APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 2005, p. 407-416
0099-2240/05/$08.00+0  doi:10.1128/AEM.71.1.407-416.2005

Vol. 71, No. 1

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

Isolation and Characterization of a Native Composite Transposon,
Tni4751, Carrying 17.4 Kilobases of Corynebacterium glutamicum
Chromosomal DNA

Masayuki Inui," Yota Tsuge,"* Nobuaki Suzuki,! Alain A. Vertes,' and Hideaki Yukawa'**

Microbiology Research Group, Research Institute of Innovative Technology for the Earth, Soraku-Gun, Kyoto," and
Graduate School of Biological Sciences, Nara Institute of Science and Technology, Ikoma, Nara,* Japan

Received 5 July 2004/Accepted 10 August 2004

A native composite transposon was isolated from Corynebacterium glutamicum ATCC 14751. This transposon
comprises two functional copies of a corynebacterial IS31831-like insertion sequence organized as converging
terminal inverted repeats. This novel 20.3-kb element, Tn14751, carries 17.4 kb of C. glutamicum chromosomal
DNA containing various genes, including genes involved in purine biosynthesis but not genes related to
bacterial warfare, such as genes encoding mediators of antibiotic resistance or extracellular toxins. A derivative
of this element carrying a kanamycin resistance cassette, minicomposite Tn14751, transposed into the genome
of C. glutamicum at an efficiency of 1.8 x 10> transformants per pg of DNA. Random insertion of the Tn14751
derivative carrying the kanamycin resistance cassette into the chromosome was verified by Southern hybrid-
ization. This work paves the way for realization of the concept of minimum genome factories in the search for
metabolic engineering via genome-scale directed evolution through a combination of random and directed

approaches.

Transposons and insertion sequences are mobile genetic el-
ements that are present in virtually every living organism (2),
although Bacillus subtilis strain 168 is a notable exception (19).
A specific enzyme, transposase, which generates cuts at the
inverted repeats that constitute the boundaries of the mobile
element, mediates transposition. In contrast to the small cryp-
tic insertion sequences (which are less than 2.5 kb long), trans-
posons are complex elements that carry additional genes, in-
cluding genes conferring antibiotic resistance. This property
has enabled isolation of transposons from several pathogenic
organisms (16, 24). Composite transposons, such as Tnl0,
comprise two identical insertion sequences as converging ter-
minal inverted repeats, each of which is able to promote trans-
position events (16). Transposition activity is modulated by
several host factors that are generally specific for each element
or family of elements (23). Insertion sequences can be used to
construct artificial transposons and artificial composite trans-
posons (10, 33). However, isolation of these sequences is rel-
atively tedious due to their cryptic nature. Strategies that rely
on a positive selection scheme (e.g., strategies based on ex-
pression of a lethal gene) have been successful in circumvent-
ing this technical hurdle. For instance, the insertion sequence
IS31831 originating from Corynebacterium glutamicum (35)
was cloned by taking advantage of the properties of the B.
subtilis sacB gene product, the enzyme levan sucrase (7), whose
expression is lethal to coryneform bacteria growing on medium
containing 10% sucrose (14).

IS31831 is a 1,453-bp insertion sequence with 24-bp imper-
fect indirect terminal inverted repeats. It belongs to the ISL3
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family of insertion sequences (23). Like all members of this
family, IS37831 generates 8-bp direct repeats upon insertion. It
exhibits no obvious target sequence specificity, even though
data are consistent with a preference for AT-rich regions.
Chimeric derivatives of this insertion sequence have been used
to mutagenize the genome of C. glutamicum, an important
amino acid producer (18), with an efficiency of approximately
4 X 10* mutants per wg of DNA (33).

Several other insertion sequences have been identified in
corynebacteria. Tn5564 is a Corynebacterium striatum transpo-
son that confers chloramphenicol resistance (32). Transposi-
tion of this transposon in the C. glutamicum genome was per-
formed by conjugation from an Escherichia coli strain to obtain
a frequency of approximately 3 X 1075, The transposon was
preferentially inserted into target sites containing the palin-
dromic tetranucleotide CTAG (32). The insertion sequence
ISCg2 shows preferential integration into target sequences lo-
cated adjacent to genes involved in aspartate and glutamate
metabolism (27). IS13869 is an insertion element that closely
resembles 1S31831 (79% amino acid identity) (6), and it is
detectable by hybridization when 1S37837 DNA is used as a
probe (6, 35). IS1206 (3) is not related to IS37/831 and belongs
to the IS3 family of insertion sequences. This family of inser-
tion sequences is characterized by two consecutive and par-
tially overlapping open reading frames (ORFs) in relative
translational reading frames 0 and —1 (23). IS1206 may thus be
governed by complex mechanisms that could hinder its use for
practical applications.

