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Two key elements that are thought to be required for replication initiation in eubacteria are the DnaA
protein, a trans-acting factor, and the replication origin, a cis-acting element. As a first step in studying the
replication initiation process in mycobacteria, we have isolated a 4-kb chromosomal DNA fragment from
Mycobacterium smegmatis that contains the dnaA gene. Nucleotide sequence analysis of this region revealed
homologies with the rpmH gene, which codes for the ribosomal protein L34, the dnaA gene, which codes for the
replication initiator protein DnaA, and the 5* end of the dnaN gene, which codes for the beta subunit of DNA
polymerase III. Further, we provide evidence that when cloned into pUC18, a plasmid that is nonreplicative in
M. smegmatis, the DNA fragment containing the dnaA gene and its flanking regions rendered the former
capable of autonomous replication in M. smegmatis. We suggest that the M. smegmatis chromosomal origin of
replication is located within the 4-kb DNA fragment.

The genus Mycobacterium includes both rapid growers (e.g.,
Mycobacterium smegmatis and M. fortuitum) and slow growers
(e.g., M. tuberculosis, M. bovis BCG, and M. leprae). The dou-
bling time for rapid growers is approximately 3 to 4 h, com-
pared with 20 to 24 h for slow growers. Some of the slow
growers, such as M. tuberculosis and M. leprae, are major hu-
man pathogens. M. tuberculosis is a well-recognized opportu-
nistic infectious agent for immunocompromised patients (24),
and recent years have seen the emergence of M. tuberculosis
strains that are resistant to one or more traditionally used
antimycobacterial drugs. Our inability to control mycobacterial
infections is due to a limited understanding of the basic met-
abolic processes, such as DNA replication and recombination,
in these pathogens (33, 36). An improved understanding of the
key steps involved in the replication process of both rapid
growers and slow growers would enable one to identify meta-
bolic targets against which new generation drugs could be
directed (2).
Initiation of replication is believed to occur when DnaA, the

initiator protein, interacts with the replication origin called the
replicon or the replicator (15, 17). Detailed genetic studies
carried out in Escherichia coli (15, 17) and limited studies
carried out in Bacillus subtilis (9, 20–22) revealed that DnaA
protein is required for replication initiation. DnaA protein
initiates replication by selectively binding to repetitive units of
nine-nucleotide DnaA protein recognition sequences, present
in the origin of replication, called the DnaA boxes. This pro-
cess triggers a cascade of events which result in replication
initiation (4, 15, 17). In many bacteria, the dnaA gene is
flanked by the rpmH and rnpA genes on the 59 side and the
dnaN, recF, and gyrB genes on the 39 side (15, 22, 28). Excep-
tions to this gene order have been found in Rhizobium meliloti,
Caulobacter crescentus, and Synechocystis sp. (16, 25, 38). Com-
parative analyses of the amino acid sequences of DnaA pro-
teins from different bacteria have revealed a conserved ATP

binding motif, GxxGxGKT (18, 27, 32), and another motif,
GRDHTT, present in the carboxyl-terminal region. The region
between these two motifs of the DnaA protein is also con-
served (28).
With the exception of E. coli, the dnaA gene flanking regions

of all bacteria thus far examined function as autonomously
replicating sequences. For example, both the 59 and 39 flanking
regions of the dnaA gene of B. subtilis (20), the 59 flanking
region of Pseudomonas putida (35), and the 39 flanking region
of Streptomyces lividans (37), a close relative of mycobacteria,
function as autonomously replicating sequences. As a first step
in identifying the key players in the replication initiation pro-
cess in mycobacteria, we have cloned and sequenced a 4-kb
DNA fragment containing the dnaA gene and its flanking re-
gions fromM. smegmatis. In addition, we provide evidence that
a pUC18 plasmid containing this DNA fragment, but not
pUC18 alone, replicated stably in M. smegmatis. These data
suggest that the dnaA gene region of the M. smegmatis chro-
mosome has features that support autonomous replication.

MATERIALS AND METHODS

Bacterial strains, plasmids, and chromosomal DNA preparations. E. coli
DH5a (recA1, restriction deficient and host modification proficient) (26) was
used for propagating all plasmids and for screening M. smegmatis genomic DNA
libraries for the dnaA gene. The M. smegmatis genomic DNA cosmid library was
kindly supplied by William R. Jacobs, Jr., Albert Einstein College of Medicine,
Bronx, N.Y. M. smegmatis mc2155, a high-transformation-proficient strain (14),
was used as a host in transformation experiments involving cloning of the puta-
tive autonomously replicating sequences of M. smegmatis. All plasmids, unless
otherwise stated, were derived from pUC18 and are described in Table 1. Chro-
mosomal DNA preparations ofM. smegmatismc2155 were prepared as described
by Husson et al. (13). Oligonucleotide primers used in the study were synthesized
in a Pharmacia Gene Assembler (Pharmacia Biotech, Piscataway, N.J.).
Media and growth and transformation conditions. E. coli cultures were grown

in Luria-Bertani (LB) medium (19). For selection of recombinant clones, LB
agar plates containing ampicillin (50 mg/ml), kanamycin (50 mg/ml), or both were
used (19, 26). E. coli cultures treated with rubidium chloride were used in
transformation experiments (19, 26).
M. smegmatis cultures were grown in 7H9 broth containing 0.05% Tween 80,

