damage sus-
tained by cellular genomes as a result of hydrolysis and
exposure to agents that alkylate and oxidize DNA (Sancar,
1994; Seeberg et al., 1995). In the case of an intracellular
pathogen such as Mycobacterium tuberculosis, the ability
to repair the DNA damage caused by exposure to reactive
oxygen intermediates (ROIs) produced by the phagocytic
host cell is likely to play a particularly important role in
ensuring the survival of the organism in this environment
(Demple and Harrison, 1994). DNA repair systems are
also bound to be essential for repairing lesions sustained
during the dormant phase of M. tuberculosis. Consistent
with this notion is that fact that genes such as xthA, dps,

aidB, ada and recF, which are involved in the prevention
and repair of DNA damage, are induced in stationary
phase (Loewen and Hengge-Aronis, 1994; Taverna and
Sedgwick, 1996; Martinez and Kolter, 1997; Villarroya et
al., 1998). In addition to the damage caused by sponta-
neous hydrolysis, endogenous alkylating agents known
to cause DNA damage in starving bacteria (Taverna and
Sedgwick, 1996; Sedgwick, 1997) might also wreak
havoc on the genome during this phase, suggesting that
the repair of DNA damage both during and in the early
stages of exit from dormancy would be necessary for
the reactivation of viable organisms. Although some pro-
gress has been made towards defining the biochemical
properties of specific repair enzymes such as RecA
(Davis et al., 1991, 1992; Colston and Davis, 1994; Kumar
et al., 1996) and DNA polymerase I (Huberts and Mizrahi,
1995; Gordhan et al., 1996; Mizrahi and Huberts, 1996),
and towards understanding the nature of the SOS response
in mycobacteria (Durbach et al., 1997; Movahedzadeh et
al., 1997; Papavinasasundaram et al., 1997), our knowl-
edge of mycobacterial DNA repair systems remains in its
infancy. However, as in all other areas of M. tuberculosis
research, the recent completion of the genome sequences
of a laboratory strain (H37Rv; Cole et al., 1998) and a clini-
cal isolate (CSU#93) of M. tuberculosis by researchers
at the Sanger Centre and at The Institute for Genome
Research (TIGR), respectively, has created the oppor-
tunity of investigating the genetics of DNA repair in this
organism at a previously unattainable level (Young, 1997).
We have searched the M. tuberculosis genome sequence
databases for homologues of genes known to be involved
in DNA repair in Escherichia coli and other organisms
(Friedberg et al., 1995), and in this paper we report the
results of these searches and discuss the implications of
our findings.

Results

The genes have been classified into three functional cate-
gories – (i) excision repair and DNA damage reversal, (ii)
recombinational repair, (iii) SOS repair and mutagenesis –
and the results of the database searches are shown in
Tables 1–3.
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Table 1. Genes involved in DNA damage reversal and excision repair.

Gene Function in damage reversal or excision repair Function M. tuberculosis (þ /¹) database location

phrB Deoxyribopyrimidine photolyase DR ¹
ada O6 methylguanine DNA methyltransferase DR and BER þ MTCY130.02c; ada part of adaA::alkA
ogt O6 alkylguanine DNA alkyltransferase DR þ MTCY130.01c; either ogt or adaB

mutT 8-Oxo-dGTPase Removal of þ MTCI65.27
dut dUTPase damaged nt þ MTCY05A6.18c

tag1 3-Methyladenine DNA glycosylase I BER þ MTCI364.22
alkA 3-Methyladenine DNA glycosylase II; has BER

hypoxanthine DNA glycosylase activity
þ MTCY130.02c; alkA part of adaA::alkA

mpg a 3-Methylpurine DNA glycosylase BER þ MTCI125.10
ung Uracil DNA glycosylase BER þ MTCY349.11
mug G:T/U mismatch-specific DNA glycosylase BER ¹
mutY A /G-specific adenine glycosylase; has AP lyase activity;

removes adenine mispaired with 8-oxoG
BER þ MTV024.07

nth Endonuclease III (TG DNA glycosylase); has AP lyase
activity; excises oxidized pyrimidines (ring saturation
and ring fragmentation derivatives of thymine)