The availability of the complete sequence of C. glutamicum
enables manipulation of this organism at the chromosome
level rather than at the gene level. While gene disruption and
replacement have been performed in this organism by using a
variety of methods (20, 30, 34), there is still a need for molec-
ular tools for chromosome manipulation. Transposons are par-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Source or
reference
E. coli strains
IM109 recAl endAl gyrA96 thi hsdR17 supE44 relA1 A(lac-proAB)/F’ Takara
[traD36 proAB™ lacl® lacZAM15]
JM110 dam dcm supE44 hsdR17 thi leu rpsL lacY galK galT ara tonA thr tsx 29
A(lac-proAB)[F' [traD36 proAB™ lacl9 lacZAM15]
C. glutamicum strains®
R Wild type 17
ATCC 14751 Origin of TnI4751 ATCC
CGR732-1 to CGR732-9 Minicomposite Tn/4751 mutants This study
Plasmids
pUC119 Ap"; a-lac multicloning site, M13 ori Takara
pHSG398 Cm'"; a-lac multicloning site, M13 ori Takara
pUC4K Ap" Km'; source of Km" cartridge Pharmacia
pMV5 Sp'; transposon screening vector including sacR and sacB genes; 35
complete sequence determined in this study
pCRA730 Sp"; pMVS5 with 20.3-kb Tni4751 This study
pCRA731 Cm'; pHSG398 with a 20.3-kb Hpal-Hapl DNA fragment This study
containing the entire Tn/4751 transposon
pCRA732 Cm" Km"; pHSG398 with IS74751L, Km", and ISI4751R This study

(minicomposite Tni4751)

@ All other C. glutamicum strains were obtained from the American Type Culture Collection (ATCC).

ticularly versatile molecular biology tools and have been used,
for example, to deliver rare restriction sites (21).

We propose constructing new transposition vectors for bac-
terial genome technology aimed at deletion of large DNA
fragments or integration of such fragments into bacterial ge-
nomes as a means to develop improved production strains. Our
objectives for improved production organisms include mini-
mum genome factories (MGFs). MGFs can be defined as re-
combinant strains whose metabolism has been engineered to
accumulate desired products. This typically involves an exhaus-
tive metabolic engineering effort achieved by reducing the gene
pool of an organism to its optimal minimum subset, as defined
by the targeted application. MGFs can be created either by a
targeted approach via homologous recombination or by a ran-
dom transposon-mediated directed-evolution approach or by a
combination of both of these approaches. The intrinsic char-
acteristics of an ideal transposon-based tool for MGF genera-
tion can be defined as follows. Homologous native mobile
elements should be absent from the strains of interest. The
transposon should exhibit no stringent target specificity. Sev-
eral unrelated elements that can exist simultaneously should be
available and should be detectable by probes that do not cross-
hybridize. In addition, these elements should be suitable for
moving large to very large DNA fragments (10 to >100 kb).

In an effort to isolate novel transposons and insertion se-
quences that address these different needs, we surveyed several
species of coryneform bacteria and isolated a native 20.3-kb
composite transposon, Tn/4751, which carries approximately
17.4 kb of C. glutamicum chromosomal DNA. We report in this
paper the intrinsic characteristics of this novel element. To our
knowledge, this is the first example of a native transposable
element that confers no antibiotic resistance but carries a large
chromosomal DNA fragment.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1.

Chemicals. All chemicals were the highest purity available and were purchased
from Wako Pure Chemical Industries (Osaka, Japan) or Sigma (St. Louis, Mo.).

Culture conditions. For genetic manipulation, E. coli strains were grown at
37°C in Luria-Bertani medium (29), and C. glutamicum strains were grown at
33°C in A medium (13) with 4% glucose. When appropriate, media were sup-
plemented with antibiotics. The final antibiotic concentrations for E. coli were 50
pg of ampicillin ml~!, 50 pg of kanamycin ml™!, 200 g of spectinomycin ml~",
and 50 pg of chloramphenicol ml™'; for C. glutamicum, the final antibiotic
concentrations were 50 pg of kanamycin ml™!, 200 wg of spectinomycin ml™,
and 5 p.g of chloramphenicol ml~".

DNA techniques. Chromosomal DNA was isolated with a Genomic Prep kit
(Amersham Pharmacia Biotech, Little Chalfont, United Kingdom). Plasmid
DNA was isolated by the alkaline lysis procedure (29). Restriction endonucle-
ases, the Klenow fragment, and T4 DNA ligase were obtained from Takara
(Kyoto, Japan) and were used according to the manufacturer’s instructions.
When required, restriction fragments were isolated from agarose gels with a
Prep-a-Gene matrix (Bio-Rad, Richmond, Calif.) used according to the manu-
facturer’s instructions. All PCR were carried out with an Applied Biosystems
GeneAmp System 9700 as recommended by the manufacturer by using the
following amplification protocol: 30 cycles of denaturation at 95°C for 1 min,
annealing at 54°C for 1 min, and extension at 72°C for 1 min.

Bacterial cell transformation. Corynebacteria were transformed by electropo-
ration (36) by using plasmid DNA purified from E. coli IM110. E. coli strains
were transformed by the CaCl, method (29).

Detection of transposition events. Clones bearing a disrupted copy of the B.
subtilis sacB gene were selected as described by Vertes et al. (35) on MMSS
minimum medium, which contained (per liter) 7 g of (NH,),SO,, 2 g of urea,
0.5 g of K,HPO,, 0.5 g of KH,PO,, 0.5 g of MgSO,, 6 mg of FeSO, - 7TH,0, 6 mg
of MnSO, + 6H,0, 200 wg of biotin, 200 pg of thiamine-HCI, 100 g of sucrose,
and 200 wg of spectinomycin.