0.5% bovine serum albumin, and 0.2% dextrose. ElectrocompetentM. smegmatis
cells were prepared as described previously (14). Competent cells were resus-
pended in 10% glycerol, aliquoted, and stored at 2708C. Electroporation was
carried out in a Bio-Rad Gene Pulser (Bio-Rad Laboratories, Richmond, Calif.)
at 2.5 kV, 25 mF, and 1,000 ohms. Following electroporation, 7H9 broth was
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added, and cells were incubated for 3 h at 378C, plated on 7H10 agar plates
containing kanamycin (50 mg/ml), and incubated at 378C. The plasmid DNA was
recovered from M. smegmatis by using the electroduction protocol (see below).
Cloning of the dnaA gene. To facilitate cloning of the dnaA gene of M.

smegmatis, degenerate oligonucleotide primers MVM8 (59-GGAGGCCTGGG
BAARACNCACYT-39) and MVM9 (59-TCCCCGCGGTSGTRTGRTCRCG
DCC-39) (B 5 C or G or T; D 5 A or G or T; N 5 A or C or G or T; R 5 A
or G; S 5 C or G; Y 5 C or T) were used to amplify a 777-bp internal fragment
of the dnaA gene by PCR (26). MVM8 and MVM9 primer sequences were
based, respectively, on the putative ATP binding motif (GxxGxGKT) and the
conserved motif (GRDHTT) in the DnaA protein (28). The underlined se-
quences in MVM8 and MVM9 represent the StuI and SacII restriction endonu-
clease recognition sites, respectively, that were incorporated for cloning pur-
poses. Amplification was carried out in a Coy thermocycler (Coy Corporation,
Grasslake, Mich.), using Taq DNA polymerase (Roche Molecular Systems, Inc.,
Branchburg, N.J.) and a PCR optimizer kit (Invitrogen Corporation, San Diego,
Calif.) under the following cycling conditions: initial denaturation for 5 min at
958C, followed by 6 cycles of amplification (1 min each of denaturation at 948C,
annealing at 558C, and elongation at 728C) and then 30 cycles of 1 min each of
denaturation at 948C, annealing at 608C, and elongation at 728C. A final elon-
gation cycle of 10 min at 728C was carried out to complete the synthesis of all
amplified DNA strands.
The 777-bp PCR product was kinase treated and cloned into pUC18 by using

standard protocols (26). Recombinant plasmid DNA was isolated, and the nu-
cleotide sequence of the insert was determined in a Pharmacia Automated Laser
Fluorescent (ALF) DNA sequencer, using autocycle and autoread sequencing
kits. The DNA sequence thus obtained was compared with the sequence of the
E. coli dnaA gene. A 33-mer oligonucleotide, MVM37 (AACAAGACCCGCA
TCGACCGGTCGCTGGCCGAG), that showed 14 similarities (indicated in
boldface) with the E. coli dnaA gene sequence was identified. The 33-mer
oligonucleotide was synthesized in a Pharmacia DNA synthesizer, end labeled
with [g-32P]ATP by using T4 polynucleotide kinase (26), and used to screen M.
smegmatis genomic DNA libraries previously propagated in E. coli DH5a in a
colony hybridization experiment (26). Hybridizations were carried out at 658C,
and membranes were washed at 658C under highly stringent conditions (26).
Cells containing the dnaA cosmids were identified and colony purified following
a second screening. The identity of the dnaA gene in the positive cosmids was
further established by two methods: (i) amplifying the 777-bp dnaA gene frag-
ment by using MVM8 and MVM9 primers and (ii) probing the restriction
enzyme-digested dnaA positive cosmid DNA with a radiolabeled 777-bp PCR
product in a Southern hybridization experiment (26). In the latter experiment,

the 777-bp PCR product was labeled by nick translation using [a-32P]dCTP and
nonradiolabeled dATP, dGTP, and dTTP (26). One recombinant cosmid, called
pMR25, was selected and used for subcloning the dnaA gene-containing frag-
ment.
Subcloning and nucleotide sequence determination. The pMR25 cosmid DNA

was digested with PvuII and electrophoresed on 0.8% agarose gels. Following
electrophoresis, DNA fragments were transferred to Zetaprobe nylon mem-
branes (Bio-Rad) by the capillary transfer method and probed with the 32P-
labeled 777-bp PCR fragment by Southern hybridization (26). A 4-kb DNA
fragment was identified by autoradiography, and a corresponding DNA fragment
was isolated from agarose gels, run under identical conditions, and gel purified
by using a Bio-Rad PrepA gene purification kit. The purified fragment was
ligated to pUC18 DNA previously digested with SmaI. This process eliminated
the PvuII site of the 4-kb DNA fragment. The ligation mixture was then used to
transform E. coli DH5a. Ampicillin-resistant white colonies were identified,
recombinant plasmid DNA was isolated, and the presence of the dnaA gene in
the insert was established as described above. The pUC18 plasmids containing
the insert in both orientations (pMR40 and pMR41) were selected and subse-
quently used to determine the nucleotide sequence of the 4-kb insert (Fig. 1).
The pMR40 and pMR41 DNAs were digested with restriction enzymes AvaI,

