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Institut für Medizinische Mikrobiologie, Universität Zürich, Zurich, Switzerland, and Nationales Zentrum für Mykobakterien,

Gloriastr. 30, CH-8006 Zurich, Switzerland1

Received 14 August 2007/Accepted 21 October 2007

SMC (structural maintenance of chromosomes) proteins play fundamental roles in various aspects of
chromosome organization and dynamics, including repair of DNA damage. Mutant strains of Mycobacterium
smegmatis and Mycobacterium tuberculosis defective in SMC were constructed. Surprisingly, inactivation of smc
did not result in recognizable phenotypes in hallmark assays characteristic for the function of these genes. This
is in contrast to data for smc null mutants in other species.

Most bacterial cells contain a single circular chromosome
that is folded and compacted into a structure called the nucle-
oid (24). Diverse DNA binding proteins are associated with the
nucleoid and take part in chromosome organization to assist in
a variety of complex processes such as replication, recombina-
tion, repair, modification, and transcription (8). Among these
proteins are the SMC (structural maintenance of chromo-
somes) proteins that are conserved from prokaryotes to eu-
karyotes (4, 5, 28). The SMC family proteins are large proteins
in the range between 110 and 170 kDa and share common
principles in domain organization: globular N- and C-terminal
domains which are connected by two long coiled-coil domains,
separated by a globular hinge domain of approximately 150
amino acids in length (12).

Eukaryotes possess at least six distinct SMCs that participate
in chromosome condensation, sister chromatid cohesion, DNA
repair, and gene dosage compensation (16, 19). Pairs of SMC
proteins form antiparallel heterodimers which assemble with
accessory proteins into complexes, such as the condensin com-
plex (SMC2 and SMC4), which condenses the chromosomes
during mitosis, and the cohesin complex (SMC1 and SMC3),
which mediates sister chromatid cohesion. Another complex
composed of SMC5 and SMC6 is involved in the cellular re-
sponse to DNA damage. Genetic and biochemical evidence
suggests that cohesin and the SMC5/6 complex cooperate in
the recombinational repair of double-strand breaks (17). The
cohesin complex assists in homologous recombination by hold-
ing sister chromatids together in the vicinity of the double-
strand breaks (26). The function of the SMC5/6 complex was
first recognized by the increased sensitivity of Schizosaccharo-
myces pombe SMC6 mutants to UV light and ionizing radiation
(21). Recent investigations of the SMC5/6 complex in yeasts,
plants, and human cells have shown that deletion of compo-

nents of this complex leads to an increased sensitivity towards
DNA-damaging agents (22).

In contrast to the multiple SMC proteins present in eu-
karyotes, most bacteria possess only a single SMC (28). This
single SMC protein is proposed to carry out several of the
functions divided between specialized SMC complexes in eu-
karyotic cells. Bacterial SMC proteins form antiparallel ho-
modimers through interactions in the hinge region, resulting in
symmetric molecules where both ends contain an ATPase and
a DNA binding domain (10). The gammaproteobacteria (such
as Escherichia coli) possess the MukB protein instead of SMC.
MukB is distantly related to SMC with structural and func-
tional similarity (20). SMC from Bacillus subtilis or Caulobacter
crescentus functionally resembles eukaryotic SMCs. The pro-
teins are not essential, but null mutants of SMC generate
anucleate cells (“titan cells”) and display aberrant nucleoid
formation (decondensed chromosomes) (2, 15, 31). In addi-
tion, deletion of SMC results in increased susceptibility to
DNA-damaging agents (7).

Little is known about chromosome stability, organization,
and partitioning in mycobacteria. Mycobacterium tuberculosis
persists for decades in its host during latent infection (30). It is
thus of interest to investigate the mechanisms which contribute
to the capability of the bacterium to stabilize its genome during
persistence and ensure proper cell division following reactiva-
tion. Bioinformatic analyses indicated that all mycobacterial
genomes encode a single SMC homologue. A homologous
open reading frame (ORF) is also present in Mycobacterium
leprae, a bacterium that has lost various gene functions during
reductive genomic evolution (6).

Mycobacterium smegmatis smc (MSMEG2422) encodes an
1,195-amino-acid polypeptide with a calculated molecular
mass of 129.7 kDa. The protein shares all structural motifs
conserved in members of the SMC family as determined by
Clustal W multiple sequence alignments and InterPro Scan
protein motif searches. Homologous sequences are restricted
to the head, hinge, and tail domains. The three domains are
connected by two long heptad repeat regions predicted to form
coiled coils. Overall, M. smegmatis SMC shares 74% identity
with the 1,205-amino-acid SMC sequence of M. tuberculosis
and 55% identity with the 1,186-amino-acid SMC sequence of
B. subtilis. Eukaryotic SMC proteins functionally interact with

* Corresponding author. Mailing address: Institut für Medizinische
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other proteins, and SMC of B. subtilis was found to function in
concert with two proteins called ScpA and ScpB (11). Both M.
tuberculosis and M. smegmatis have homologues of these inter-
acting proteins, suggesting that mycobacterial SMC is func-
tional (ScpA homologues, Rv1709/MSMEG3748; ScpB homo-
logues, Rv1710/MSMEG3749; sequences were obtained from
The Institute for Genomic Research website and TubercuList
of Institut Pasteur, respectively).