DNA sequencing. We generated a library of the plasmid carrying the sacB gene
interrupted by the composite transposon Tn/4751 by sonication with a Misonics
sonicator (Misonics, Farmingdale, N.Y.) on power setting 1. The Eppendorf tube
containing the DNA sample was placed in an ice bath, and eight cycles of
sonication for 1 s interrupted by 1-s intervals were performed. The resulting
random fragments were separated according to size on a 1% agarose gel, and the
fraction corresponding to the 2- to 3-kb pool was subsequently purified from the
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TABLE 2. Oligonucleotides used in this study

Overhanging
Target Primer Sequence (5'-3")* restriction
site

1S14751L or 1S14751R (fragment IIT)" 1 GGCCCTTCCGGTTTTGGGGTACAT

2 GGCTCTTCCTGTTTTAGAGTGCAT
1S14751L, 1S14751R, and pHSG398 3 AGTCAGATCTAAGTGGAGCACCTAGATCGC BgllI

4 AGTCAGATCTAGTCACGCACATCTTCTGCA Bglll
Km" gene 5 AGTCAGATCTTGTGTCTCAAAATCTCTGA Bglll

6 AGTCAGATCTCTGAGGTCTGCCTCGTGAA BgllI
Left part of Km" gene (fragment I)” 7 ATGAGCCATATTCAACGGGA

8 GGACAATTACAAACAGGAAT
Right part of Km" gene (fragment IT)" 9 CGTATTTCGTCTCGCTCAGG

10 TTAGAAAAACTCATCGAGCA

“ The restriction site overhangs used in the cloning procedure are underlined.

b See Fig. 8.

gel. The fragments were blunted by treatment with the Klenow fragment and
ligated to Smal-digested pUC119 plasmid DNA. The ligation mixture was used
to transform E. coli JM109, and recombinants were selected on isopropyl-B-p-
thiogalactopyranoside (IPTG)-supplemented plates (29). For sequencing pur-
poses, clones were grown overnight in 96-well microtiter plates in 1 ml of 2X
Luria-Bertani medium by using a TAITEC Bioshaker. The corresponding plas-
mids were isolated in 96-well plates by using a Millipore Montage Plasmid
Miniprep96 kit and a Cosmotec HT Station 500 simple 96-well pipetting robot
(Cosmotec, Tokyo, Japan). The plasmid library generated in this way was se-
quenced at both ends by using M13 universal forward and reverse primers (29)
and cycle sequencing by the BigDye method of ABI Biosystems Inc. with an ABI
3700 CE sequencer. The Applied Biosystems GeneAmp System 9700 was used
for PCR as described above. Prior to sequencing, the PCR products were puri-
fied by treatment with exonuclease by using ExoSAP-IT (U.S. Biochemicals,
Cleveland, Ohio).

DNA sequences were analyzed as follows. The raw chromatogram files (.abi
files) were collected on a personal computer running Windows 2000 (Microsoft
Corp.). The chromatogram files were subsequently transferred to a SunBlade
1000 computer (Sun) with one 900-MHz 64-bit UltraSparc-IIT CPU and 2 GB of
memory. The Pregap4 program of the Staden package (4, 31) was used for
clipping vector sequences, as well as for quality clipping and contamination
screening after base calling by Phred (8, 9). BLASTX searches were carried out
with the Sun computer by using the stand-alone BLAST program (1) of the
National Center for Biotechnology Information (http:/www.ncbi.nlm.nih.gov)
and matrix BLOSUMG62 (11).

Sequencing of ISI4751L and IS14751R. The random sequencing of the 20.3-kb
mobile element Tn/4751 described above revealed the presence of two copies of
1S31831-like elements (ISI4751L and ISI4751R) at both ends as inverted re-
peats. To clarify the difference between the nucleotide sequences of ISI14751L
and IS7/4751R, we individually cloned two DNA fragments, as follows: an 8.3-kb
Hpal-BglII DNA fragment containing IS74751L was subcloned into the Smal-
BamHI sites of pUC119, and a 1.9-kb Hpal-Scal DNA fragment containing
IS14751R was subcloned into the Smal site of pUC119. Both inserts on the
plasmids were sequenced by primer walking methods.

Phylogenetic analysis. The amino acid sequences encoded by transposase
genes of IS/4751 and reference insertion elements were aligned by using the
CLUSTALW program (http://www.ddbj.nig.ac.jp/E-mail/clustalw-j.html). A phy-
logenetic tree was constructed by the neighbor-joining method by using the
TreeView program (version 1.6.6) and K, values (15).

Dot blot hybridization and Southern hybridization. One microgram of chro-
mosomal DNA from various corynebacteria strains was denatured at 94°C for 10
min and spotted onto nylon membranes. After the membranes were baked at
80°C for 2 h, they were prehybridized for 2 h, hybridized overnight at 60°C, and
then washed at high stringency as described by Sambrook and Russell (29).
Southern hybridization was carried out as described elsewhere (29). Hybridiza-
tion probes were labeled by using the CDP-Star detection system (Amersham
Biosciences). A 1.5-kb DNA fragment containing either IS14751L or ISI4751R
(which were identical) in Tn/4751 (fragment III), amplified by PCR performed
with primers 1 and 2 (Table 2) and with pCRA730 as the template, was used for

dot blot hybridization and Southern hybridization. The same DNA probe was
also adapted for use in the transposition experiments with the C. glutamicum
chromosome. DNA fragment I (0.4 kb; left part of Km"), amplified with primers
7 and 8 (Table 2) and with pUC4K as the template, and DNA fragment II (0.4
kb; right part of Km"), amplified with primers 9 and 10 (Table 2) and with
pUC4K as the template, were also utilized for transposition into the C. glutami-
cum chromosome. Hybridization signals were detected with a Fujifilm LAS-1000
image analyzer system (Fuji).