BamHI, HindIII, SmaI, EcoRI, and XhoI, individually and in various combina-
tions. On the basis of restriction digest patterns, a physical map of the 4-kb insert
region was prepared (Fig. 1). Digestion of pMR40 individually with BamHI and
HindIII followed by self-ligation of the vector produced pMQ1 and pMQ2, which
lacked approximately 0.5- and 0.7-kb insert fragments, respectively. The 0.5- and
0.7-kb DNA fragments were gel purified and separately cloned into pUC18 to
obtain pMQ6 and pMQ12, respectively. Digestion of pMR41 with EcoRI fol-
lowed by self-ligation of the vector produced pMQ3, which lacked approximately
a 1.0-kb insert DNA fragment. Similarly, digestion of pMR40 with XhoI and
HindIII followed by self-ligation of the vector produced pMQ10, which lacked a
3.0-kb insert fragment. In addition, several DNA fragments were gel purified
after digestion of pMR40 with various enzymes and subcloned into pUC18 in
order to generate the respective plasmid derivatives (Table 1). DNA sequencing
was performed in a Pharmacia ALF DNA sequencer, using autoread and auto-
cycle sequencing kits. Fluorescence-labeled universal M13 forward and reverse
sequencing primers were used in the sequencing reactions. In some cases, fluo-
rescence-labeled primers based on the previously determined sequence were
synthesized and used for determining the sequence (Fig. 1). Typically, a sequence
of 300 to 400 bp per run with less than 2% ambiguities was obtained. Each clone
was sequenced three to four times in order to confirm the nucleotide sequence
and to resolve any ambiguities. Finally, in some cases, ambiguities were resolved

TABLE 1. Bacterial strains and plasmids used

Strain, plasmid, or vector Genotype or description Reference

Bacterial strains
E. coli DH5a recA1 hsdR 10
M. smegmatis mc2155 Efficient transformation strain obtained from M. smegmatis ATCC 607 14

Plasmids
pUC18 Ampicillin resistant 34
pMR1 777-bp PCR product from M. smegmatis genomic DNA cloned into pUC18; ampicillin resistant This study
pMR25 M. smegmatis dnaA cosmid; kanamycin resistant This study
pMR40 A 4-kb PvuII fragment containing the dnaA gene isolated from pMR25 cosmid and cloned into

pUC18 in the SmaI site; ampicillin resistant
This study

pMR41 Same as pMR40 except that the 4-kb PvuII insert was cloned into pUC18 in the opposite
orientation; ampicillin resistant

This study

pMR42 A 1.3-kb aph gene responsible for conferring kanamycin resistance was cloned into pUC18;
ampicillin and kanamycin resistant

This study

pMR43 A 456-bp BamHI fragment of pMR40 was replaced with a 1.3-kb fragment containing the aph
gene; ampicillin and kanamycin resistant

This study

pYUB12 E. coli-Mycobacterium shuttle plasmid vector; kanamycin resistant 14
pYUB18 E. coli-Mycobacterium shuttle cosmid vector; kanamycin resistant 14

Vectorsa

pMQ1 Generated upon deletion of a 0.5-kb BamHI fragment (B-B1) from pMR40
pMQ2 Generated upon deletion of a 0.7-kb HindIII fragment (H-H1) from pMR40
pMQ3 Generated upon deletion of a 1.0-kb EcoRI fragment from pMR41
pMQ4 1.2-kb XhoI fragment (X2-X3) cloned into pUC18
pMQ5 0.85-kb XhoI fragment (X4-X5) cloned into pUC18
pMQ6 0.5-kb BamHI fragment (B-B1) from pMR40 cloned into pUC18
pMQ7 0.8-kb SmaI fragment (S1-S2) cloned into pUC18
pMQ10 Generated upon deletion of a 3.0-kb XhoI-HindIII fragment (H-X5 deletion) from pMR40
pMQ11 0.2-kb AvaI fragment (A1-A2) cloned into pUC18
pMQ12 0.7-kb HindIII fragment (H-H1) from pMR40 cloned into pUC18

a Plasmids used for determination of the sequence of the 4-kb DNA fragment. For definitions of the restriction enzyme cutting sites indicated in parentheses, see
the legend to Fig. 1.
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12
12

by sequencing both DNA strands. The nucleotide sequences of the overlapping
clones were aligned by using the Gene Jockey and DNA Strider software pro-
grams. The Clustal W 1.5 program was used for protein sequence alignments (11,
12).
Determination of autonomous replication activity. Nucleotide sequence anal-

ysis of the 4-kb dnaA-containing fragment revealed a single BamHI recognition
site at nucleotide position 453. Digestion of pMR40 with BamHI produced a
456-bp fragment and a 6,240-bp fragment. The 6,240-bp fragment was gel puri-
fied, ligated with a 1.3-kb BamHI fragment containing the aminoglycoside phos-
photransferase (aph) gene (26), and used to transform E. coliDH5a to ampicillin
and kanamycin resistance. Transformant colonies were purified, and their plas-
mid DNAs were analyzed by restriction digestion followed by agarose gel elec-
trophoresis. One recombinant plasmid, pMR43, was used to transform M. smeg-
matis mc2155 to kanamycin resistance. Again, transformant colonies were
purified, and plasmid DNA was recovered by the electroduction protocol (3). In
this method, recombinant plasmid-containing M. smegmatis cells were mixed
with E. coli DH5a, washed, resuspended in 10% glycerol, and electroporated.
Following electroporation, Luria broth was added, and the bacterial suspensions
were incubated for 1 h at 378C prior to plating on LB agar medium containing
kanamycin (50 mg/ml) and incubated at 378C. Since the generation time of E. coli
is approximately 20 to 30 min compared with 3 to 4 h for M. smegmatis, and the
colony morphology of E. coli is distinctly different from that ofM. smegmatis, the
colonies of E. coli appearing after overnight incubation were easily identified and
selected for purification. Plasmid DNA was recovered from E. coli by using the
alkali lysis protocol (26). The presence of insert in the plasmid was verified by
digesting the plasmid DNA with PvuII and probing with a radiolabeled 4-kb
PvuII fragment isolated from pMR25 (26). pYUB12 and pYUB18, the E. coli-
Mycobacterium shuttle plasmid and cosmid, were used as controls in these ex-
periments (14).
Nucleotide sequence accession number. The DNA sequence reported was

deposited in GenBank and assigned accession number U17833.

