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Isolation and characterization of an insertion

element-like repetitive sequence specific for
Mycobacterium tuberculosis complex

Sujatha Narayanan, R. Sahadevan and P. R. Narayanan
Tuberculosis Research Centre, Mayor V. R, Ramanathan Road, Chetput, Madras 600 031, India

We report the characterization of an insertion-like
repetitive sequence containing the clone of Mycobac-
terium tuberculosis. This repetitive sequence contains
seven inverted repeats. Restriction fragment length
polymorphism studies using this probe have shown
that it is not a highly polymorphic probe but rather
shows conservative fingerprint pattern. Out of the 150
strains tested, only three showed different fingerprint
patterns. It has several direct and inverted repeats.
Homology studies of the putative protein coding region
show that this repeat element might code for a
metalloproteinase of M. tuberculosis. Homology studies
also implicate this repeat element to be from a very
essential region of the M. tuberculosis genome partici-
pating in recombination. This repeat has been found
to be an ideal target for polymerase chain reaction to
detect M. tuberculosis.

Disease caused by mycobacterial infection is a world-
wide problem. Despite their highly pathogenic nature,
progress towards an understanding ot gene structure,
organization and expression in mycobacteria has been
slow. Over the last decade, study of the basic biology
of the mycobacterial pathogen has benefited greatly from
a molecular biological approach. Repeat elements have
been identified in various species ranging from
prokaryotes to eukaryotes. Analysis of the repetitive
elements has led to the identification of putative insertion
elements. Insertion elements (IS) are discrete segments
of DNA which are able to transpose to numerous sites
on bacterial plasmids and chromosomes, usually to give
rise to their copies’. IS elements can also promote
rearrangements of genomes or replicons.

Repeated DNA sequences have been identified in a
range of mycobacterial species, including pathogens.
There are several reports of repetitive sequences of
Mycobacterium tuberculosis complex®’, and in a number
of cases, analysis of these repeats has shown IS elements
such as IS6110 or 1S986 which were identified in M.
tuberculosis*S. Pathogenic strains of M. avium have
multiple copies of an atypical IS element IS900 and
159017, However, mycobacterial repeats without ]5-like
elements have also been reported like the RLEP elements
in M. leprae®®. Such highly repeated elements are used
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as templates in polymerase chain reaction for detection
of mycobacteria from clinical specimens and also ex-
tensively used in molecular epidemiology.

Here we report the characterization of a novel IS-like
repeat element from M. tuberculosis which has been
found to be specific for M. tuberculosis with an impli-
cation of an important role 1n recombination events.

Materials and methods
Bacterial strains

Reference and clinical isolates of M. ruberculosis and
reference strains of atypical mycobacteria were obtained
from the Bacteriology Department of Tuberculosis
Research Centre, Madras.

Bacterial growth and chromosomal DNA
isolation

Mycobacterial strains were grown in 10 ml Middlebrook’s
7H9 medium supplemented with 5% (w/v) albumin-—
dextrose complex (Difco Lab) at 37°C in a stationary
state. The three-week-old culture was heated at 80°C
for 20 min to kill the cells. After centrifugation the cell
pellet was resuspended in 500 ul TE buffer (10 mM
Tris-HCl, 1 mM EDTA pH 3.0). Lysozyme was added
to a final concentration of 1 mg ml~', and the tube was
incubated for one hour at 37°C, 70 ul of 10% (w/v)
SDS and 6 piml™! of a 10 mg ml™' proteinase K (Boe-
hringer Mannheim) were added, and the mixture was
incubated for 10 min at 65°C. 100 pl of 5M sodium
chloride and 8 ul of 10% (w/v) N-cetyl-N,N,N-trimethyl
ammonium bromide in 4.1% (w/v) NaCl solution were
added. The tubes were mixed and incubated for 10 min
at 65°C, and cqual volumes of chloroform/isoamyl al-
cohol (24 :1 v/v) was added and mixed. After centritu-
cation for S min, the supernatant was transterred to a
fresh tube and 0.6 volume of isopropanol was added.
The tubes were kept at —20°C for 30 min to precipitate
the DNA. After centrifugation for 15 min the pellet was
washed twice with 70% (v/v) alcohol and dissolved In
50 ul of TE butter.
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DNA manipulation

Restriction enzymes and other modifying enzymes were
purchased from Boehringer Mannheim and New England
Biolabs. All DNA manipulations were performed under
standard conditions as described by Maniatis et al.’.