Nucleotide sequence accession numbers. The DDBJ/EMBL/GenBank acces-
sion numbers for the sequences described in this paper are AB183144 (plasmid
pMVS5), AB183145 (20.3-kb composite transposon Tnl4751), and AB183146
(plasmid pCRA732 containing minicomposite Tn/4757).

RESULTS

Isolation of transposable element. C. glutamicum ATCC
14751 cells were transformed with plasmid pMV5 (Fig. 1A),
which harbors the B. subtilis sacB gene (35). Transformants
harboring this plasmid were subsequently grown overnight in A
medium supplemented with spectinomycin, and 100 pl of this
culture was used to seed MMSS medium plates. Several spec-
tinomycin- and sucrose-resistant colonies were present after 2
days of incubation at 33°C. Mutants that gained sucrose resis-
tance via events not related to transposition were identified by
restriction digestion and agarose gel electrophoresis of plasmid
DNA. These mutants were not analyzed further. Restriction
analysis of the plasmid extracted from mutant strain CGR730,
designated pCRA730, revealed that the size of the approxi-
mately 20-kb Smal-Xbal band containing the sacB gene from
plasmid pMV5 changed (Fig. 1B). Inactivation of the sacB
gene was the result of insertion of a 20.3-kb DNA fragment.
Plasmid pCRA730 was used for further characterization.

Sequence analysis of Tn14751. The complete nucleotide se-
quence of both strands of the 20.3-kb mobile DNA fragment in
plasmid pCRA730 was determined. A restriction cleavage map
of this fragment is shown in Fig. 2. This fragment was inserted
at positions 589 to 697 into the sacB gene (position 1 is the A
of ATG) in plasmid pCRA730. The 20.3-kb DNA fragment
comprised identical 1,453-bp inverted repeats at each end and
a 17,392-bp fragment between these elements (Fig. 2A).

Computer analysis of the inverted repeats indicated the
presence of one potential ORF. This ORF consisted of 1,311
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10047 bp

pBY503
ori

BamHI

FIG. 1. Transposition of Tn/4751 into the B. subtilis sacB gene. (A) Physical and genetic map of pMVS. pUC ori, replication origin of pUC19;
pBYS503 ori, replication origin of pBY503; Sp', spectinomycin resistance gene. The arrows indicate the direction of transcription. Xbal, Smal,
BamHI, and Ndel sites are indicated. (B) Lane 1, Smart Ladder (Nippon Gene-Wako, Tokyo, Japan) (the size of each band is indicated on the
left); lane 2, pM VS5 digested with Smal-Xbal; lane 3, pCRA730 digested with Smal-Xbal; lane 4, A HindIII molecular weight marker. The arrows
indicate the position of the 1.8-kb fragment in Smal-Xbal-digested pMVS5 for the band corresponding to the sacB gene (lane 2) and the position
of the 20.3-kb fragment in Smal-Xbal-digested pCRA730 for the band corresponding to the Tn74751 inserted into the sacB gene (lane 3).

A

1S14751L 1S14751R
<<« iy ——
sacB-front . purM purForf1 orf2 orf3 purL purgrfgrfs orf6 orf7 dctA orf8 ; %sacB-end
<> 1453 bp 1453bp P
< Tn14751 (20,298 bp) >
Hpal Fsel PshBI Bsp14071 Aflll PmaCl Notl Spel Xbal Hpal
PmacCl Stul Spel Bglll PshAl Bsp1407I Binl PshAl Stul Apal Miul
Binl Scal
B 4 1S714751L or 1IS14751R (1,453 bp) -mmvnen >
IR IRR

tnpA (1,311bp, 436aa)

24 bp '

P
GCCCCTTCCGCTTTTCOOGTACAT ATGCACTCTAAAACAGGAAGAGCC
CCGGGAAGGCCAAAACCCCATGTA TACGTGAGATTTTGTCCTTCTCGG

FIG. 2. Genetic and physical maps of the composite transposon Tni4751. (A) The deduced amino acid sequences encoded by the 13 open
reading frames in Tn/4751 were identified. The copies of IS31831 elements constitute inverted repeats (represented by gray boxes). Eight-base-pair
direct repeats are indicated by open arrowheads. The arrows indicate the directions of transcription. The physical map is below the genetic map.
The sacB gene is indicated by a cross-hatched arrow. Unique restriction sites are indicated by boldface type. (B) ISI4751L and 1S14751R, which
are identical, contain the pnA gene. The solid arrowheads indicate the 24-bp imperfect inverted repeats (IR-L and IR-R). The nucleotide
sequences of IR-L and IR-R are indicated below the arrowheads. Nucleotides that were identical in two sequences are indicated by converging
arrows. aa, amino acids.