RESULTS AND DISCUSSION

Cloning of the dnaA gene. Our initial attempts to comple-
ment E. coli dnaAmutants withM. smegmatis genomic plasmid
expression libraries have not been successful (23). This is not
surprising since only the dnaA genes from closely related en-
teric bacteria, not those from distantly related gram-positive
bacteria, have been shown to complement E. coli dnaA mu-

tants (29, 30, 39). Hence, to clone the dnaA-like gene from M.
smegmatis, a reverse genetic approach as described in Materi-
als and Methods was used. PCR amplification using degener-
ate oligonucleotide primers to conserved regions of eubacterial
DnaA protein resulted in the production of a 777-bp fragment
(data not shown). The nucleotide sequence of the PCR prod-
uct, when searched by using BLAST (basic local alignment
search tool) (1), showed significant homologies with dnaA gene
sequences from other bacteria (data not shown). The PCR
product thus provided the basis for obtaining cosmid DNA
molecules containing the dnaA gene from the genomic DNA
cosmid library as described above. From one such cosmid, a
4-kb fragment containing the dnaA gene was isolated and sub-
cloned into pUC18.
DNA sequence analyses. A BLAST search with the 4-kb

nucleotide sequence revealed homologies with rpmH, dnaA,
and dnaN genes of several bacteria, including Streptomyces
coelicolor, Micrococcus luteus, B. subtilis, and E. coli (data not
shown; see below). The nucleotide sequence of the 4-kb region
was computer analyzed by using the DNA Strider 1.2 program
(Fig. 2). Three open reading frames (ORFs) beginning with
GTG, referred to here as orf1, orf2, and orf3, were identified.
Since many mycobacterial genes that initiate with GTG are
known, this feature is not surprising (7). The locations of these
ORFs correspond to nucleotide positions 621 to 478 on the
bottom strand (orf1), nucleotide positions 1238 to 2725 (orf2)
and 3225 to the end of the cloned fragment (orf3) on the top
strand. orf1, orf2, and orf3 showed homologies with rpmH,
dnaA, and dnaN genes, respectively (data not shown; see be-
low). No termination codon in orf3 was detected. orf1 is smaller
than orf2 and orf3. The direction of transcription of orf1 ap-
pears to be opposite that of orf2 and orf3.

FIG. 1. Sequencing strategy. A 4-kb PvuII DNA fragment containing the dnaA gene was isolated from cosmid pMR25 and cloned into the SmaI site of a pUC18
vector to produce pMR40. The positions of various restriction enzyme cutting sites and putative genes in the 4-kb insert are shown. The positions of the rpmH, dnaA,
and dnaN genes in the 4-kb fragment are based on the nucleotide sequence (see Fig. 2). An arrow near the coding region of a gene indicates the direction of
transcription. Different-size DNA fragments present in various pUC18-derived plasmids (pMQ1 to pMQ7 and pMQ10 to pMQ12) used for sequencing are shown as
empty boxes. Arrowheads above the empty boxes indicate the direction of sequencing. Broken lines indicate the sequence obtained by using the fluorescence-labeled
primers MVM48 and MVM49 synthesized in a Pharmacia Gene Assembler. Fluorescence-labeled M13 universal forward and reverse sequencing primers were used
for determination of the DNA sequences of various pUC18-derived plasmids, using a Pharmacia ALF DNA sequencer. Abbreviations for restriction enzymes: A, AvaI;
B, BamHI; E, EcoRI; H, HindIII; K, KpnI; S, SmaI; X, XhoI. For the purpose of clarity, restriction endonuclease sites of each category in the 4-kb fragment are
numbered from left to right.u, multiple cloning site of the vector (not drawn to scale);■, rpmH gene coding region;3, dnaA gene coding region; , dnaN
gene coding regions;p, the 777-bp PCR product cloned in pUC18 (pMR1).
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(i) orf1. A small ORF initiating with GTG at position 621 of
the bottom strand is predicted to encode the RpmH homolog.
Seven bases upstream of the potential GTG start codon is the
sequence AGGAGA, which has some resemblance to the E.

coli consensus ribosome binding sequence. The presumed pro-
tein is 47 residues in length and has a molecular mass of 5.5
kDa, which is in agreement with the molecular masses of the
RpmH proteins in B. subtilis (5.2 kDa), M. luteus (5.4 kDa), E.