To study the function of mycobacterial SMC, we generated
an smc-null mutant in Mycobacterium smegmatis, an estab-
lished model for genetic and biochemical studies in mycobac-
teria (1, 14). The mutant was constructed by allelic-exchange
mutagenesis (14, 23). Using genomic DNA as template, a 2-kb
deletion allele was constructed by joining PCR products that
contain parts of the ORF flanked by upstream and downstream
sequences. The resulting deletion allele lacks bp 747 to 2660
of the 3,588-bp ORF. To allow proper selection of gene
deletion mutants, a hygromycin resistance cassette was in-
serted between the two fragments, resulting in the deletion
allele smc::hyg. Transformation and counterselection proce-
dures for M. smegmatis were performed at room tempera-
ture. Transformants were plated on medium containing hy-
gromycin to select for homologous recombination of the
knockout vector into the genome. Southern blot analysis
revealed a clone that displayed a pattern indicative of a
single-crossover event, i.e., tandem arrangement of the de-
letion allele upstream of the functional smc allele (desig-

nated 5� sco). The single-crossover clone was grown for 5
days in liquid medium at room temperature. Subsequently,
the bacteria were plated on selective 7H10 agar containing
streptomycin and hygromycin to select against maintenance
of knockout vector sequences which contain the wild-type
rpsL gene. Southern blot analyses demonstrated that in 11 of
24 analyzed clones, the wild-type smc gene was replaced by
the deletion allele, resulting in smc knockout mutants (Fig.
1). All selection steps were set off with bacteria taken from
frozen stocks to ensure that no suppressor mutations arose
due to extensive passaging.

One prominent phenotype of previously described smc null
mutants is temperature sensitivity (2, 15, 31). As many SMC
mutants have distinctive growth defects at high growth rates
(2), we analyzed the in vitro growth characteristics in 7H9
broth in comparison to the parental wild-type strain. 7H9 me-
dium is known to support optimal in vitro growth of mycobac-
teria. In addition to growth at the standard incubation temper-
ature (37°C), we assessed the growth rate at lower (30°C) and
higher (42°C) temperatures. In contrast to smc null mutant
phenotypes reported for B. subtilis and C. crescentus, the
growth rates of the mutant and the wild type were similar in M.
smegmatis at the various temperatures investigated (Fig. 2A).
Doubling times in logarithmic phase were nearly identical,
indicating that smc deletion does not affect in vitro growth of
M. smegmatis. Additionally, the wild type and the mutant were
indistinguishable with respect to colony morphology; when

FIG. 1. Generation of M. smegmatis smc mutant. (A) Southern blot analysis. Genomic DNA from M. smegmatis wild type (lane 1), smc mutant
(lane 2), and the smc single-crossover mutant (lane 3) was digested with BamHI and probed with a 685-bp PvuII gene fragment containing the
5� flanking region of the smc gene. The presence of a single 3.8-kbp fragment in the mutant strain instead of a 7.3-kbp fragment observed in the
parental strain demonstrates successful deletion of smc coding sequences. (B) Schematic illustration of the smc locus and the Southern blot
strategy. Shown are the genomic organization of the wild type (wt), the knockout vector that contains the deletion allele smc::hyg (vector), the
single-crossover genotype (sco), and the mutated genomic smc region in the knockout mutant (ko). Fragments detected by the probe specific for
the 5� flanking region are shown in bold letters.
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grown on 7H10 agar, both strains showed the typical features
of mycobacterial colonies with rough dry surfaces and irregular
edges (data not shown).

To assess if SMC deficiency leads to an increase in mutation
frequency, the frequencies of spontaneous resistance to
rifampin were determined. Four independent cultures of the
parental wild-type strain and of the mutant strain were grown
in 7H9 broth to mid-log phase, and aliquots were plated on
7H10 plates containing rifampin (175 �g/ml). To calculate the
spontaneous mutation frequency, CFU were determined in
parallel by plating serial dilutions on nonselective LB medium.
Mutation frequencies were comparable in wild-type (3.1 �
10�8 � 1.5 � 10�8) and mutant (3.8 � 10�8 � 1.0 � 10�8; P �
0.68; n � 4; Student’s t test) strains, indicating that SMC
deficiency does not result in a mutator phenotype in M. smeg-
matis.