VoL. 71, 2005

181165 3 1SPsp2

ISL3

1831831 1581

ISLdlI

187254

181181

181001
648 ~ 1SBmal
ISRso /5

1SAsp!

1SPp2
184664 L

18469

i8B5l06 1$7396/ 1000

1SPsi2

FIG. 3. Unrooted distance matrix tree showing the phylogenetic
relationships of known insertion elements belonging to the ISL3 family
based on the corresponding transposases. The topology of the phylo-
genetic tree was evaluated by performing a bootstrap analysis with
1,000 replicates. The numbers at the nodes are bootstrap values based
on 1,000 replicates. Scale bar = 0.1 Knuc. The accession numbers or
source of information for the sequences used are as follows: 1S7207,
accession no. X96962; 1S31831, accession no. D17429; ISBIi3, http://
www-is.biotoul.fr/is.html; ISPsp2, accession no. M57500; ISBIil, acces-
sion no. AF052055; 1S13869, accession no. Z66534; I1S1096, accession
no. M76495; ISLdll, accession no. AJ302652; IS1001, accession no.
X66858; ISBmal, accession no. AF285635; ISRsol5, accession no.
NC_003295; ISPp2, accession no. U25434; ISPst2, accession no.
AJ012352; 1S1396, accession no. AF027768; IS466A, accession no.
AB032065; 1S469, accession no. AB032065; ISBlo6, accession no.
NC_004307; ISAspl, accession no. U13767; 1S1181, accession no.
1.14544; 1S1251, accession no. 1.34675; IS1167, accession no. M36180;
1S1193, accession no. Y13713; IS1165, accession no. X62617; ISL3,
accession no. X79114; 1S651, accession no. NC_002570; and 1S652,
accession no. NC_002570.

nucleotides corresponding to 436 amino acids with a predicted
molecular weight of 49,629 (Fig. 2B). The deduced amino acid
sequence encoded by the ORF showed high sequence similar-
ity (99.5%) to the sequence encoded by the transposase gene
(tnpA) of 1S31831 (35), which belongs to the ISL3 family. Each
1,453-bp inverted repeat had a 24-bp imperfect inverted repeat
(5-bp mismatches) at both ends (IR-L and IR-R) (Fig. 2B),
and the 3’ end of the mpA gene and IR-R had an 11-bp
overlap. The overall level of DNA sequence similarity between
the inverted repeats and IS37837 was 99.4%. These data sug-
gested that the 1,453-bp inverted repeats were 1S371831-like
elements and that the 20.3-kb mobile element, designated
Tni4751, was a composite transposon which comprised two
copies of IS31831-like elements as inverted repeats. The inser-
tion elements at the ends of Tn/4751 were designated
IS14751L and 1S14751R (Fig. 2A).

To confirm the phylogenetic position of the transposase of
1S14751 (1S14751L or 1S14751R), the amino acid sequence of
the IS74751 transposase was compared to the sequences of
known transposases which belong to the ISL3 family (Fig. 3).
The IS714751 transposase formed a tight cluster with the trans-
posases of 1S1207 from C. glutamicum BI15, 1S31831 from C.
glutamicum ATCC 31831, ISBIi3 from Brevibacterium linens,
ISPsp2 from Pseudomonas sp. strain EST1001(pEST1226),
ISBIil from B. linens, 1S13869 from Brevibacterium lactofer-
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(bp) Identity

1814751 IR-L GGCkF TTC 24] 19/24
1814751 IR-R GGCTCTTC 24
181207 IR-L GocklerTe M9 19704
181207 IR-R GGCTCTTC 24
1831831 IR-L GeckkrTc 249 19724
1831831 IR-R GGCTCTTC 24
1513869 IR-L GGCTCTTC 26] 26/26
1513869 TR-R GeoTeTTC 26
18Psp2 IR-L ek Terre 24:] 2324
18Psp2 TR-R GGCTCTTC 24
151096 IR-L GGCTCTTC| 26
181096 IR-R GecTeTTC 261 24726
I8B1il IR-I GGCTCTTC 25
I8Blil IR-R Gcocrchlre 25 20725
I8B1i3 IR-L GGCTCTTC 29 51/
18B1i3 IR-R GoeTerTe 2t

FIG. 4. Comparison of the inverted repeat sequences of insertion
elements 1S74751, 1S1207, 1S31831, 1S13869, 1SPsp2, 1S1096, 1SBIil,
and ISBli3. Nucleotides that were identical in at least 9 of 16 sequences
are enclosed in boxes. IR-L and IR-R indicate the inverted repeats at
the 5’ end upstream and the 3’ end downstream of the tnpA gene,
respectively. The length of each inverted repeat sequence and the
identity ratio (number of identical nucleotides/length of inverted re-
peat) for IR-L and IR-R of each insertion element are indicated on the
right.

mentum ATCC 13869, and IS1096 from Mycobacterium smeg-
matis ATCC 607. Except for Pseudomonas sp. strain EST1001
harboring plasmid pEST1226, which contains the transposase
gene of ISPsp2, all these strains containing insertion elements
are closely related (Corynebactrium, Brevibacterium, and Myco-
bacterium species).