FIG. 2. Sequence of the 4-kb DNA fragment of M. smegmatis containing the rpmH, dnaA, and dnaN genes. The nucleotide sequence was determined by using
autoread and autocycle kits and a Pharmacia ALF DNA sequencer. The nucleotide sequence of the top strand is shown, and the nucleotides are numbered on the left.
The nucleotide sequences of the ORFs are presented in capital letters. Amino acids are indicated in single-letter codes below codons and are numbered on the right.
The coding strand sequence of orf1 (rpmH), as indicated in the text, corresponds to the bottom strand and hence is not shown. Asterisks indicate the stop codon.
Positions and orientations of putative DnaA box sequences are marked by arrows above the sequence. Putative ribosome binding sequence are underlined.
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coli (5.4 kDa), and S. coelicolor (5.5 kDa). The predicted pro-
tein fits very well into the typical homology pattern of the
known RpmH proteins (Fig. 3A) and is 72, 69, 55, and 53%
similar to the proteins of S. coelicolor,M. luteus, B. subtilis, and

E. coli, respectively (data not shown). As in other bacteria, the
putative RpmH protein of M. smegmatis contains the con-
served KRTFQP motif in the amino-terminal region (Fig. 3A).
(ii) orf2. A large ORF initiating with one of the three po-

FIG. 2—Continued.
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tential GTG start codons at positions 1238, 1286, and 1331 and
terminating at position 2725 was identified. Another potential
but smaller ORF initiating with ATG at position 1061 was
excluded because a stop codon, TGA, was located 81 nucle-
otides downstream from it. Of the three GTG start codons, the
GTG at 1238 was tentatively chosen because the ORF extend-
ing from this position was the largest. Also, 14 bases upstream
of the GTG at nucleotide position 1238 is a potential ribosome
binding sequence, AGGGCG. Initiation from nucleotide posi-
tions 1286 and 1331 has not been excluded, however. The
predicted protein from the largest ORF would have 495 amino
acids and a molecular mass of 55.9 kDa, which is similar to the
size of M. luteus DnaA protein (56.9 kDa) but is larger than
those of the E. coli (52.6 kDa) and B. subtilis (50.8 kDa) DnaA
proteins (28). The putative DnaA protein of S. coelicolor is 656
amino acid residues in length and is larger (73.1 kDa) than all
known DnaA proteins (5). The deduced amino acid sequence
of the dnaA gene of M. smegmatis, particularly the 352 amino
acids in the carboxyl-terminal region, show substantial similar-
ity to the corresponding regions of other bacteria (Fig. 3B). As

is the case in other bacteria, this region contains several char-
acteristic motifs such as GxxGxGKT, RELEGA, and GRDHT
(28). A phylogenetic tree based on the sequence analyses car-
ried out with the Clustal W 1.5 program (11, 12) revealed that
the aligned region (Fig. 3B) of M. smegmatis is 62, 57, 50, and
41% similar to those of S. coelicolor, M. luteus, B. subtilis and
E. coli, respectively (data not shown). The 143-residue amino-
terminal region of M. smegmatis DnaA protein compared with
that of S. coelicolor exhibited 44 amino acids that were iden-
tical and 22 that were similar (data not shown).
(iii) orf3. The GTG at nucleotide position 3225 was chosen

as a potential start codon because the ORF extending from it
is the largest. Eleven bases upstream of the putative start
codon is GAAGGG, a sequence resembling that of the E. coli
consensus ribosome binding sequence. The deduced amino
acid sequence of orf3 showed significant similarities with the
amino-terminal parts of the DnaN sequences of other bacteria
(data not shown).
The dnaA gene flanking regions. The intergenic region of

rpmH-dnaA (i.e., the 59 flanking region of dnaA) and/or the

FIG. 3. Alignment of the amino acid sequences of M. smegmatis (M.smeg) RpmH (A) and DnaA (B) proteins with sequences of the respective proteins from
S. coelicolor (S.coe), M. luteus (M.lut), B. subtilis (B.sub), and E. coli. Alignments were carried out by using the Clustal W 1.5 program. Gaps have been created for
determining the homologies. Identical amino acids are marked with asterisks, and conserved substitutions are marked with dots.M. smegmatis RpmH and DnaA amino
acid residues are numbered. Alignments started with amino acid 144 of the M. smegmatis DnaA protein (see Fig. 2).
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intergenic region of dnaA-dnaN (i.e., the 39 flanking region of
dnaA) in many bacteria contain the DnaA protein recognition
sequences called DnaA boxes. The A1T content of this region
is usually higher than that of the rest of the chromosome. We
found that the A1T contents of the 59 and 39 flanking regions
of the dnaA gene of M. smegmatis were 39 and 44%, respec-
tively. The A1T and G1C contents of the 4-kb dnaA gene
region were 35 and 65%, respectively, as is typical of the
mycobacterial genome (6). The consensus sequence of DnaA
boxes in bacteria with high G1C contents has been reported to
be TTGTCCACA (5, 8, 28). No such sequences were found
within the 4-kb dnaA gene region of M. smegmatis. However,
several putative DnaA box-like sequences with one to two
mismatches with the consensus sequence were found (Table 2;
Fig. 2). Two of these putative DnaA boxes were present in the
intergenic region of rpmH-dnaA, and three were present in the
intergenic region of dnaA-dnaN. Three putative DnaA boxes
were found within the coding region of the dnaA gene, and two
were found within the coding region of the rpmH gene. Of the
10 putative DnaA boxes, 4 were oriented opposite the other 6
(Fig. 2). On the basis of these data, we suggest TT(G/C)TCC
ACA as the consensus sequence for the DnaA boxes of M.
smegmatis. Precise biochemical experiments with DNA frag-
ments containing putative DnaA boxes and purified DnaA
protein will be necessary to define the exact sequences of the
DnaA boxes of M. smegmatis.
Identification of autonomously replicating sequences. With

