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Two key elements that are thought to be required for replication initiation in eubacteria are the DnaA
protein, a frans-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 drnad 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 II1. Further, we provide evidence that when cloned into pUC18, a plasmid that is nonreplicative in
M. smegmatis, the DNA fragment containing the dnaAd 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 dnad gene is
flanked by the rpmH and rnpA genes on the 5’ side and the
dnaN, recF, and gyrB genes on the 3’ 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
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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 5’ and 3’ flanking
regions of the dnaA gene of B. subtilis (20), the 5’ flanking
region of Pseudomonas putida (35), and the 3’ 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 from M. smegmatis. In addition, we provide evidence that
a pUCI18 plasmid containing this DNA fragment, but not
pUCIS 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, pl ids, and chr 1 DNA preparations. E. coli
DH5a (recAI, 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 mc*155, 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 of M. smegmatis mc?155 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 pg/ml), kanamycin (50 wg/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. Electrocompetent M. smegmatis
cells were prepared as described previously (14). Competent cells were resus-
pended in 10% glycerol, aliquoted, and stored at —70°C. Electroporation was
carried out in a Bio-Rad Gene Pulser (Bio-Rad Laboratories, Richmond, Calif.)
at 2.5 kV, 25 pF, and 1,000 ohms. Following electroporation, 7H9 broth was
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TABLE 1. Bacterial strains and plasmids used

Strain, plasmid, or vector Genotype or description Reference
Bacterial strains
E. coli DH5«a recAl hsdR 10
M. smegmatis mc*155 Efficient transformation strain obtained from M. smegmatis ATCC 607 14
Plasmids
pUCI18 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 Pyull fragment containing the dnaA gene isolated from pMR25 cosmid and cloned into This study
pUCI18 in the Smal site; ampicillin resistant
pMR41 Same as pMR40 except that the 4-kb Pvull insert was cloned into pUCIS8 in the opposite This study
orientation; ampicillin resistant
pMR42 A 1.3-kb aph gene responsible for conferring kanamycin resistance was cloned into pUCI1S; This study
ampicillin and kanamycin resistant
pMR43 A 456-bp BamHI fragment of pMR40 was replaced with a 1.3-kb fragment containing the aph This study
gene; ampicillin and kanamycin resistant
pYUBI12 E. coli-Mycobacterium shuttle plasmid vector; kanamycin resistant 14
pYUBI18 E. coli-Mycobacterium shuttle cosmid vector; kanamycin resistant 14
Vectors”
pMQ1 Generated upon deletion of a 0.5-kb BamHI fragment (B-B,) from pMR40
pMQ2 Generated upon deletion of a 0.7-kb HindIII fragment (H-H,) from pMR40
pMQ3 Generated upon deletion of a 1.0-kb EcoRI fragment from pMR41
pMQ4 1.2-kb Xhol fragment (X,-X3) cloned into pUC18
pMQ5 0.85-kb X#hol fragment (X,-Xs) cloned into pUC18
pMQ6 0.5-kb BamHI fragment (B-B,) from pMR40 cloned into pUCI18
pMQ7 0.8-kb Smal fragment (S;-S,) cloned into pUC18
pMQ10 Generated upon deletion of a 3.0-kb XhoI-HindIII fragment (H-X5 deletion) from pMR40
pMQI11 0.2-kb Aval fragment (A,-A,) cloned into pUCI18
pMQI12 0.7-kb HindIII fragment (H-H,) from pMR40 cloned into pUC18

¢ 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.

added, and cells were incubated for 3 h at 37°C, plated on 7H10 agar plates
containing kanamycin (50 pg/ml), and incubated at 37°C. The plasmid DNA was
recovered from M. smegmatis by using the electroduction protocol (see below).