Southern blotting and hybridization

The DNA fragments resolved by gel electrophoresis
were transterred on to charged nylon membrane (Dupont,
NEN Research Product) by vacuum blotting'™!' using
Trans-vac, TE 80 (Hoeffer Scieatific Instruments),
depurinated in 0.25M HCI, and denatured in transfer
buffer containing 0.4 M NaOH and 0.6 M NaCl and the
membrane was rinsed in 2 x SSC.

The blots were pre-hybridized for 30 min at 65°C and
hybndized overnight in the same hybridization buffer
containing heat denatured radiolabelled probe DNA. Blots
hybridized with radiolabelled probe were washed twice
in 2xSS8C-0.5% SDS (w/v) for 30 min, wrapped in a
cling film (INTACT, Flexo Film wraps) and exposed
to X-ray film (Indu Film, Hindustan Photo Films) at
— 70°C for varying lengths of time in a cassette containing
an intensifying screen. Autoradiograms were developed
and fixed by standard procedures. The signals generated
were visually analysed.

Subcloning of the TRC4 fragments

The pTRC4 clone was digested with EcoRI and Psisl
enzymes. The resulting fragments, EcoRI-Ps:I (EP4) and
Pstl-Pst1 (PP4), 1kb and 1.1 kb respectively in size,
were separated on agarose gel and purified with GENE
CLEAN kit (Bio 101 Inc.). The fragments EP4 and PP4
were subcloned independently into the plasmid vector
pGEM-4Z which was digested with EcoRI-Ps:I and Ps1l
enzymes respectively, and was dephosphorylated with
calt-intestinal alkaline phosphatase. Ligation was carried
out at 15°C. The ligated DNA was used for transformation
of HB101 competent cells. Ampicillin-resistant colonies
on the LB-agar plates were screened by colony hybridi-
zation for the presence of DNA sequences which
hybridized to *°P labelled pTRC4. The recombinant
clones were further confirmed by mini plasmid prepa-
ration and restriction digestion with EcoRI and HindIIl
enzymes and analysis on 0.8% (w/v) agarose gel.

Sequencing strategy

The M. tuberculosis fragment in pTRC4 and its sub-
fragments in pEP4 and pPP4 were independently
sequenced, directly from each side using primers for
SP6 and T7 polymerase promoter sequences present in

260

the vector pGEMA4Z, using automatic sequencing (Applied
Biosystems).

Nucleotide sequence accession number

The nucleotide sequence of TRC4 has been assigned
GenBank Accession No. U84405.

Homology searches

Sequence data was stored, assembled and analysed using
vartous softwares. Homology searches were performed
using DNasis, BLAST, T-fasta, Prosite and several other
software programs from GenBank and EMBL data bases.

The DNA sequence was analysed with the GCG
program provided by the Genetics Computer Group,
University of Wisconsin. The e-mail servers of NCBI
running the Blast Program'? and the FASTA servers
were also used for sequence comparisons.

Results

A genomic library of M. tuberculosis was made in
pGEMA4Z from which clones were selected on the basis
of their strong signals with *’P labelled M. tuberculosis

DNA. From the 10 clones named pTRCI1-pTRCI10,

pTRC4 was found to be specific for M. tuberculosis
complex, and did not cross react with any of the
nonmycobacterial species and 17 atypical mycobacteria
tested. The pTRC4 clone has a 2.1 kb mycobacterial

fragment. This clone, besides its specificity for M.

tuberculosis complex, has been found to be a repetitive
clement.