the exception of E. coli, the chromosomal origin of replication
in all eubacteria that have been examined is localized near the
dnaA gene (15, 22, 28, 31). As a first step in identifying the
putative chromosomal replication origin of M. smegmatis, we
examined the ability of the M. smegmatis DNA fragment, con-
taining the dnaA gene and its flanking regions, to support
autonomous replication when present in plasmids normally
nonreplicative in mycobacteria. In these experiments,M. smeg-
matis was transformed separately with a pUC18 plasmid con-
taining the 1.3-kb aph gene (pMR42) and a pUC18 plasmid
containing the 1.3-kb aph gene and the 3.5-kb dnaA gene
region of M. smegmatis (pMR43). As a control, M. smegmatis
was transformed with an E. coli-Mycobacterium shuttle vector
(pYUB12). Kanamycin-resistant colonies were obtained with
pMR43 (Fig. 4C) and pYUB12 (Fig. 4D) but not with pMR42
(Fig. 4B). Untransformed M. smegmatis did not produce any
kanamycin-resistant colonies (Fig. 4A). Approximately 106

transformants per mg of electroporated DNA were obtained
with pMR43, and the transformation frequency was compara-
ble with that obtained with the pYUB12 control vector (0.6 3
106 transformants per mg of DNA). The kanamycin-resistant
colonies of M. smegmatis obtained with the pMR43 vector
could result either from stable extrachromosomal replication
of plasmids or stable integration of the introduced plasmid
onto the chromosome. To distinguish between these two pos-
sibilities, plasmid DNA from kanamycin-resistant M. smegma-
tis (Fig. 4C) was recovered by electroduction into E. coli (see

FIG. 4. Autonomous replication activities of plasmids containing M. smeg-
matis sequences. M. smegmatis mc2155 cells were electrotransformed with the
plasmids indicated below, plated on 7H10 agar plates containing kanamycin,
incubated at 378C for 4 days, and photographed. (A) No plasmids; (B) pMR42,
a pUC18 plasmid containing the aph gene; (C) pMR43, a pUC18 plasmid
containing the 3.5-kb genomic DNA fragment of M. smegmatis and the 1.3-kb
aph gene; (D) pYUB12, an E. coli-Mycobacterium shuttle vector.

FIG. 5. Analysis of plasmids containing autonomously replicating sequences.
(A) Agarose gel electrophoresis of genomic DNA and plasmids containing
cloned sequences of M. smegmatis. Genomic and plasmid DNAs were digested
with restriction enzymes as indicated. Following digestion with restriction en-
zymes, samples were electrophoresed on 0.8% agarose gels, stained with ethi-
dium bromide, and photographed. Lanes: 1, M. smegmatis genomic DNA di-
gested with PvuII; 2, pMR25 cosmid DNA digested with PvuII; 3, pMR40 DNA
digested with PvuII; 4, pMR43 DNA digested with PvuII; 5, pMR43 plasmid
DNA recovered from kanamycin-resistantM. smegmatis and digested with PvuII;
6, pYUB12 DNA digested with HincII: M, markers. (B) Autoradiogram of
agarose gel shown in panel A. The DNA in the agarose gel from panel A was
transferred to nylon membranes, probed with a radiolabeled 4-kb PvuII fragment
from pMR25 in a Southern hybridization experiment, and visualized by autora-
diography. Lanes 1 to 6 are the same as in panel A.

TABLE 2. Putative DnaA box sequences in the dnaA
gene region of M. smegmatis

Putative DnaA box Sequencea Locationb

Coding strand TTCTCCACA (1) 1038–1046
TTGGCCACG (2) 614–622
GTGTCGACA (2) 1639–1647
TCTTCCACA (2) 1968–1976
CTCTCCACA (2) 2837–2845
CTCTCCACA (2) 2887–2895

Complementary strandc CTGTCCACA (1) 1070–1062
TTCTGCACA (2) 2804–2796
GTGTCGACA (2) 1648–1640
TTGCCCACC (2) 521–513

Consensus TTG/CTCCACA

a Using Gene Jockey sequence analysis software, DnaA box-like sequences
with one to two mismatches present within the 4-kb region (Fig. 2) were iden-
tified. The numbers in parentheses indicate the number of mismatches with the
consensus sequence (TTGTCCACA) for the DnaA boxes of G1C-rich bacteria.
b Nucleotide position of each DnaA box in the 4-kb insert of pMR40.
c Defined on the basis of the dnaA gene sequence.
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Materials and Methods). Our ability to recover the introduced
pMR43 plasmid DNA from kanamycin-resistant M. smegmatis
suggests that the introduced plasmid had not integrated into
the chromosome but rather replicated extrachromosomally.
Since pUC18 plasmids do not replicate on their own in myco-
bacteria, these data suggest that the M. smegmatis dnaA gene
region rendered pUC18 plasmids capable of autonomous rep-
lication in M. smegmatis.
To further establish that the recovered plasmid is similar to