Cloning of the dnaAd gene. To facilitate cloning of the dnaA gene of M.
smegmatis, degenerate oligonucleotide primers MVMS (5'-GGAGGCCTGGG
BAARACNCACYT-3") and MVM9 (5’-TCCCCGCGGTSGTRTGRTCRCG
DCC3)B=CorGorT;D=AorGorT;N=AorCorGorT;R=A
or G; S = Cor G; Y = Cor T) were used to amplify a 777-bp internal fragment
of the dnaA gene by PCR (26). MVMS8 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 MVMS8 and MVMO9 represent the Stul and Sacll 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 Tag 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
95°C, followed by 6 cycles of amplification (1 min each of denaturation at 94°C,
annealing at 55°C, and elongation at 72°C) and then 30 cycles of 1 min each of
denaturation at 94°C, annealing at 60°C, and elongation at 72°C. A final elon-
gation cycle of 10 min at 72°C 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 [y-3P]ATP by using T4 polynucleotide kinase (26), and used to screen M.
smegmatis genomic DNA libraries previously propagated in E. coli DH5« in a
colony hybridization experiment (26). Hybridizations were carried out at 65°C,
and membranes were washed at 65°C 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 MVMS8 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-*?P]JdCTP 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 Pvull 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 Smal. This process eliminated
the Pyull site of the 4-kb DNA fragment. The ligation mixture was then used to
transform E. coli DHS5a. Ampicillin-resistant white colonies were identified,
recombinant plasmid DNA was isolated, and the presence of the dna4 gene in
the insert was established as described above. The pUCI18 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 Aval,
BamHI, HindIIl, Smal, EcoRI, and Xhol, 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 BarmHI and
HindIII followed by self-ligation of the vector produced pMQ1 and pMQ?2, 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 Xhol 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 pUCI18 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
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FIG. 1. Sequencing strategy. A 4-kb Pvull DNA fragment containing the dnaA gene was isolated from cosmid pMR25 and cloned into the Smal 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, Aval;
B, BamH]I; E, EcoRI; H, HindIll; K, Kpnl; S, Smal; X, Xhol. For the purpose of clarity, restriction endonuclease sites of each category in the 4-kb fragment are
numbered from left to right. EE=3, multiple cloning site of the vector (not drawn to scale); mm , rpmH gene coding region; , dnaA gene coding region; \\J, dnaN

gene coding regions; S, the 777-bp PCR product cloned in pUC18 (pMR1).

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. coli DH5« 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 mc*155 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 37°C prior to plating on LB agar medium containing
kanamycin (50 pg/ml) and incubated at 37°C. 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 of M. 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 Pvull and probing with a radiolabeled 4-kb
Pyull fragment isolated from pMR25 (26). pYUBI12 and pYUBIS, the E. coli-
Mycobacterium shuttle plasmid and cosmid, were used as controls in these ex-
periments (14).

Nucleotide seq ber. The DNA sequence reported was
deposited in GenBank and assigned accession number U17833.

€ acc

RESULTS AND DISCUSSION

Cloning of the dnaA gene. Our initial attempts to comple-
ment E. coli dnaA mutants with M. 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 dnaA4-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 dna4 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 pUCIS8.

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 orfl, 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 (orfI), nucleotide positions 1238 to 2725 (orf2)
and 3225 to the end of the cloned fragment (orf3) on the top
strand. orfl, 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. orfI is smaller
than orf2 and orf3. The direction of transcription of orfl ap-
pears to be opposite that of orf2 and orf3.
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8

16

24

32

40

47

53

59

1 cagctggatcacgtagatcaccgegeggactgecegeacgecgatacgggteteatggggacgeectgegettegagete
1 acccgctcecgagcegettgacccaactgtegttccaaacgggacgacgtggegtcacgactgeteggectggeccggatcac
1 gatgagatcggcagggtcaagaccggatacgaacgttttggegacgtgeegecagacggegggacacgeggtgacgeteca
1 ccgegttgecgacggetttggacacgatcagaccgatecgeggeccgttegegtegecgtecategecgteategecggea
1 ttgcetgegttgectttcaaggecgeaacgegtgtacgacgacategggttgegeggcacgcacgeecggegactgacggtyga
1 cactgaactcegeggaccgectcatccggtttegagecgaaagecacegegetggatectgectgtgeeggegeagga