PpTRC4 in RFLP studies

Experiments were carried out initially to find out whether
the cloned fragment in pTRC4 is a repetitive element.
M. tuberculosis genomic DNA from clinical isolates was
restriction digested with combinations of Ps:I and Sall
enzymes and subjected to Southern blot analysis.
The nick translated pTRC4 DNA, hybridized with mul-
tiple bands in all the clinical isolates. The number and
size of the bands were similar in all the strains tested.
All the 150 clinical isolates used for Southern hybridi-
zation studies hybridized with the radiolabelled pTRC4
clone, and showed similar pattern, except 3 strains
indicating that this repeat element is less polymorphic
(Figure 1). To find out the actual number of TRC4
copies present in the M. tuberculosis genome, an enzyme
Bglll which does not have site within the clone was
chosen. The radioactive **P-labelled pTRC4 hybridized
with multiple DNA fragments of a Bg/Il digest of
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genomic DNA from standard strains of M. tuberculosis
H37Rv, M. tuberculosis H37TRa, M. tuberculosis South
Indian low virulent strain (SILV) and M. bovis BCG.
Southern blot analysis revealed at least four major bands
with additional minor bands. All the four standard strains
tested showed an identical banding pattern (Figure 2 a).
Similarly, except for one out of 28 clinical isolates of
M. tuberculosis from South Indian patients, all other
strains showed an identical banding pattern in Southern
blot analysis of the Bglll digested genomic DNA. One
strain showed a shift in the size of the two lower bands
(1.8 and 1.6kb) but the number of bands were the
same. Apart from these four very strong bands, more
than three minor bands have also been uniformly found
in all the strains tested (Figure 2 b).

The two subclones, pEP4 and pPP4 carrying the DNA
fragment extending from FEcoRI to the Psi site and
PstI to the Pstl site which form the left and right half
respectively of the original clone pTRC4 were used as
probes to determine the RFLP pattern of 4 standard
strains as mentioned above. pTRC4 was subcloned as
pPP4 and pEP4 using the Psi site in the middle of
the clone. Southern blot of M. tuberculosis by all the

3 clones pTRC4, pEP4 and pPP4 revealed that the
banding pattern was unique to each and some of the
repeats were imperfect (data not shown). Out of the
four bands which hybridized with pTRC4, three bands
were obtained with pEP4 and two bands hybridized
with pPP4. This hybridization pattern can be ex-
plained by the presence of imperfect repeats as
shown in Figure 3. Only one Bglll fragment,
approximately 3.8 kb in size, uniformly lighted up with
all the three probes. The two bands, of approximately
3.6kb and 1.8 kb size, that hybridized with,pEP4 but
not with pPP4 were relatively weaker in intensity, pro-
bably due to its shorter length. One band approximately
1.6 kb in size hybridized only with pPP4 and not with
pEP4.

The pattern was compared with the DNA patterns
obtained with the insertion element IS6110 and direct
repeat probe (DR). For this, the same blots were used
for hybridization with either labelled IS6110 or labelled
DR probes. The DR and IS6110 banding patterns differed
greatly. Interestingly, the TRC4 fragment and DR probe
identified strains of M. tuberculosis that did not have
IS6110 copy (data not shown).