that of the input plasmid, restriction digestion followed by
agarose gel electrophoresis was carried out (Fig. 5A). Follow-
ing electrophoresis, DNA was transferred to nylon membranes
and probed with the 32P-labeled 4-kb PvuII fragment contain-
ing the dnaA gene (26). DNA bands were visualized by auto-
radiography (Fig. 5B). The E. coli-Mycobacterium shuttle vec-
tors pYUB12 and pYUB18 served as controls (14). A single
hybridization signal was observed with both the introduced
plasmid, pMR43 (Fig. 5B, lane 4), and the recovered plasmid,
pMR43 (Fig. 5B, lane 5). Since the size of the insert from the
recovered plasmid DNA (Fig. 5, lanes 5) was similar to the size
of that from the introduced plasmid DNA (Fig. 5, lanes 4), it
was concluded that no change or modification of pMR43 oc-
curred during transformation and growth in M. smegmatis.
Whether any changes occurred in regions not covered by the
restriction enzymes tested remains to be determined by se-
quencing. No hybridization signal was detected with pYUB12
(Fig. 5B, lane 6) or pYUB18 (data not shown). These data
indicated that the DNA sequences present in pMR43 did not
have any homology with the replication origin sequences
present in the pYUB12 and pYUB18 vectors (14). The DNA
fragment containing the autonomously replicating sequence
was derived from the M. smegmatis chromosome, since diges-
tion of the genomic DNAs of M. smegmatis (Fig. 5A, lane 1)
and a dnaA-positive cosmid from the M. smegmatis genomic
DNA library (Fig. 5A, lane 2) with PvuII showed a 4-kb band
upon hybridization (Fig. 5B, lanes 1 and 2). Similarly, digestion
of pMR40, the pUC18 plasmid containing the 4-kb insert from
the pMR25 cosmid with PvuII, also showed one band upon
hybridization (Fig. 5B, lane 3). The position of the hybridiza-
tion signal in lane 3 corresponding to the PvuII fragment from
pMR40 was higher than the hybridization signal produced by
the PvuII digestion of the genomic DNA and pMR25 cosmid
DNA (Fig. 5B, lanes 1 and 2). This is because cloning of the
4-kb PvuII fragment into the SmaI site of the pUC18 vector
eliminated the PvuII site of the insert. Thus, the PvuII frag-
ment released from the pMR40 vector included a 323-bp re-
gion in addition to the 4-kb insert.
Although the observation that the DNA fragment contain-

ing the M. smegmatis dnaA gene region functions as an auton-
omously replicating sequence is indicative of the presence of
replication origins, it remains to be proven whether it is the
actual site for replication initiation in M. smegmatis. Since
putative DnaA box-like sequences were found in the intergenic
regions of rpmH-dnaA and dnaA-dnaN, it will be important to
determine whether the 59 or 39 flanking region or both flanking
regions of the dnaA gene are required for autonomous repli-
cation activity. Detailed experiments to delimit the size of the
replication origin should allow the construction of minichro-
mosomes of M. smegmatis in order to begin to understand the
molecular mechanisms involved in replication initiation. Iden-
tification of such sequences from slow growers such as M.
tuberculosis should allow one to systematically carry out genetic
and biochemical experiments for understanding the growth
rate differences between slowly and rapidly growing mycobac-
terial species.

ACKNOWLEDGMENTS

We acknowledge with gratitude receiving the E. coli-Mycobacterium
shuttle vectors andM. smegmatis genomic DNA libraries fromWilliam
R. Jacobs, Jr., and the valuable help of A. John Clark with Clustal
sequence alignments. We also thank S. Black and C. Wu for help with
computer analysis of the sequence data, and we thank Vincent Stein-
grube and Nora Linderoth for critical comments on the manuscript.
This research was supported by New Faculty Startup funds provided

by The University of Texas Health Center at Tyler to M.V.V.S.M.

REFERENCES

1. Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403–415.

2. Bates, J. H. 1995. Tuberculosis chemotherapy: the need for new antituber-
culosis drugs is urgent. Am. J. Respir. Crit. Care Med. 151:942–943.

3. Baulard, A., C. Jourdan, A. Mercenier, and C. Locht. 1992. Rapid mycobac-
terial plasmid analysis by electroduction between Mycobacterium sp. and
Escherichia coli. Nucleic Acids Res. 20:4105.

4. Bramhill, D., and A. Kornberg. 1988. A model for initiation at origins of
DNA replication. Cell 54:915–918.

5. Calcutt, M. J., and F. J. Schmidt. 1992. Conserved gene arrangement in the
origin region of the Streptomyces coelicolor chromosome. J. Bacteriol. 174:
3220–3226.

6. Clark-Curtiss, J. E. 1990. Genome structure of mycobacteria, p. 77–96. In J.
McFadden (ed.), Molecular biology of the mycobacteria. Academic Press,
London.

7. Dale, J. W., and A. Patki. 1990. Mycobacterial gene expression and regula-
tion, p. 173–198. In J. McFadden (ed.), Molecular biology of the mycobac-
teria. Academic Press, London.

8. Fujita, M. Q., Yoshikawa, H., and Ogasawara, N. 1990. Structure of the
dnaA region of Micrococcus luteus: conservation and variations among eu-
bacteria. Gene 93:73–78.

9. Fukuoka, T., S. Moriya, H. Yoshikawa, and N. Ogasawara. 1990. Purification
and characterization of an initiation protein for chromosomal replication,
DnaA, in Bacillus subtilis. J. Biochem. 107:732–739.

10. Hanahan, D. 1983. Studies on transformation of Escherichia coli with plas-
mids. J. Mol. Biol. 166:557–561.

11. Higgins, D. G., A. J. Bleasby, and R. Fuchs. 1992. Clustal V: improved
software for multiple sequence alignment. Comput. Appl. Biosci. 8:189–191.

12. Higgins, D. G., and P. M. Sharp. 1989. Fast and sensitive multiple sequence
alignments on a microcomputer. Comput. Appl. Biosci. 5:151–153.