—-—
8 TCA CGC AGT AGG CGC GCG ACG GCC CTT GCT ACG GCG GTG GGC AAC GAT CGC GCG GTC GGC
* A T P A R R G K S R R H a Vv I A R D A

8 GCG GGT GCG CAT CCG AGC CCG GAA CCC GTG AAT CAG CGC ACG GCG GCG GTT GTT GGG CTG
R T R M R A R F G H I L A R R R N N P Q

[
8 GAA GGT CCG CTT GCC CTT GGC CAC ggcaatctctccttgtattegtatggegaccgeggecgetogacacty
F T R K G K A M —
rpmH

670 tcgtgtcgatcagacgcgcccaccgtcactaagetegttaagettegteggtegtgetttactaaceggegeggtetecg

750 ggcggaccegggegeacgtategecacgtgegggegactgetegagggtactgacgagatttgectgggtcaaacctget

830 ccaaccgcettgatgggatgetgeccagagtgttgcagaactgttggcacteggtcagaaaactgttagettetggeaatg

910 ccgttctgettteggacggccaccgacaatgaaacgaggacgtegecagageegeccacegeteagecacggggegaatte

[ ~—
990 gagctgacacccocteactacacacaagagagcegacgacggcetgtectttctecacaagetgtggataaatatgtggaca

1070 E-atcgccatcgttcttttggtcgtccatgggtcgaccccagcgcctcaaagggggtaatcgtccttgactgctgaccccg

1150 acccaccgttegtegeegtetggaacagegtegtegecgagetcaacgggacgtcaacggagategecagggegatecgt

1230 cgcttceg GTG CTC ACT CCG CAG CAA AGG GCC TGG CTC AAG CTG GTC AAA CCC CTG GTG ATC
M

L T P Q Q R A W L K L v K P L v I
dnaa )