S o

Figure 1. Southern hybsidization of “P-labelled pTRCY with Psid-Sall digested DNA fiom chinical isolutes of M. nderculosis. Lanes. 1-15,

M. wberculosis clinical 1solates.
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Nucleotide sequencing of TRCH

The nucleotide sequence of this 2.1 kb fragment has
been deduced and the sequencing strategy has been
described in the previous section. The entire nucleotide
sequence of the cloned M. tuberculosis fragment TRC4
is shown in Figure 4. The G+ C content of TRC4 is
63% which approximates that of the global G+ C ratio
already determined for M. ruberculosis genome'>,

Homology studies

A small portion of the TRC4 sequence ranging from

a - b |
' y 23 &L 5 6 7 8 9 10N

05—

48 to 76 base pairs showed 68-80% homology to other
sequences. The ‘T-fasta’ revealed that TRC4 has a
borderline significant homology with the region in M.
leprae gene cluster coding for several ribosomal proteins
and subunits of RNA polymerase. The homologous
region in M. leprae genome is about 2kb and this
region lies between an open reading frame (ORF) 220
and the rpsL. gene.

The sequence was simply translated into protein se-
quences in all six possible frames, and homology searches
were performed using ‘T-fasta® in the GenBank and
EMBL data bases. There were no significant homologies
to any known IS or transposon sequences. The “T-fasta’

4__ally il >

Figure 2. @, Southern hybridization of **P-labellcd pTRC4 with Bglll, digested DNA from standard strains. Lanes: |, M. tuberculosis H37Rv;
2, M. ruberculosis SILV; 3, M. tuberculosis H37Ra; 4. M. bovis BCG. b, RFLP pattern of Bylll digested DNA from clinical isolates of M.

tuberculosis using pTRC4 probe. Lanes | to 14, M. rubercidosis clinical isolates. Numbers at the left indicate sizes of the standard DNA

fragments in kilobase pairs.
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revealed a borderline significant homology with a region complementary strand revealed one long ORF3, encoding
of M. leprae gene cluster coding for several ribosomal  a protein of 103 amino acids from nucleotide 574C
proteins and subunits of RNA polymerase, which has (GTG) to nucleotide 188C (TGA) with an expected
the accession No. Z14314 (ref. 14). The homology lies = molecular mass of 11 kDa. A possible purine-rich Shine-

in an approximately 2000bp ‘gap’ between an ORF  Dalgarno sequence GAAGGG from position 598 to 590
called ORF220 and rpsL gene. The authors did not is present upstream to the G1G initiation codon.

assign an ORF or any other relevant feature to this The predicted iso-electric point of the proteins are
sequence. But TRC4 has a borderline significant simi- 12.15, 12.51 and 10.96. The significance of these three
larity to this region of the M. leprae chromosome. lt ORFs remains to be elucidated. The other observed
is possible that related but not identical elements may features of the TRC4 sequence are eight direct repeat
be present in M. leprae. Nevertheless the features of  sequences of 9—-12 base pair long and seven palindromic
the sequences show it to be a transposable element. sequences (Figure 4). Among the various palindromic
Further work should confirm this. sequences, the GC-rich palindrome which is 14 base
TRC4 sequence position 1211 to 1251 showed less pair long at position 936 seems to function as a rho
significant homology with a locus in an insertion element independent terminator. The special feature of this
3411 from E. coli (GenBank, No. Tn3411, 1992), which ~ sequence is that there are seven inverted repeats of 14
flanks the citrate utilization determinant of transposon base pair long with 2 mismatches (Table 1). The shortest
Tn3411, and Shigella sonnei insertion sequence 1S629. inverted repeat has 4 base pair target site duplication
‘BLASTN’ revealed few nearly-identical sequences show- (Figure 4). Homology studies implicate a probable
ing homology to M. tuberculosis cosmid Y339 and  important role for these inverted repeats as discussed
Y210, TBC2, Streptomyces coelicolor gene for metallo- ~ below.
proteinase and [ysR type transcriptional activator,
Saccharopolispora erythraea ferredoxin (fdxA) gene,
5’ end and mouse mRNA for P-cadherin. Recent searches
in the GenBank revealed that TRC4 sequence has 97.5%

identity in a 650 bp overlap to M. ruberculosis cosmid
clone Y339. The region homologous might code for revealed that among the 35 homologous sequences from

. . GenBank, the trend has been that the initial region
aminotransferase, diacyl pyrophosphatase or cytochrome . ] :
D450, encompassing 1-500 bases and the distal region encom-

passing 1500-2126 bases of the TRC4 sequence show
homology to several proteins mainly metalloproteinases
and enzymes using metals as cofactor. The central part
of the sequence does not show homology to any of the
known protein except an activator/sigma factor. One
striking feature is that most of the inverted repeats of
TRC4 are located between 400 bp and 1500 bp. These
inverted repeats seem to bracket putative promoter-like
sequences.