BER þ MTV025.022c

fpg Formamidopyrimidine DNA glycosylase – excises 8-oxoG
and FaPy lesions; has AP lyase activity and a dRPase
activity

BER þþþ MTCY338.13c; also cross-matches with
MTV008.20c, MTCY71.37 (probably Nei), and
MTCY10D7.30c

nei Endonuclease VIII – functionally similar to Nth, but with
structurally similar to Fpg; has AP lyase activity;
excises oxidized pyrimidines

BER þ MTCY71.37; also cross-matches MTCY338.13c
(probably Fpg), MTV008.20c and MTCY10D7.30c

nfi Endonuclease V; deoxyinosine 38-endonuclease; also
cleaves DNA containing urea residues, AP sites and
mismatches

BER ¹

xthA Exonuclease III (AP endonuclease) BER þ MTCY22G10.24c
nfo Endonuclease IV (AP endonuclease) BER þ MTI376.04c

uvrA Excinuclease; DNA-binding ATPase NER þ MTCY06H11.02
uvrB Excinuclease subunit; helicase NER þ MTCY01B2.25
uvrC Excinuclease subunit; nuclease NER þ MTCY21B4.38. A second uvrC-like ORF,

MTCY190.02, was also identified. This ORF consists of
a fusion of the e-subunit of DNA PolIII (dnaQ) to the N-
terminal domain of UvrC.

uvrD Helicase II NER/other þ MTCY10D7.25c
recA Regulation of NER NER þ MTRECA; MTV002.02c
lexA Regulation of NER NER þ MTLEXA; MTCY05A6.41
mfd Coupling of transcription and NER (TCRF) NER þ MTCY10G2.29c
ercc3 a XPB/ERCC3 helicase (eukaryotic) NER/other þ MTV043.54c

dam A-specific methylase MR ¹
dcm C-specific methylase MR ¹
mutH Long-patch GATC-specific endonuclease MR ¹
mutL Binds to heteroduplex-MutS complex MR ¹
mutS Mismatch recognition and binding MR ¹
vsr Short-patch repair endonuclease MR ¹

recJ DNA deoxyribophosphodiesterase (dRPase) ¹
polA DNA polymerase I (58–38 exonuclease and DNA

polymerase)
Post-incision

events
þ MTCY01B2.21; contains both 58–38 exonuclease and

DNA polymerase domains. Cross-matches to
MTCY49.30, which encodes a putative 58–38
exonuclease. Genes encoding the other major 58
exonucleases, namely RecBCD (Table 2) and
exonuclease VII (xseA and xseB), were also found in
M. tuberculosis

polB DNA polymerase II ¹
polC DNA polymerase III holoenzyme þþ MTCY48.18c; MTV004.28c; only the dnaE genes

encoding the replicative subunit of PolIII are specified
herein

yshC DNA polymerase b þ MTCY1A6.12; putative identification
ssb SSB; single-stranded binding protein þþ MTCY21D4.17; MTV008.34c
lig DNA ligase (NAD dependent) þ MTV012.28c
lig a DNA ligase (ATP dependent) þþb MTCY22D7.19c, MTV025.079

DR, damage reversal; BER, base excision repair; NER, nucleotide excision repair; MR, mismatch repair.
A plus sign denotes the presence of a putative homologue in the Sanger genome sequence database. The homologues were identified as
described under ‘Experimental procedures’. All genes have been located on annotated Sanger cosmid sequences in GenBank, and therefore
only these descriptions are given. The same genes were found in the TIGR database (not shown). However, owing to complications arising
from errors in the sequence data, which were preliminary at the time of the analysis, the TIGR ORFs were not analysed further.
a. The genes shown in bold have no homologue in E. coli.
b. The related, hypothetical proteins MTCY08D9.01c, MTCY06A4.13c and MTV025.078c also show homology to ATP-dependent ligases.
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Excision repair and DNA damage reversal

Mismatch repair. Prokaryotic and eukaryotic cells share
the ability to repair mismatched basepairs, which may
arise in several ways, such as by the introduction of errors
during DNA replication and by the formation of a hetero-
duplex between homeologous DNA strands during a
recombinational event (Friedberg et al., 1995; Modrich
and Lahue, 1996). This pathway plays a critically import-
ant role in mutation avoidance and genome stabilization.