1292 GCC GAG GGG TTT GCC CTG CTG TCG GTT CCG ACG CCG TTC GTG CAG AAC GAG ATC GAG CGC

A E G F A L L S \ P T P F v Q N E 1 E R

1352 CAC TGC GGG AAC CCA TCG TCA CCG CGC TCA GCC GCA AGC TCG GCC AGC GCG TGG AAC TGG

H Cc G N P s s P R S A A s s A S A W N U

1412 CGT TCG CAT CGC GAC GCC CAC CGA CGA GCC CGA GGA CGC ACC CGA CAC TTC GCC GAT TCG

R s H R D A H R R A R G R T R H F A D s

1472 CCG GCC CCG GCT TCG GTT CCG GCG GGA CCG GCC GAC GCC GAC GAG ATC GAC GAC GAC CGC

P A P A S % P A G P A b A D E I D D D R

1532 GAC GCC CGG GTC AAC GCC CAG GAG AGC TGG CCG AAG TAC TTC AGC CGT CCC GAG CCG GAC

D A R V N A& Q E s W P K Y F S R P E P D
e S ———

i Su—
1592 ACC TCG TCG GAC GAT TCG AAC GCG GTG AAC CTC AAC CGC CGC TAC ACG TGT CGA CAC GTT

T s s D D s N A \% N L N R R Y T C R H v

1652 CGT GAT CGG GCG TCC AAC CGG TTC GCG CAC GCG CGA CGC TCG CGA TCG CCG AGC GCC GCG

N R F A H A R R S R s P S A A

1712 CGG CCT ACA CCC GTG TTC ATC TGC CGA GTC GGG TCT GGT AAG ACG CAC CTG CTG CAC GCG

P v F I C R v G s G K T H L L H A

1772 CAC GGG AAC TAT GCG CAA CGT CTC TTC CCG GGT ATG CGT GTC AAG TAC GCC TCA ACC GARA

H G N Y A Q R L F P G M R v K Y A s T E

1832 GAG TTC ACC AAC GAC TTC ATC AAC TCG CTG CGT GAC GAC CGC AAG GCG TCG TTC AAG CGC

E F T N D F I N s L R D D R K A s F K R

1892 AGC TAC CGC GAC ATC GAC ATC CTG CTG GTC GAC GAC ATC CAG TTC ATC GAG GGC AAG GAA

S Y R D I D I L L v D D I Q F I E G K E

—_—
1952 GGC ATC CAG GAG GAG TTC TTC CAC ACC TTC AAC ACG CTG CAC AAC TCC AAC AAG CAG ATC

G I Q E E F F H T F N T L H N S N K Q I

2012 GTG ATC TCG TCG GAC CGG CCG CCG AAG CAG CTC GCG ACG CTC GAG GAC CGG TTT CGC ACG

A% I S s D R P P K Q L A T L E D R F R T

2072 CGG TTC GAA TGG GGC CTC ATC ACC GAT GTC CAG CCG CCC GAG TTG GAG ACG CGC ATC GCG

R F E W G L I T D v o] P P E L E T R I A

i8

38

58
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98
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298
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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 orfl (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.

(i) orfl. 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.
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2132 ATC CTG CGC AAG AAG GCG CAG ATG GAT CGC CTC GAC GTG CCC GAT GAT GTG CTC GAG CTC
I L R K K A Q M D R L D v P D D v L E L 318

2192 ATC GCC AGC AGC ATC GAG CGC AAC ATC CGT GAG CTC GAA GGT GCG CTG ATC CGT GTC ACG
I A s S I E R N I R E L E G A L I R v T 338

2252 GCG TTC GCG TCG CTC AAC AAG ACC CGC ATC GAC CGG TCG CTG GCC GAG GTC GTG CTG CGG
A F A S L N K T R I D R s L A E v v L R 358

2312 GAT CTG ATT GCC GAC GCC ACC ACG ATG CAG ATC AGC ACC GCG GCC ATC ATG GCG GTG ACC

2372 GCC GAG TAC TTC GAG ACC ACG GTC GAG GAG TTG CGC GGC CCG GGC AAG ACC AGG GCG CTG
A

2432 GCC CAG TCT CGC CAG ATC GCG ATG TAC ATG TGC CGT GAG CTC ACC GAC CTG TCG CTG CCC

2492 AAG ATC GGT CAG GCG TTC GGC CGT GAC CAT ACC AGA CGG GAT GTA CGC GAG AGA AGA TCC

2552 GCG GCG AGA TGG CCG AGC GCC GTG AGG TGT TCG ACC ACG TCA GGA ACT CAC CAC GCG CAT

A A R w P s A v R C S T T S G T H H A H 458

2612 CCG CCA GCG CGC CAA ACG CTG AGC TCG GAG ACT CAG CCC ACA CGG ATG CCC CGG GAG TCC
P P A R Q T L S S E T Q P T R M P R E s 478

2672 CCC GGG CAT CCG TCG TCT ACG GAC CCG TTC CGA CCC GGT TTC GAC GAC GCC TGA ccgaaatt
P G H P S s T D P F R P G F D D A * 496
- —————
2734 ttttgtgagcaacttctgtgacacgegtgectgecgtecacgeteggeggetgtggatacegatgtgeagaacctgegege
—- —
2814 aaaccacaggatgactacggaatctctcecacacctgegegacgatccacagtgecggeggagttcatcaacegeteteca
S
2894 cacacgactcacaccgcgacacaccgaggatgetgggcaaacaggegttcatecegagattccacageacctattactgt
2974 actcgaatatctttcaaggattctettcagaagaagegecctgggaagategggategttegectegagagacgtecegg
3054 tcatccgeatgtcggeccgategattagettteaagttggtgeggaaagetctacggtgtttecategacggeggttetgt
3134 gagegtgteattceggtgtgeccaccgatggtgetttegaggaacctgetgettagagetcattgecggggattategaaggg
3214 gcgcataggac GTG GCG ACG ACG ACG GCT GGG CTG ACC GAC TTG AAG TTT CGC GTC GTC CGC
M A T T T A G L T D L K F R A\ v R 17
dnaN
3276 GAG GAC TTC GCG GAT GCG GTG GCC TGG GTA GCC CGC AGC TTG CCG ACC GGG CCA CCA TCC
E D F A D A v A W \% A R S L P T G P P s 37