Unique feafure of TRC4 sequence

Subsequent sequence analysis of the cloned fragment

The sequence of TRC4 has three major putative ORFs
(Figure 4). The long ORF1 starts with an ATG codon
at position 427, and ends with a translational stop codon
TGA at position 799 on the normal strand and might
encode a protein consisting of 124 amino acids with a
molecular mass of 13.5kDa. Upstream to this ATG
codon, a probable ribosome-binding site, TGGGG extends
from 413 to 417. The sequence of the putative trans-

lational product did not have homology to any other
protein in the SWISS PROT Data Bank.

ORF2 extends from a GTG start codon at position  TRC4 in diagnosis
481 to TGA stop codon at position 799 (Figure 4) and
its product would be a protein 106 amino acids long,  From the deduced sequence of TRC4 which is 2.126
with a molecular mass of 11.6kDa. Analysis of the kb several primers were designed and optimized for

Bglll Bl Bglll Bylll Pstl gll] Byl

TRC4 I P | ‘[
24—\ \ Y2773 — 1 -

1.8kb 3.6kb 3.8kb 1.6kb

Fipure 3. Hypothetica) representation of TRC4 1n A, tibercutosis penome, The four differemt Beftb fragments, sized 33 kb, 3.6 hb, 1.3 AD anu
1.6 kb, hybridizing with TRC4 are shown, D Sequence hybridizing with 3.8 kb fragment; ot Sequence hybridizing with 3.6 und L8
fragments, V74 Sequence hybridizing with 1.6 kb frapment,
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Figure 3. Slot blot hybridization of 658 bp PCR product with total
DNA from various organisms. Slots: 1, M. tuberculosis (1 pg); 2, M.
thermoresistible, 3, M. gastri; 4, M. dieonhoferri; 5, M. gordonae; 6,
M. flavescens; 7, M. scrofulaceum; 8, M. terrae, 9, M. fortuitum; 10,
M. smegmatis, 11, M. vaccae;, 12, M. avium-intracellulare; 13, M.
chelonae abscesses; 14, M. chelonae chelone;, 15, M. phlei, 16, M.
simiae;, 17, M. chitae; 18, M. microti; 19, M. bovis; 20, M. aurum;
21, E. coli; 22, Human; 23, M. tuberculosis (1 pg); 24, M. tuberculosis
(200 ng). The probe DNA was labelled with fluorescein-HRP conjugate
using ECL-random-prime-labelling and detection system (Amersham

International, UK).

b

Table 1. Inverted repeats of TRC4

No. Sequence Position

1 5 -TCGTGGTGCACACG-3' 466, 1136¢
' 3'-TCGCGGTCCACACG-5'

2 5 -GCGGGCGGARAATC -3 520, 544c¢
3'-AGGGGCGGAGAATC-5"

3 5 - TCGCAGGCCGCCAA-3' 911, 1560c¢
3 -TCGCAAGCCGCCGA-5

4 5 ~-CATCGTCGACCTGA-3’ 068, 1217c
3 ~-CGTCGTCGAGGCGA-5

5 5 -GG TGATCGACGGAA -3 1849, 1182¢
3'-GGTGATAGACGGAT -5’

6 5'-CGCTGAGGCCGGCA-3’ 1799, 2005¢c
3'-AGCCGAGGCCGGCA-5]

7 5 -CCCGCGGECGCCGCC~3’ 29, 1823c
3'-CGCTGCGGRCCCGCC -5

to detect M. tuberculosis from clinical specimens.
sation is being carried out and the results will be
ted shortly. One set of primers yielding a PCR

ENT SCIENCE, VOL. 73, NO. 3, 10 AUGUST 1997

product of 658 bp was radiolabelled. This was used for
hybridization with the DNA from various atypical
mycobacteria and M. tuberculosis to confirm the speci-
ficity. Figure 5 shows that this product i1s absolutely
specific for M. tuberculosis complex.