Long-patch mismatch repair. Detailed studies of methyl-
directed mismatch repair in E. coli and Streptococcus
pneumoniae have provided mechanistic insights into
this highly conserved system that targets repair to the
daughter strand of DNA (Modrich and Lahue, 1996). At
the core of this system are MutS and MutL, which initiate
repair by sequential binding to the mismatch (Grilley et
al., 1989). Interestingly, we failed to identify homologues
of the mutS, mutL, mutH and dam genes in M. tuberculosis.
The absence of mutS and mutL is particularly noteworthy

as these genes are highly conserved in bacteria, yeast,
mice and human cells (Modrich and Lahue, 1996) and
are widely distributed in prokaryotes (Koonin and Gal-
perin, 1997). However, the absence of these genes from
the ‘minimal’ bacterial gene complement deduced from
Mycoplasma (Fraser et al., 1995) suggests that this mis-
match repair system is nonetheless dispensable.

Other possible mechanisms for mismatch repair. M.
tuberculosis also lacks the dcm and vsr genes, which par-
ticipate in short-patch mismatch repair in E. coli. However,
a mutY homologue was identified, suggesting that the
encoded glycosylase may repair A?G and A?C mismatches
by adenine excision. The UvrABC excinuclease (see below)
might also excise mismatches from one or other strand
(Huang et al., 1994), but it is important emphasize that
mismatch repair via these mechanisms could lead to
mutation fixation rather than mutation avoidance by
virtue of the lack of parental- versus daughter strand
discrimination.
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Table 2. Genes involved in recombination.a

E. coli
gene Function in genetic recombination M. tuberculosis (þ /¹) database location

recB Exonuclease V; ATPase, ds DNA exonuclease; chi-specific
endonuclease

þ MTCY20H10.11c

recC þ MTCY20H10.12c
recD þ MTCY20H10.10c
recE 58–38 ds DNA exonuclease (exonuclease VIII) ¹

recT DNA renaturation ¹

recJ 58–38 ss DNA exonuclease ¹

recQ Helicase b Closest match is RNA helicase (MTCY50.29c)
recN Unknown; ATP-binding consensus sequence þ MTCI125.18
recA ATPase and strand exchange þ MTRECA; MTV002.02c
radA Recombination þ MTV024.03
recF ss DNA binding protein; modulates assembly and disassembly of

RecA filaments (with RecO and RecR)
þ MTCY10H4.01

recO Modulates assembly and disassembly of RecA filaments (with
RecF and RecR)

c Closest match is MTCY27.18; 28% identity over 156 aa overlap

recR Modulates assembly and disassembly of RecA filaments (with
RecF and RecO)

þ MTV025.063c

ssb Single-stranded binding protein þþ MTCY21D4.17; MTV008.34c
ruvA Binds to Holliday junctions þ MTCY227.08
ruvB Branch migration; ATPase þ MTCY227.09
ruvC Endonuclease; resolves Holliday junctions þ MTCY227.07
recG ATPase; promotes branch migration þ MTCY349.14
sbcB Exonuclease I ¹

sbcC ATP-dependent ds DNA exonuclease ¹

sbcD þ Closest match is MTCY50.05c
topA Topoisomerase I þ MTCY15C10.06
gyrA DNA gyrase þ MSGGYRAB; MTCY10H4.04
gyrB DNA gyrase þ MSGGYRAB; MTCY10H4.03
polA DNA polymerase I þ MSGPOLA; MTCY01B2.21
ligA DNA ligase þ MTV012.28c
uvrD Helicase II þ MTCY10D7.25c
helD Helicase IV b Closest match is UvrD (MTCY10D7.25c)