3336 GGG TGT TGG CAG GCG TCT GCT GAG CCG GCA CCG GAT GAG GGC CTG ACG ATC TCG GGG TTC
G c W Q A s A E P A P D E G L T I S G F 57

3396 GAC TAC GAG GTC TCG GCC GAG GTC AAG GTG AGC GCT GAA ATC GCT TCC GCC GGA AGC GTT
D Y E v S A E v K v s A E I A s A G S v 77
3456 TCT GGT GTC CGG ACG GCT GCT GTC CGA CAT CAC CAA GGC GCT GCC CGC CAA GCC TGT CGA
3516 GGT CAG CGT CGA GGG CAC CCG CGT GTC CCT GAC CTG CGG CAG CGC GCG CTT CTC GCT GCC
P L
3576 GAC GCT CGC GGT CGA GGA CTA CCC GGC GCT GCC TGC GCT GCC CGA GGA GAC CGG TGT GAT
P
3636 CCC GTC GGA TCT GTT CGC CGA GCC ATC GGC CAG GTG GCG GTG GCG GCA GGC CGC GAC GAC
3696 ACG CTG CCG ATG CTG ACC GGT ATC CGC GTG GAG ATC TCC GGC GAG TCC GTG GTG CTC GCC
3756 GCG ACC GAC CGG TTC CGT CTC GCG GTG CGT GAG CTC ACG TGG GTC ACC ACG GCA GGT GAC
3816 GTC GAG GCC GCG GTG CTG GTG CCG GCG AAG ACG CTG GCC GAG GCC GCC AAG GCC GGC ACG

3876 GAC GGC AAC CAG GTG CAT CTG GCG CTG GGG TCC GGT GCG TCG GTC GGC AAG GAC GGT CTG

3936 TTG GGT ATC CGC AGC GAG GGC AAG CGC AGC ACG ACG CGC CTG CTC GAC GCC GAG TTC CCG
L G I R S E G K R s T T R L L D A E F P 257

3996 AAG TTC CGC CAG CTG

FIG. 2—Continued.

coli (5.4 kDa), and S. coelicolor (5.5 kDa). The predicted pro- E. coli, respectively (data not shown). As in other bacteria, the
tein fits very well into the typical homology pattern of the putative RpmH protein of M. smegmatis contains the con-
known RpmH proteins (Fig. 3A) and is 72, 69, 55, and 53% served KRTFQP motif in the amino-terminal region (Fig. 3A).
similar to the proteins of S. coelicolor, M. luteus, B. subtilis, and (ii) orf2. A large OREF initiating with one of the three po-
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A: Alignment of RpmH sequences

J. BACTERIOL.

M. smeg 1 MAKRGKRTFQPNNRRRALIHGFRARMRTRADRATVAHRRSKGRRAPTA- - 47
S.coe —-MSKRTFQPNNRRRAKTHGFRLRMRTRAGRATT ATRRSKGRARLSEM-—
M.1lut ~-MIKRTFOPNNRRRARKHGFRARMRTRAGRATL.SARRGKNRAELSA-—
B.sub ——~-MKRTFOPNNRKRSKVHGFRSRMS SKNGRLVLARRRRKGRKVLSA—~
E.coli ——-MKRTFQPSVLKRNRSHGFRARMATKINGROVL ARRRAKGRARLTVSK
dkkkhk '* *dkkk Kk .. * e * K *_*
B: Alignment of DnaA sequences