Discussion

An 1nsertion-like element TRC4 was found in M.
tuberculosis. 1t 1s 2126 bp long with three putative ORFs,
several direct repeats and seven inverted repeats of 14
bp long with two mismatches. Southern blot analysis
showed that it is a repeat element with a low degree
of polymorphism and is conserved among the various
clinical isolates of M. ruberculosis and specific for Al
tuberculosis complex. Among the four bands lighting
up 1n the Southern blots (using Belll enzyme) two
hybridization bands with weaker intensity could be due
to the presence of partial copies of TRCH sgequence
(Figure 3).
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This repeat element is an ideal target for polymerase
chain reaction to identify M. ruberculosis from clinical
specimens including extrapulmonary tuberculosis, espe-
cially to detect strains carrying no copy of IS6110 (ref.
15). Several primer pairs have been designed and are
being evaluated on a large scale with clinmical specimens.
Homology studies of DNA and protein sequences indicate
that TRC4 1s not related to any known IS elements
except the insertion sequences of E. coli and Shigella
sonneii with which it shows partial homology. The
absence of any large nucleotide sequence identities be-
tween TRC4 and other characterized prokaryotic IS
element classifies TRC4 as a new genetic element. The
structural features qualify TRC4 as an insertion element
which has seven inverted repeats, one of them generating
a 4 bp target site duplication on integration.

Repetitive elements can act as agents of chromosomal
rearrangement. As regions of portable homology, inser-
tion elements can also be substrates for host recombi-
native pathways, giving rise to large scale deletions,
duplications and inversions'. Thus, IS elements can
promote rearrangements of genomes or replicons. Such
a recombination event could be either recA and recBC
dependent or independent'.

*T-fasta’ search revealed that among various other
minor homologies, there is a borderline significant
homology with RINA polymerase (rboB) gene of M.
leprae at the indicated location. It will be interesting
to explore whether this region of M. leprae also has
related insertion element-like features'.

The trend of the homology to known proteins is
restricted to the initial and distal ends of the fragment
ranging from 1 to 500bp and 1200 to 2126 bp. The
region between 600 and 1200 does not show much
homology to known proteins except an activator and
sigma factor. This simulates certain sequence elements
of lambda phage reported to mediate recombination
events. When the promoter of a gene is bracketed by
inverted repeats, its orientation can be changed by
recombination (inversion) between the repeats resulting
in the reversible alteration of the ‘on’ and ‘off’ stages
of gene expression'®. It is not known if the complex
rearrangement mediated by inverted repeats in phages
and plasmids also occurs in the chromosomes of cells.
Such events have been reported to occur in Leishmania
chromosome'’.

To gain further insight into this interpretation, a series
of future experiments have to be pursued. The initial
and distal fragments of TRC4 would be subcloned in
expression vectors to characterize the gene. The putative
promoter sequences would also be confirmed by using
primer extenston studies. Further experiments have to
be designed to confirm the role of inverted repeats.
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The seven inverted repeats and their location bracketing
the promoter-like sequences implicate the proteins coded
by this sequence to play an important role in the
metabolism of the organmism and consequently in the
pathogenesis of the disease. This also implicates that
this fragment lies in the essential region of the genome.
Elucidation of the role of such elements in the evolu-
tionary process may provide valuable information on
pathogenicity and this should be encouraged.
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