A comparison of the inverted repeat (IR-L and IR-R) se-
quences of eight insertion elements which formed a tight clus-
ter as determined by phylogenetic analysis (Fig. 3) revealed a
high level of conserved sequences, especially the first 8 bp at
the 5’ end (Fig. 4).

The overall G+C content of Tnl4751 excluding the two
insertion elements (IS/4751L and IS14751R) was calculated to

APPL. ENVIRON. MICROBIOL.

be 55.3%. The two insertion elements bracket a large piece of
chromosomal DNA containing the following 13 open reading
frames: purM (encoding 5’-phosphoribosyl-5-aminoimidazole
synthase), purF (encoding amidophosphoribosyl transferase),
ORFs encoding three hypothetical proteins (orfl, orf2, and
orf3), purL (encoding 5’-phosphoribosyl-formylglycinamidine
synthase II), purQ (encoding 5’-phosphoribosyl-formylglycina-
midine synthase I), ORFs encoding four hypothetical proteins
(orf4 to orf7), dctA (encoding aerobic C,-dicarboxylate trans-
porter), and an ORF encoding one hypothetical protein (Fig.
2A). The similarities between these proteins and previously
identified proteins are shown in Table 3. All of the genes are
present in the same order in the genomes of C. glutamicum R
(unpublished data) and C. glutamicum ATCC 13032 (accession
number NC_003450) (12), but they are not flanked by two
insertion sequences organized in indirect repeats. The gene
cluster resembles a similar gene cluster in Corynebacterium
efficiens with lower sequence similarity than the similarity in C.
glutamicum strains, except for the dctA4 gene, which is located
at a different locus on the chromosome. On the other hand,
analysis of the Corynebacterium diphtheriae genome showed
that several genes in the cluster are absent and that the re-
maining genes are scattered on the chromosome. The differ-
ences in gene distribution among the strains mentioned above
corresponded to the differences in phylogenetic classification
determined by 16S rRNA gene analysis for corynebacteria
(25).

Distribution of IS14751 in various corynebacteria. To inves-
tigate the presence of IS7/4751 in various corynebacteria, dot
blot hybridization of chromosomal DNA was performed by
using a 1.5-kb DNA fragment containing IS/4751 (see Mate-
rials and Methods) as a probe. The results are shown in Fig. 5.
C. glutamicum ATCC 13032, ATCC 13869, and ATCC 31831,
which are frequently used for studies, showed strong signals
equivalent to those of several strains, such as C. glutamicum
ATCC 13745, ATCC 14996, ATCC 15025, ATCC 19052,
ATCC 19053, ATCC 19055, and ATCC 19058. The copy num-

R 31831 14067 14751 13032
e © k]
13287 13655 13745 13746 13761
] »
14305 14306 14308 14309 14310
e o ¢
14995 14996 14997 14998 14999
.
15940 15941 15942 15990 19050
®© © o
19057 19058 19059
' ® o

13058 13059 13060 13232 13286
® & » 0

13826 13869 14020 14296 14297
» ® o

14311 14312 14619 14620 14752

] ® O

15025 15135 15136 15168 15455

® © o

19052 19053 19054 19055 19056

® o & @

FIG. 5. Dot blot analysis of chromosomal DNA from various corynebacterial strains hybridized with IS/4751 as the probe. The numbers above
the signals indicate the C. glutamicum strains. R is C. glutamicum R, while all other strains are American Type Culture Collection strains.



VoL. 71, 2005

12 3 45 6 7

ts B
1

I
l
te 8

COMPOSITE TRANSPOSON Tni4751 413

B
123456789
- 3 =
Y " S
an -

FIG. 6. Southern blot of chromosomal DNA from various corynebacterial strains hybridized with IS74751 as the probe. (A) Lanes 1 and 7, X
HindIII molecular weight marker; lanes 2 to 6, Smal-digested chromosomal DNA of C. glutamicum R, ATCC 14751, ATCC 13032, ATCC 13869,
and ATCC 31831, respectively. (B) Lanes 1 and 9, N HindIII molecular weight marker; lanes 2 to 8, Smal-digested chromosomal DNA of C.
glutamicum ATCC 13745, ATCC 14996, ATCC 19055, ATCC 19058, ATCC 15025, ATCC 19052, and ATCC 19053, respectively.

ber of IS74751 in the strains mentioned above was verified by
Southern hybridization by using the same DNA fragment con-
taining IS/4751 in Tnl4751 (Fig. 6). These strains contained at
least three to five copies of IS/4751 or homologous insertion
sequences (e.g., [S31831).

In contrast, the laboratory strain C. glutamicum R (17), as
well as C. glutamicum ATCC 13058, ATCC 13761, ATCC
13826, ATCC 14020, ATCC 14306, ATCC 14752, ATCC
14999, ATCC 15455, and ATCC 15990, appeared to be devoid
of IS714751 or homologous insertion sequences. The lack of
signals was also confirmed by Southern hybridization (Fig. 6A
and data not shown). Therefore, in C. glutamicum R and the
other nine strains mentioned above the native IS/4757 homol-
ogous elements are not on the chromosome, suggesting that
Tnl4751 or IS31831 is an ideal transposon-based tool for these
strains.