M. smeg 144 NRFAHARR---SRSPSAARPTPVEFICRVGSGKTHLLHAHGNYACRT FPGMRVKYASTEEER 200
S.coe NRFAHAAAVAVAFRAPAKAYNPLFIYGESGLGKTHLI HATGHYARSL YPGTRVRYVSSEEF
M.lut NRFAHAAANAVAEAPAKAYNPLEFTYGESGLGKTHLI HATGHYARRLYPGLRVRYVNSEEF
B.sub NRFAHAASLAVAEAPAKAYNPLEF TYGGVGLGKTHL MHATGHYVIDHNPSAKVVYLSSEKE
E.coli NQIARAAARQVAHQHEGAYNPLFLYGGIGL&QIMHAVGNGMRKPNAKVVYM{SERF

* hkkk * *k * * * * *
M. smeg 201 TNDFINSLRDDRKASFKRSYRDIDITIVDDIQFTEGKEGIQEEFFHTFNTLHNSNKQIVI 260
S.coe TNEFINSIRDGKGDSFRKRYREMDIT LVIDIQFT ADKES TOEEFFHTFNTLHNANKOIVL
M.1lut TNDFINSTRHDEGASFKOVYRNVDILL IDDIQFT ADKEATVEEFFHTFNTLYNNNKQVV I
B.sub TNEFINSTRDNKAVDERNRYRNVDVLL IDDIQFT AGKFQTOEFFFHTEFNTLHEESKQTVT
E.coli \@MH(AIQBNAIEEEKRYYRSVDALLIDDIQFFAMCERSQEEFFHIFNALLEGQQQIIL

**k * *k ***** *k ******** *
M. smeg 261 SSDRPPKQLATLEDRFRTRFEWGLITDVQPPELETRTATI RKKACMDRLDVPDDVLELTA 320
S.coe SSDRPPKOLVTLEDRI RNRFENGLI TDVOPPEL ETRTATT RKKAVOEQL NAPPEVI FFTA
M.1lut TSOLPPKQLSGFEDRLRSRFEWGL I TDIQPPDLETRTATI RKKARARGLVAPPEAT EYTA
B.sub SSDRPPKET PTLEDRI RSRFEWGLITDITPPDLETRTATT RKKAKARGLDIPNEVMLYTA
E.coli TSDRYPKEDEVEDRLIGRF@ELMIEPPEEIRVAHMDMIRLWE
**. *kk . *k kkk . ** *hkk *** *kk
M, smeg 321 SSIERNTIRELEGALIRVIAFASINKTRIDRSLAEVVIRDLIA--DATIMDISTAATMAVT 378
S.coe SRISRNIRELBEGALIRVTAFAST NRQPVDLGLTETVI KDLIPGGEDSAPETI TSTATMGAT
M.lut SRISTNIRELEGALIRVITAFASLNROTVDIELAFHVI KDLIT--DETAHET TPELILHAT
B.sub NQIDSNIRELEGALIRVVAY SSLINKDINADLAAEAT KDT TP--SSKPRVITIKEIQRVV
E.coli KRLRSNVRELEGALM/IANANFTGRAITIDFVREALRDLLA-——LQEI@VTIMQKIV
. * dkkhkkkk kk * . KL ..
M. smeg 379 AEYFETTVEELRGPGKTRALAQSROTIAMYMCRELTDLSLPKIGOAFG-RDHTRRDVRERR 437
S.coe ADYFGLTVEDLCGTSRGRALVTARQTAMYT CRELTDLSLPKTGALFGGRDHTTVMHADRK
M.lut GEYFNLTLEEL TSKSRTRTTVTARQTAMYI I REI TEMSLPKIGOVLGGRDHITVIHADRK
B.sub GOOFNIKLEDFKAKKRTKSVAFPROTAMYT. SREMIDSSLPKIGEEFGGRCHTTVIHAHEK
E.coli AEYYKTKVADLLSKRRSRSVARPROMAMAL AKEL TNHSLPETGDAFGGRIDHTTVLHACRK
. .. e **.** . .*'* *kk kk * kkkk .

M. smeg 438 SAARWPSAVRCSTTSGTHHAHPPARQTIT.SSETQPTRMPRESPGHPSSTDPFRPGFTDA 495
S.coe
M.lut
B.sub
E.coli

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).