a. Taken from Kowalczykowski et al. (1994).
b. Although convincing homologues of recQ and helD were not identified, three co-directional, putative ATP-dependent DNA helicases were found
on an 11.5 kb region of the genome (MTCY07D11.24, MTV014.45c and MTV014.42c).
c. WU-BLAST produced a P-value of 0.054 for the search using E. coli RecO as the query sequence. The advanced gapped BLASTP program, in
searching MTCY27.18 against the NR database, produced a P-value of 0.0012 for S. typhimurium RecO, which is indicative of homology.
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Does M. tuberculosis possess a non-orthologous mis-
match repair system? Although mutS has been identified
in both Methanobacterium methanoautotrophicum (Smith
et al., 1997) and Pyrococcus horikoshii (URL:http://www.
bio.nite.go.jp/BLAST/blast.html), other archaeons such
as Methanococcus jannaschii (Koonin and Galperin,
1997) and Archaeoglobus fulgidus (Klenk et al., 1997)
appear to lack the mutS and mutL genes. The fact that
Sulfolobus acidocaldarius has a normal spontaneous muta-
tion rate (Jacobs and Grogan, 1997) implies that non-
orthologous displacement of the MutHLS mismatch repair
system might have occurred in at least some archaeal
species (Koonin et al., 1996). By analogy, it is therefore
conceivable that M. tuberculosis possesses an alterna-
tive, unidentified mismatch repair system. The observation
that the mutation rate for M. tuberculosis growing in vitro
(David and Newman, 1971) is normal would appear to
support this idea on the basis of the mutator phenotype
of mismatch repair-defective mutants of E. coli and related
organisms (Cox, 1976; LeClerc et al., 1996). Indeed, the
normal mutation rate has been used to explain the striking
lack of synonomous substitutions in structural genes of M.
tuberculosis by arguing that this organism is evolutionarily
young (Kapur et al., 1994; Sreevatsan et al., 1997). How-
ever, if the fidelity of DNA replication in a slow-growing
organism such as M. tuberculosis is significantly higher
than that observed in E. coli, the need for post-replicative
mismatch repair and hence its relative contribution to the
overall fidelity of chromosomal replication would be reduced.
Therefore, in the absence of experimental data on the fide-
lity of replication, the mutation rate, per se, does not neces-
sarily constitute proof of a non-orthologous mismatch repair
system in M. tuberculosis.

Is M. tuberculosis heritably mismatch repair defective? In
our view, this alternative hypothesis should be considered

on the basis of the following observations. (i) An unexpect-
edly high frequency of mismatch repair-defective mutators
was found in pathogenic strains of E. coli and Salmonella
(LeClerc et al., 1996), implying that such a phenotype
allows the pathogen to readily adapt to its environment
(Taddei et al., 1997). (ii) Studies of adaptive mutagenesis
in E. coli (reviewed by Rosenberg, 1997) have reinforced
the view that mismatch repair-defective mutator activity
might be advantageous under conditions of stress, such
as those encountered during stationary phase, nutrient
starvation, immune surveillance and therapeutic interven-
tion, all of which apply to M. tuberculosis. Therefore, adap-
tive mutagenesis, which occurs in non-dividing or slowly
growing cells under selection for a particular phenotype,
may play an important role in the adaptation of M. tubercu-
losis to its environment, particularly if the organism is a
defective mismatch repair. First, the genes required for
recombination-dependent adaptive mutagenesis are pre-
sent in M. tuberculosis (see below). Second, DNA lesions
such as double-stranded breaks and oxidative damage
required to initiate this and other stationary-phase muta-
tional pathways (Bridges, 1997; Bridges and Timms, 1997;
Rosenberg, 1997) are probably formed in this organism
(McFadden, 1996). Thirdly, all known drug resistance muta-
tions in M. tuberculosis are chromosomally encoded (Cole
and Telenti, 1995; Parsons et al., 1997), suggesting that
mutations conferring resistance are readily fixed in the
genome of this organism by direct drug selection. As sta-
tionary-phase mutations have been shown to include base
substitutions, frameshifts and small deletions, it is possible
that at least some of the drug-resistant mutations of this
type observed in the katG (Zhang and Young, 1994) and
pncA (Scorpio et al., 1997) genes of M. tuberculosis might
have arisen via adaptive mutagenesis. We also note that
the potential clinical relevance of adaptive mutagenesis
was recently confirmed for ciprofloxacin resistance in
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Table 3. Genes involved in SOS repair and mutagenesis.a