Transposition of Tn14751 derivatives into C. glutamicum. To
clarify the transposition efficiency of Tn/4751, we constructed
an artificial minicomposite Tn/4751 transposon. The 17.4-kb
corynebacterial chromosome portion was omitted from
Tnl4751 in order to avoid a background for transposition
efficiency caused by homologous recombination. A 20.3-kb
Hpal-Hpal DNA fragment containing the entire Tnl4751
transposon (Fig. 2) was recovered from pCRA730 and was
ligated to the Smal site of pHSG398, resulting in plasmid
pCRA731. Inverse PCR was performed by using primers 3 and
4 (Table 2) and pCR731 as the template for amplifying a 5.1-kb
DNA fragment containing IS74751L, pHSG398, and
IS74751R. The amplified DNA fragment was digested with
BglII and ligated to a Bglll-digested 1.2-kb kanamycin cas-
sette, which was amplified by PCR by using primers 5 and 6

(Table 2) and pUC4K as the template. The resultant plasmid,
pCRA732 (Fig. 7) containing a minicomposite Tn/4751 trans-
poson, was used for further study.

Plasmid pCRA732, which did not replicate in corynebacte-
ria, was electroporated into C. glutamicum R as described
previously (34) to transpose the minicomposite Tn/4751 trans-
poson into the chromosome. All colonies grown on A medium
containing kanamycin which were tested had chloramphenicol
sensitivity, suggesting that the minicomposite Tn74751 trans-
poson was transposed into the chromosome but not into the

Sphl Pyul
Pstl
Sall EcoRI
Xbal Sacl

pCRA732

ISI475IL | \ mpA 6555 bp

tnpA
1S14751R
IRR

IRR

Kmr
Bglll
& Bglll
Pvul Smal

FIG. 7. Physical and genetic map of pCRA732. Km', kanamycin
resistance gene; Cm', chloramphenicol resistance gene; pHSG398 ori,
origin of replication from pHSG398; tnpA, transposase gene from
1S74751L and IS14751R. The solid arrowheads indicate the positions
of IR-L and IR-R of IS/4751. The arrows indicate the direction of
transcription.
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FIG. 8. Transposition of minicomposite Tnl4751 into C. glutamicum. (A) Schematic physical map of the minicomposite Tn/4751 transposon
in the chromosome of C. glutamicum mutants. The positions of Southern hybridization probes (fragments I, II, and III) are indicated by
bidirectional arrows below the map. Pvul sites are indicated above the map. The tnpA genes and inverted repeat sequences of IS/475/L and
IS14751R are indicated by open arrows and solid arrowheads, respectively. The kanamycin resistance gene is represented by a solid arrow. (B to
D) Southern hybridization of Pvul-digested chromosomal DNA from nine minicomposite Tn/4751 integrated C. glutamicum mutants with
fragment I (B), fragment II (C), and fragment III (D) as the probes. Lanes 1 and 11, A HindIII molecular weight marker; lanes 2 to 10, nine
minicomposite Tn/4751 integrated C. glutamicum mutants (CGR732-1 to CGR732-9). (B) The solid arrowheads indicate the migration positions
of hybridization signals when fragment I was the probe. (C) The open arrowheads indicate the migration positions of hybridization signals when
fragment II was the probe. (D) Southern hybridization with fragment III as the probe resulted in two bands in each lane (lanes 2 to 10). The
migration positions of signals corresponding to signals shown in panel B are indicated by solid arrowheads, and the migration positions of signals
corresponding to signals shown in panel C are indicated by open arrowheads.

pHSG398 vector part containing the chloramphenicol resis-
tance gene. The transposition efficiency was 1.8 X 10> mutants
per pg of DNA.

In order to verify that the derivative of Tn/4751 transposed
randomly, genomic Southern hybridization of nine randomly
selected minicomposite Tn/475] integrants (CGR732-1 to
CGR732-9) was conducted (Fig. 8). Three different kinds of
probes (fragments I, II, and IIT) were used in Southern hybrid-
ization to determine whether the whole minicomposite
Tni4751 transposon or either one of the two IS74751 elements
at both ends of Tn74751 transposed into chromosomal DNA in
these integrants (Fig. 8A). Chromosomal DNA was digested
with Pvul, whose unique recognition site was located only at
the center of the kanamycin resistance gene and not in
IS74751. When the left side of a fragment of the kanamycin
resistance gene (fragment I) was used as the probe, hybridiza-
tion signals were detected at different sizes, indicating a variety
of insertion mutations (Fig. 8B). Although utilization of the
right side of the fragment of the kanamycin resistance gene

(fragment II) as the probe also resulted in different sizes of
hybridization signals, the hybridization patterns obtained with
fragments I and II as the probes did not overlap (Fig. 8B and
C). Southern hybridization with fragment III (IS7/4751) as the
probe revealed two bands in each lane, and the hybridization
pattern was a composite of the two hybridization patterns
described above (Fig. 8D), suggesting that the whole minicom-
posite Tnl4751 transposon was transposed into the C. glutami-
cum chromosomal DNA. No multiple insertions were ob-
served.