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, AGGGCQG. 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 (ie., the 5’ flanking region of dnaA) and/or the



Vou. 177, 1995

TABLE 2. Putative DnaA box sequences in the dnaA4
gene region of M. smegmatis

Putative DnaA box Sequence Location”
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 strand® CTGTCCACA (1) 1070-1062
TTCTGCACA (2) 2804-2796
GTGTCGACA (2) 1648-1640
TTGCCCACC (2) 521-513
Consensus TTG/CTCCACA

“ 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 G+ C-rich bacteria.

® Nucleotide position of each DnaA box in the 4-kb insert of pMR40.

¢ Defined on the basis of the dnaA gene sequence.

intergenic region of dnaA-dnaN (i.e., the 3’ flanking region of
dnaA) in many bacteria contain the DnaA protein recognition
sequences called DnaA boxes. The A+T content of this region
is usually higher than that of the rest of the chromosome. We
found that the A+T contents of the 5’ and 3’ flanking regions
of the dnaA gene of M. smegmatis were 39 and 44%, respec-
tively. The A+T and G+C contents of the 4-kb dnad 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 G+ C 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 pUCI18 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
(pYUBI12). Kanamycin-resistant colonies were obtained with
pMR43 (Fig. 4C) and pYUBI12 (Fig. 4D) but not with pMR42
(Fig. 4B). Untransformed M. smegmatis did not produce any
kanamycin-resistant colonies (Fig. 4A). Approximately 10°

M. SMEGMATIS dnaA REGION 6533

FIG. 4. Autonomous replication activities of plasmids containing M. smeg-
matis sequences. M. smegmatis mc?155 cells were electrotransformed with the
plasmids indicated below, plated on 7H10 agar plates containing kanamycin,
incubated at 37°C for 4 days, and photographed. (A) No plasmids; (B) pMR42,
a pUCI8 plasmid containing the aph gene; (C) pMR43, a pUCI18 plasmid
containing the 3.5-kb genomic DNA fragment of M. smegmatis and the 1.3-kb
aph gene; (D) pYUBI2, an E. coli-Mycobacterium shuttle vector.

transformants per ng of electroporated DNA were obtained
with pMR43, and the transformation frequency was compara-
ble with that obtained with the pYUB12 control vector (0.6 X
10° transformants per pg 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

kb

—4.0

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 Pvull; 2, pMR25 cosmid DNA digested with Pyvull; 3, pMR40 DNA
digested with Pvull; 4, pMR43 DNA digested with Pvull; 5, pMR43 plasmid
DNA recovered from kanamycin-resistant M. smegmatis and digested with Pyull;
6, pYUBI12 DNA digested with HincIl: 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 Pvull fragment
from pMR25 in a Southern hybridization experiment, and visualized by autora-
diography. Lanes 1 to 6 are the same as in panel A.
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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 pUCI18 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 **P-labeled 4-kb Pyull fragment contain-
ing the dnaA gene (26). DNA bands were visualized by auto-
radiography (Fig. 5B). The E. coli-Mycobacterium shuttle vec-
tors pYUBI12 and pYUBIS 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 pYUBI8 (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 pYUBI18 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. 5SA, lane 1)
and a dnaA-positive cosmid from the M. smegmatis genomic
DNA library (Fig. 5A, lane 2) with Pvull 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 Pvull, also showed one band upon
hybridization (Fig. 5B, lane 3). The position of the hybridiza-
tion signal in lane 3 corresponding to the Pvull fragment from
pPMR40 was higher than the hybridization signal produced by
the Pvull digestion of the genomic DNA and pMR25 cosmid
DNA (Fig. 5B, lanes 1 and 2). This is because cloning of the
4-kb Pyull fragment into the Smal site of the pUCIS vector
eliminated the Pvull site of the insert. Thus, the Pvull 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 5" or 3’ 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.

J. BACTERIOL.
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