13. Husson, R. H., B. J. James, and R. A. Young. 1990. Gene replacement and
expression of foreign DNA in mycobacteria. J. Bacteriol. 172:519–524.

14. Jacobs, W. R., Jr., G. V. Kalpana, J. D. Cirillo, L. Pascopella, S. B. Snapper,
R. Udani, W. Jones, R. G. Barletta, and B. R. Bloom. 1991. Genetic systems
for mycobacteria. Methods Enzymol. 204:537–555.

15. Kornberg, A., and T. Baker. 1991. DNA replication. W. H. Freeman and
Company, New York.

16. Margolin, W., D. Bramhill, and S. R. Long. 1995. The dnaA gene of Rhizo-
bium meliloti lies within an unusual gene arrangement. J. Bacteriol. 177:
2892–2900.

17. Marians, K. J. 1992. Prokaryotic DNA replication. Annu. Rev. Biochem.
61:673–719.

18. Mildvan, A. S., and D. C. Fry. 1987. NMR studies of the mechanism of
enzyme action. Adv. Enzymol. 59:241–243.

19. Miller, J. H. 1992. A short course in bacterial genetics. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

20. Moriya, S., T. Atlung, F. G. Hansen, H. Yoshikawa, and N. Ogasawara. 1992.
Cloning of autonomously replicating sequences [ars] from the Bacillus sub-
tilis chromosome. Mol. Microbiol. 6:309–315.

21. Moriya, S., W. Firshein, H. Yoshikawa, and N. Ogasawara. 1994. Replication
of a Bacillus subtilis oriC plasmid in vitro. Mol. Microbiol. 12:469–478.

22. Ogasawara, N., and H. Yoshikawa. 1992. Genes and their organization in the
replication origin region of the bacterial chromosome. Mol. Microbiol. 6:
629–634.

23. Rajagopalan, M., M. H. Qin, V. A. Steingrube, D. R. Nash, R. J. Wallace, Jr.,
and M. V. V. S. Madiraju. 1995. Amplification and cloning ofMycobacterium
tuberculosis dnaA gene. Gene 163:75–79.

24. Reichman, L. B., and E. S. Hershfield. 1994. Tuberculosis: a comprehensive
international approach. Marcel Dekker, Inc., New York.

25. Richter, S., and W. Messer. 1995. Genetic structure of the dnaA region of the
cyanobacterium Synechocystis sp. strain PCC6803. J. Bacteriol. 177:4245–
4251.

26. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

27. Serrano, R. 1988. Structure and function of proton translocating ATPase in
plasma membranes of plants and fungi. Biochim. Biophys. Acta 947:1–28.

28. Skarstad, K., and E. Boye. 1994. The initiator protein DnaA: evolution,
properties and function. Biochim. Biophys. Acta 1217:111–130.

6534 RAJAGOPALAN ET AL. J. BACTERIOL.



29. Skovgaard, O. 1990. Nucleotide sequence of a Proteus mirabilis DNA frag-
ment homologous to the 60K-rnpA-rpmH-dnaA-dnaN-recF-gyrB region of
Escherichia coli. Gene 93:27–34.

30. Skovgaard, O., and F. G. Hansen. 1987. Comparison of dnaA nucleotide
sequences of Escherichia coli, Salmonella typhimurium, and Serratia marc-
escens. J. Bacteriol. 169:3976–3981.

31. Smith, D. W., T. W. Yee, C. Baird, and V. Krishnapillai. 1991. Pseudomonad
replication origins: a paradigm for bacterial origins? Mol. Microbiol. 5:2581–
2587.

32. Walker, J. E., M. Saraste, M. Runswick, and N. J. Gay. 1982. Distantly
related sequences in the a and b subunits of ATP synthase, myokinases and
other ATP requiring enzymes and a common nucleotide binding fold.
EMBO J. 1:945–951.

33. Wheeler, P. R., and C. Ratledge. 1994. Metabolism of Mycobacterium tuber-
culosis, p. 353–385. In B. R. Bloom (ed.), Tuberculosis: pathogenesis, pro-
tection, and control. American Society for Microbiology, Washington, D.C.

34. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage

cloning vectors and host strains: nucleotide sequences of the M13mp8 and
pUC19 vectors. Gene 33:103–119.

35. Yee, T. W., and D. W. Smith. 1990. Pseudomonas chromosomal replication
origins: a bacterial class distinct from Escherichia coli-type origins. Proc.
Natl. Acad. Sci. USA 87:1278–1282.

36. Young, D. B. 1994. Strategies for new drug development, p. 559–568. In B. R.
Bloom (ed.), Tuberculosis: pathogenesis, protection, and control. American
Society for Microbiology, Washington, D.C.

37. Zakrzewska-Czerwinksa, J., and H. Schrempf. 1992. Characterization of an
autonomously replicating region from the Streptomyces lividans chromo-
some. J. Bacteriol. 174:2688–2693.

38. Zweiger, G., and L. Shapiro. 1994. Expression of Caulobacter dnaA as a
function of the cell cycle. J. Bacteriol. 176:401–408.

39. Zyskind, J. W., J. M. Cleary, W. S. A. Brusilow, N. Harding, and D. W.
Smith. 1984. Chromosomal replication origin from the marine bacterium
Vibrio harveyi functions in Escherichia coli: oriC consensus sequence. Proc.
Natl. Acad. Sci. USA 80:1164–1168.

VOL. 177, 1995 M. SMEGMATIS dnaA REGION 6535