E. coli
gene Induced physiological responses and/or function M. tuberculosis (þ /¹) database location

lexA Regulator of SOS response þ MTLEXA; MTCY05A6.41
recA Regulator of SOS response and recombination þ MTRECA; MTV002.02c
recN Double-stranded break repair þ MTCI125.18
ruvA Daughter strand gap repair þ MTCY227.08
ruvB þ MTCY227.09
uvrA Excision repair and long-patch repair þ MTCY06H11.02
uvrB Excision repair and long-patch repair þ MTCY01B2.25
uvrD Excision repair; helicase II þ MTCY10D7.25c
dinP Mutagenesis þ MTCY22D7.25c; related to B. subtilis uvrX, yqjH and yqjW and cross-matches

with MTCY48.28c (probably umuC)
umuC Translesion by-pass (mutagenesis) þ MTCY48.28c; related to B. subtilis uvrX, yqjH and yqjW and cross-matches with

MTC22D7.25c (probably dinP )
umuD Translesion by-pass (mutagenesis) ¹

polB DNA polymerase II ¹

dinG Helicase þ MTCY130.14c

a. Taken from Friedberg et al. (1995). The only genes included in this analysis are those known to be directly involved in SOS repair and muta-
genesis. Other SOS-inducible genes such as sulA, dinD, dinH, dinF and dinI have been excluded, as they are beyond the scope of this work.
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non-dividing E. coli cells (Riesenfeld et al., 1997). (iii) In
addition to its role in post-replicative error correction, the
mismatch repair system also provides a barrier to recom-
bination between partially diverged (‘homeologous’) sequ-
ences (Matic et al., 1996). The lack of a mismatch
repair system might therefore facilitate intrachromosomal
exchanges between tandem-repeated, interspersed and
homeologous sequences. The ubiquitous repeats found
in the genome of M. tuberculosis include the direct repeat
(DR) sequence, the GC-rich repetitive sequence found in
genes encoding the PGRS group of Gly Ala-rich, PE family
proteins, the MPTR repeats occurring in genes encoding
PPE family, Gly Asn-rich proteins, MIRUs (Supply et al.,
1997; Magdalena et al., 1998), as well as numerous exact
tandem repeats (ETR) (Groenen et al., 1993; van Soolingen
et al., 1993; Zhang and Young, 1994; Poulet and Cole,
1995a,b; Frothingham and Meeker-O’Connell, 1998). In
light of the high frequency at which polymorphic and exact
repeats occur in the genome of M. tuberculosis, the relax-
ation in recombinational control between homeologous
sequences and the inability to correct polymerase slip-
page errors on templates containing simple repeats result-
ing from a lack of mismatch repair may provide a possible
mechanism for generating strain variation that is distinct
from that attributable to the movement of mobile elements.
In this respect, a genome-wide comparison between H37Rv
and CSU#93 focused on the similarities and differences in
repeat sequences should provide an important adjunct to
the information on strain variability at repeat loci acquired
from molecular epidemiological studies (Frothingham and
Meeker-O’Connell, 1998; Magdalena et al., 1998).

Base excision repair. The BER pathway is primarily res-
ponsible for correcting damage caused by hydrolysis and
exposure to ROIs and other metabolites that oxidize and
alkylate DNA (Lindahl, 1993; Sancar, 1994; Seeberg et al.,
1995). Endogenous agents such as S-adenosylmethio-
nine are capable of non-enzymatically alkylating the ring
nitrogens of purine residues to form 7-MeG and 3-MeA, of
which the latter is a particularly important cytotoxic lesion
that blocks replication and hence is a threat to viability.
Three distinct 3-MeA-glycosylase-encoding genes were
found, of which alkA may be alkylation damage inducible.
The genome sequence also revealed a number of genes
involved in the repair of oxidized pyrimidines (nei and nth)
and purines (fpg). The identification of mutY, mutT and
fpg genes suggest that the ‘GO system’ (Michaels and
Miller, 1992) for protection against the starvation-asso-
ciated mutagenic effects of 8-oxo-G (Bridges et al., 1996)
is intact in M. tuberculosis. Finally, two AP-endonuclease-
encoding genes, both of which belong to oxidative defence
regulons in E. coli (Demple, 1991), were found in M.
tuberculosis, as were genes encoding PolI, PolIII and
DNA ligases.