Target sequence of TnZ4751 insertions. The site of insertion
of Tnl4751 into plasmid pCRA730 was determined by se-
quencing (Fig. 9). Insertion of Tn/4751 into strain CGR730
resulted in an 8-bp duplication (GTTAACGT) (direct re-
peats), as observed upon transposition of the insertion se-
quence 1S37831. To confirm the conservation of direct repeats
accompanied by transposition of Tn/4751 derivatives, the in-
sertion sites of the minicomposite Tn/4751 transposon in the
chromosomes of six C. glutamicum mutants, which were ran-
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pCRAT30: GTTAACGT
CGR732-1: CCTTTGGA
CGR732-2: TGATTTGC
CGR732-4: TCATTTGA
CGR732-5: CAGTTTAC
CGR732-8: AGTAAAGA
CGR732-9: TCTTTAAG
p150B: AATAAAGC
p70D: CCTAAAGG
pCG1: CCTTTTGC

FIG. 9. Direct repeats with transposition of Tn/4751 and its deriv-
ative on plasmids or chromosomal DNA in C. glutamicum. The 8-bp
direct repeats created by transposition of Tn/475/ and six minicom-
posite Tn/4751 mutants (CGR732-1, -2, -4, -5, -8, and -9) are shown.
Direct repeats with transposition of 1S37831 in C. glutamicum (p150B,
p70D, pCG1) from the study of Vertes et al. (33) are also indicated.

domly selected from minicomposite Tn7/475/ mutants, were
also analyzed (Fig. 9). All of the direct repeats created by
CGR732-1, -2, -4, -5, -8, and -9 (Fig. 8) were 8 bp long and AT
rich in the middle portion, but they were different, suggesting
that Tn/4751 and its derivatives randomly inserted at several
different loci in the C. glutamicum chromosome. Furthermore,
it was reported previously that 1S73869, 1S1096, and ISBIil
(http://www-is.biotoul.fr/is.html), which form a tight phyloge-
netic cluster (Fig. 3) with IS/4751 and 1S31831, generated
direct repeats at the insertion site by transposition, whose
properties (different 8-bp sequences and AT rich in the middle
portion) were similar to those observed with IS/4751 and
1S31831.

By chance, the 8-bp duplication included an Hpal site (GT
TAAC), which made Tnl475] available on a 20.3-kb Hpal
cassette. We therefore used this construct for subcloning, as
described above (Fig. 2).

DISCUSSION

In an effort to develop molecular biology tools for bacterial
genome technology to realize the concept of MGFs, we iso-
lated a novel transposon that is capable of translocating large
pieces of chromosomal DNA. This transposon, from C. glu-
tamicum ATCC 14751, was designated Tni4751. It is 20.3 kb
long and carries two copies of IS31831-like elements (IS14751)
organized in inverted repeats flanking an approximately
17.4-kb chromosomal DNA fragment. The G+C content of
this chromosomal DNA fragment was determined to be 55.3%.
This value is in agreement with the G+C contents of nonmed-
ical strains of the genus Corynebacterium (22), including C.
glutamicum R (unpublished data) and C. glutamicum ATCC
13032 (accession number NC_003450), whose G+C contents
were calculated to be 54.1 and 53.8%), respectively. The amino
acid sequences deduced from the open reading frames which
are present in Tn/4751 exhibit a high degree of similarity with
amino acid sequences encoded by genes from C. glutamicum R
and ATCC 13032 (Table 3). These observations corroborate
the view that the DNA fragment carried by transposon
Tni4751 originates from the Corynebacterium chromosome
and does not result from a horizontal gene transfer event.

To our knowledge, transposons carrying large chromosomal
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DNA fragments have not been isolated frequently. Genes in-
volved in microbial warfare, such as antibiotic resistance genes
or biosynthetic genes for extracellular toxins, have been en-
countered frequently in mobile genetic elements, whereas
housekeeping genes, like those of Tni4751, have not. How-
ever, transposons containing a more limited number of chro-
mosomal genes have been reported, as exemplified by an IS10
derivative carrying sequences from the E. coli gal operon
flanked by two IS70 in a direct repeat structure (28). Trans-
poson Tn74751 probably formed by insertion of a copy of an
1S31831-like element (IS/4751) in an inverted repeat fashion
17.4 kb from an initial copy of ISI4751, thus generating a
composite transposon. The fact that these two copies of
IS14751 function as a composite transposon, and not as indi-
vidual insertion sequences, is remarkable. Individual sequenc-
ing of these two insertion elements confirmed that they encode
a functional transposase and are flanked by functional inverted
repeats and that they are thus likely to be capable of individual
transposition.

This property of IS14751, as well as IS31831, makes it a very
useful tool for engineering corynebacteria. On the other hand,
its role in the evolution of the genus may have been particu-
larly important, both at the level of intracellular genome rear-
rangement and at the level of horizontal gene transfer. Fur-
thermore, it is of fundamental and biotechnological interest to
verify whether such transposons are formed as a means for the
cell to increase the dosage of particular genes (for instance,
under conditions of stress, such as the presence of a toxic or
bacteriostatic compound). It is worth noting that the mecha-
nism of transposition of IS714751, as well as 1S371831, is still
unclear. It would also be useful to determine whether 1S74751
and IS37831 transpose via a cut-and-paste conservative mech-
anism or via a replicative mechanism that facilitates gene du-
plication.
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