DNA gyrase, which generates negative supercoiling, and to-
poisomerase I, which prevents excessive negative supercoiling
by DNA gyrase, are essential to maintain the optimal topolog-
ical state of DNA in the cell (3). Previous investigations have
indicated that SMC proteins mediate chromosome compaction
by contributing to the introduction of negative supercoils into
DNA (29). This is corroborated by the observation that smc
and mukB mutants are hypersusceptible to gyrase inhibitors
(25), while loss of MukB function can be partially compensated
for by reducing topoisomerase I activity (29). To investigate if
SMC interferes with DNA supercoiling in M. smegmatis, we
determined MICs towards the gyrase inhibitor ofloxacin using
the E-test (AB Biodisk). In contrast to findings made in other
organisms (25), M. smegmatis wild-type and smc mutant strains
displayed identical drug susceptibilities to ofloxacin, with MICs
of 0.19 �g/ml.

SMC is known to participate in the repair of DNA double-
strand breaks in various organisms (22, 27), prompting us to
examine the ability of the SMC mutant strain to survive
treatment with ionizing radiation. Mid-log-phase cultures
were irradiated (0 to 378 Gy), and CFU were determined.
As DNA double-strand breaks are also repaired by homol-
ogous recombination repair (13), we included a recA mutant
strain as a control. In contrast to the recA mutant strain, no
major difference in survival between the wild-type strain and
the smc mutant strain was found (Fig. 2B). The eukaryotic
SMC5/6 complex has been described to act in a second
pathway for postreplicative repair of UV-induced lesions,
which is different from the standard nucleotide excision
repair pathway (18). In order to assess a possible role of
mycobacterial SMC in repair of UV-induced lesions, we
investigated the sensitivity of the SMC mutant strain to UV
irradiation. Three independent cultures of each strain were
grown in 7H9 medium until late log phase (optical density,
1 to 2). Serial dilutions of each strain were plated on LB
agar. Subsequently, the plates were exposed to different UV
doses (0 to 160 mJ/cm2, 254 nm) and the number of CFU
were determined. Compared to the recA mutant strain,
which was impaired in survival, the wild-type strain and the
smc mutant strain displayed similar susceptibilities to UV
(Fig. 2C). Investigation of susceptibility to mitomycin C, a
compound that damages DNA by generating intrastrand
cross-links, revealed no difference between the smc mutant
strain and the wild-type strain (data not shown). In sum-
mary, our data provide evidence that mycobacterial SMC
has, if at all, a minor role in DNA repair.

Some genes are not essential for exponential growth but
are prerequisites for remaining viable during stationary

FIG. 2. Analysis of M. smegmatis smc mutant strain. (A) Growth of M. smegmatis wild-type strain (solid lines) and smc mutant strain (dashed
lines) at various temperatures. OD600, optical density at 600 nm. (B) Survival following exposure to ionizing radiation. (C) Survival following
exposure to UV.
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phase (9). In order to gain insight into a possible role of
SMC in long-term survival of M. smegmatis, we compared
CFU counts of the M. smegmatis wild type and the smc
mutant grown for 28 days in 7H9 broth. Viable counts of
stationary cultures were similar for the two strains (Fig. 3),
suggesting that SMC is not essential for long-term survival
during stationary phase.

To study whether the findings obtained in the model or-
ganism M. smegmatis hold true for its pathogenic relatives,
we generated an M. tuberculosis smc mutant. A deletion
allele lacking 2,121 bp of the 3,618-bp smc ORF (the result-
ing mutant lacks bp 553 to 2674 of the ORF) was con-
structed by allelic-replacement mutagenesis as outlined for
M. smegmatis above. Disruption of smc was verified by
Southern blot analysis (Fig. 4). Growth of the mutant at
37°C in 7H9 broth supplemented with oleic acid-albumin-
dextrose-catalase was not impaired, indicating that interrup-
tion of smc does not affect in vitro growth (data not shown).
Survival in stationary phase was determined by comparing
CFU counts of the M. tuberculosis wild-type and smc mutant
strains grown for 83 days in 7H9 broth supplemented with
oleic acid-albumin-dextrose-catalase. Both strains reach vi-
able cell counts of about 1 � 108 CFU/ml after growth for 9
days, which for both strains dropped to approximately 3 �
107 CFU/ml after 83 days of incubation, suggesting that
SMC is not required for long-term survival of M. tuberculosis
(data not shown).

In this study smc mutant strains of M. smegmatis and M.
tuberculosis were constructed. In contrast to previous data
obtained from other bacterial smc null mutants, SMC defi-
ciency did not result in apparent phenotypes. This is sur-
prising given the crucial role of SMC proteins in chromo-
some dynamics and DNA repair in all organisms analyzed so
far (12, 17, 19). Construction and analysis of scpA and scpB
knockout mutants will be subjects of future investigations.
These mutants eventually corroborate the results obtained
with the smc mutants or reveal a possible additional, SMC-
independent involvement of these proteins in mycobacterial
chromosome organization.

Taken together, our observations suggest that mainte-
nance of mycobacterial chromosome organization differs
from that of previously described models. Further investi-
gations of mycobacteria are likely to provide insights into

new mechanisms which maintain genome integrity and en-
sure persistence.
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