Nucleotide excision repair. Genes encoding the UvrABC
excinuclease (Sancar, 1994) were identified in M. tubercu-
losis, as were uvrD and polA (Huberts and Mizrahi, 1995;
Mizrahi and Huberts, 1996). This organism also con-
tains the XPB/ERCC3-like helicase identified in M. leprae
(Poterszman et al., 1997) and although the mfd gene was
identified, the lack of mutS and mutL might adversely
affect the efficiency of transcription-coupled NER (Mellon
and Champe, 1996).

Reversal of DNA damage. The phrB (phr) gene was not
found in M. tuberculosis. Moreover, a homologue of the B.
subtilis spl gene (Fajardo-Cavazos et al., 1993) was not
identified, suggesting that M. tuberculosis relies on NER
for the repair of UV-induced damage. However, an operon
encoding proteins involved in the reversal of alkylation
damage was identified. As discussed above, nitrosated
compounds represent a potentially important endogenous
source of O6MeG or O4MeT in dormant tubercle bacilli.
The notion that such compounds might be formed in M.
tuberculosis is consistent with the fact that genes encoding
the nitrate reductase A and molybdopterin cofactor bio-
synthetic proteins required for their formation (Taverna
and Sedgwick, 1996) are present in its genome.

Recombinational repair

The M. tuberculosis genes involved in these processes
are shown in Tables 2 and 3. The unusual structure (and
potential implications) of the M. tuberculosis recA gene,
which plays a central role in recombination, damage tole-
rance and induction of the SOS response, has been
described in detail elsewhere (Davis et al., 1991, 1992;
Colston and Davis, 1994; McFadden, 1996) and is there-
fore not discussed herein. The RecBCD pathway appears
to be intact, suggesting that M. tuberculosis possesses the
enzymatic machinery required for double-stranded break
repair and conjugal transfer of DNA, although the latter
process has yet to be demonstrated in M. tuberculosis
(Parsons et al., 1998). In contrast, the absence of recJ
suggests that the RecF pathway is defective (Kowalsczy-
kowski et al., 1994; Tseng et al., 1994). We note that these
conclusions on recombinational pathways are in close
agreement with those reached by McFadden (1996).

SOS repair and mutagenesis

M. tuberculosis has been shown to possess the regulatory
elements of a functional SOS system, and with the excep-
tion of polB and umuD, contains all of the remaining genes
associated with SOS repair and mutagenesis in E. coli.
Although considerable progress has been made towards
understanding the sequence requirements for DNA bind-
ing by M. tuberculosis LexA (Durbach et al., 1997; Mova-
hedzadeh et al., 1997; Dullaghan and Davis, 1998), a
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consensus sequence has yet to be established. For this
reason, a systematic scan of the genome sequence for
potential LexA binding sites was not included in this study.
However, we note that at least one gene that is not SOS
inducible in E. coli (ruvC) appears to be LexA-regulated
in M. tuberculosis (Colston et al., 1998).

Discussion

This study has provided a useful framework upon which
future experimental studies on DNA repair in M. tuberculo-
sis could be based. The most significant finding was the
lack of a MutS-based mismatch repair system, which has
potentially important implications with respect to genome
stability, strain variability and the occurrence of chromoso-
mally encoded drug resistance mutations. In this respect,
the most important questions that warrant experimental
investigation are as follows. (i) Is the requirement for mis-
match repair of post-replicative errors obviated by an
unusually high fidelity of DNA replication in M. tuberculo-
sis? (ii) Does the lack of a mismatch repair-mediated cor-
rection of polymerase slippage errors provide a mechanism
for generating sequence variation at repeat sequences? (iii)
Does adaptive mutagenesis play a role in the emergence of
drug resistance mutations? This study has also underscored
the need to study the role of DNA repair in the dormant
phase and during the exit from dormancy. In one possible
scenario, the capacity for completing excision repair and
recombinational repair by polymerization (gap-filling) may
be severely limited by low dNTP pools in dormant (non-repli-
cating) bacteria, in which case AP sites, single-stranded
gaps and double-stranded breaks would accumulate. For
dormant M. tuberculosis to reactivate in a viable form,
the repair of such lesions would constitute an obligate step
in the early stages of exit from dormancy before, or in syn-
chrony with, the resumption of chromosomal DNA replica-
tion. Recombinational repair would obviously be facilitated
at this stage if persistent bacilli indeed exist in a diploid
state, as was recently suggested by Parrish et al. (1998).
Experimental testing of this and other models may yield
important insights relevant to the development of novel
drugs for the treatment of dormant tubercle bacilli.

Experimental procedures

M. tuberculosis nucleotide sequence databases

The nucleotide sequence of the H37Rv laboratory strain of M.
tuberculosis was from the Sanger Centre (http://www.sanger.
ac.uk/Projects/M_tuberculosis/blast_server.shtml; contiguous
sequence database (TB.seq) and the database containing
all annotated cosmids and other sections that have been sub-
mitted to EMBL). These sequence data were produced by the
M. tuberculosis Sequencing Group at the Sanger Centre and
can be obtained from ftp://ftp.sanger.ac.uk/pub/tb/sequences

(Cole et al., 1998). The unfinished nucleotide sequence of the
CSU#93 clinical isolate of M. tuberculosis was accessed via
the TIGR BLAST server located at the National Center for Bio-
technology Information (NCBI; Bethesda, MD, USA; http://
www.ncbi.nlm.gov/BLAST/tigrbl.html; 370 contigs). These
preliminary sequence data were produced by the Mycobac-
terium Sequencing Group at TIGR.

Database searches and protein sequence comparisons

Searches against the six reading frame translation of the M.
tuberculosis nucleotide sequence databases located at the
Sanger Centre were performed at the M. tuberculosis BLAST

server using the TBLASTN executable of the WU-BLAST program,
which is based on the BLAST2 algorithm (Altschul and Gish,
1996). Searches against the six reading frame translation of
the TIGR M. tuberculosis nucleotide sequence database
located at the NCBI were performed using the TBLASTN execu-
table of the gapped BLAST program (Altschul et al., 1997). The
query used for the BLAST search was the sequence of the cor-
responding protein from E. coli and/or B. subtilis (obtained
from GenBank). All query sequences were filtered for regions
of low compositional complexity before the database search
using the SEG program (Wootton and Federhen, 1996). Under
these conditions, a P-value #0.001 produced by WU-BLAST

was considered to be indicative of homology (Koonin et al.,
1997). To confirm the assignment of the M. tuberculosis
open reading frames (ORFs) thus identified, those displaying
the greatest similarity to the query sequence were further
analysed by performing advanced BLASTP searches against
the protein version of the non-redundant (NR) database main-
tained at the NCBI, as well as BLASTP þ BEAUTY searches
against the NR database resident on the Baylor College of
Medicine BLAST þ BEAUTY server, using the gapped BLAST

(Altschul et al., 1997) and BEAUTY programs (Worley et al.,
1995; Smith et al., 1996) (http:/ /dot.imgen.bcm.tmc.edu:
9331/seq-search/protein-search.html). For cases in which
searches of the M. tuberculosis databases with the full-length
query sequence(s) indicated potential absence of the encod-
ing gene (P-value >0.001 from WU-BLAST search), additional
advanced BLASTP and TBLASTN searches with performed, wher-
ever possible, using conserved motif query sequences that
were characteristic of the protein in question, and which
were obtained from the PROSITE (Bairoch et al., 1997) and
BLOCKS databases (http://www.seqnet.dl.ac.uk). If these
searches yielded no consistent indication of homology, the
gene was scored as absent. Multiple sequence alignments
were carried out using the MEGALIGN program (DNASTAR).
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