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ABSTRACT

Insertion sequences (IS)1397 and ISKpn1, found in
Escherichia coli and Klebsiella pneumoniae,
respectively, are 1S3 family members that insert
specifically into short palindromic repeated
sequences (palindromic units or PUs). In this paper,
we first show that although PUs are naturally absent
from extrachromosomal elements, both ISs are able
to transpose from the chromosome or from a
plasmid into PUs artificially introduced into target
plasmids. We also show that ISKpn1 target specifi-
city is restricted to K.pneumoniae Z' PU type,
whereas 1S1397 target specificity is less stringent
since the IS targets the three E.coli Y, Z' and Z2 PU
types indifferently. Experiments of transposition of
both ISs driven by both transposases demonstrate
that the inverted repeats flanking the ISs are not
responsible for this target specificity, which is
entirely due to the transposase itself. Implications
on ISs evolution are presented.

INTRODUCTION

Insertion sequences (ISs) are small (800-2500 bp) DNA
segments capable of inserting into target DNA molecules with
a more or less pronounced target specificity. Over 500 ISs
have been identified so far in more than 40 bacterial species
and classified into 17 families on the basis of ORF
organization, length of the target duplications, similarity of
their terminal inverted repeats (IRs) and signature motifs
among the transposases (for a review see 1). They play
important roles in DNA translocations and other rearrange-
ments in bacteria (2).

Target-site selection differs significantly from element to
element. In some systems this process is extremely stringent
while in other systems it is not. For example, Tn7 insertion has
two alternative pathways for target selection, which relies on
transposon encoded proteins (3—5). The TnsABCD pathway
leads to transposition into a#fTn7, a unique site on Escherichia

coli chromosome (6), whereas the TnsABCE pathway leads to
transposition onto the lagging strand synthesized during DNA
replication (7). In the first (TnsABCD) pathway, the target
DNA structure plays a critical role in target-site selection
(8,9). Similar studies have shown that transposition of Tn/0
involves several steps. The interaction between DNA target
and the transposase induces DNA conformational changes,
which result in an interaction between the transposase and the
sequences flanking the target (10). Target-site selection
machinery can recognize either specific DNA sequences
(11) and/or DNA structures. For example, IS237A recognizes
an S-shaped structure (12), and bent and cruciform DNAs are
favored retroviral integration sites in vitro (13).

Insertion sequence 1S7/397, found in several E.coli isolates
(14), and ISKpn1, found in Klebsiella pneumoniae (15) belong
to the IS3 family. These closely related ISs have 25 bp-long
terminal inverted repeats (IRL and IRR) and encode two
proteins, OrfA and OrfB, which are in phase 0 and -1,
respectively. A —1 translational frameshift leads to a fusion
protein, OrfAB, which is the transposase. IS/397 and ISKpn/
have always been found inserted into a PU (palindromic unit,
or repetitive extragenic palindromic sequences) (16,17). PUs
are imperfect palindromes and constitute the basic motif of
BIMEs (Bacterial Interspersed Mosaic Elements), a family of
extragenic sequences scattered over the E.coli chromosome
(18). BIME consist of an ordered assembly of PUs and extra-
PU motifs. A complete description of BIMEs can be found at:
http://www .pasteur.fr/recherche/unites/pmtg/repet/index.html.
They could play a role in the functional organization of the
bacterial nucleoid, associated to proteins. PUs and BIME-like
structures have also been described in several enterobacteria
(Salmonella enterica serovar Typhimurium and Klebsiella),
where slight sequence variations allowed us to define
species-specific consensuses (14,15).

Our previous results demonstrated that IS/397 transposes
specifically into PUs present on the chromosome of several
enterobacteria (E.coli, S.enterica serovar Typhimurium,
K.pneumoniae and K.oxytoca), with a preference for E.coli
consensus PUs (14,15). In species containing PUs, which
differ from E.coli PU consensus, such as Klebsiella, the
relative frequency of transposition outside PUs was increased.
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Analysis of these non-PU insertions revealed the presence of a
conserved sequence (5’GCCGG3’) located 11-13 bp upstream
from the insertion site. This sequence shares similarities with
PUs. However, since both ISs recognize specific PUs more
efficiently than the consensus sequence alone, we postulated
that the specificity of insertion into PUs could be due to PU
DNA secondary structure and/or PU-bound factors (19).

We had also observed in natural insertion events that
ISKpn! was specific for a subclass of K.pneumoniae PUs. In
this paper, we show that ISKpn/ is active for transposition into
the chromosomes of K.pneumoniae and E.coli. We have also
developed a tool allowing us to study IS/397 and ISKpn/
transposition onto a plasmid. We show that IS/397 and
ISKpn/ transposases are able to promote not only their own
transposition, but surprisingly also transposition of each other.
We thus studied IS7/397 and ISKpn/ transposition driven by
the ISKpn/ transposase into the chromosomes of E.coli and
K.pneumoniae, and driven by each transposase onto a plasmid
carrying a K.pneumoniae chromosomal DNA fragment con-
taining BIME in which E.coli PUs and K.pneumoniae PUs
alternate. Our results allowed us to confirm IS/397 and
ISKpn/! specificities for E.coli and K.pneumoniae PU types,
respectively, and to demonstrate that target specificities of
these two ISs are entirely due to their transposases.

MATERIALS AND METHODS
Media and bacterial strains

Luria—Bertani (LB) medium was used for bacteria growth.
Kanamycin (Km) was used at a concentration of 25 pg/ml,
ampicillin (Amp) and chloramphenicol (Cm) were used at a
concentration of 50 pg/ml. Isopropyl-p-D-thiogalactopyrano-
side (IPTG) was used at a final concentration of 10-3 M and 5-
bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal) at
40 pg/ml. LBS medium is LB medium without NaCl and
containing 10% sucrose. Strains were grown at 37°C.

Strains used were the following: K.pneumoniae MGH78578
(gift from Dr McClelland, GSC, St Louis), K.pneumoniae
subspecies pneumoniae (ATCC 13883), E.coli TOP10F’: F
[lacld Tnl0(TetR)] mrcA, A(mrr-hsdRMS-mrcBC),
®80lacZAM15  AlacXT74 recAl deoR araD139 A(ara-
leu)7697 galU galK rpsL (StrR) endAl nupG (Invitrogen)
and E.coli BW19610: DE3(lac)X74 AuidA::pir-116 recAl
AphoA532 A(phnC?D-P)33-30 (20). R2 and R4 are TOP10F
carrying chromosomal insertions of IROK into Y type PUs
located in pgi-yjbE region (GTT GCCGGATGCGGCG
TGAA C[IRR « IRLJAA CGCCTTATCCGGC CTAC
ATA) and yiif-fdhE region (CAT GCCGGATGCGGCG
TGAA C[IRL — IRRJAA CGCCTTATCCGGC CTAC
AAA), respectively. These strains were obtained and char-
acterized according to Wilde et al. (15).

Oligonucleotides

Oligonucleotides were purchased from Genset. Their se-
quences and main features are presented in Table 1.

DNA techniques

Restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs or Boehringer
Mannheim and used as recommended. Plasmid DNA

manipulations were carried out by using standard procedures
(21). Extraction of total cellular DNA was performed with the
DNA Easy Tissue kit (Qiagen). PCRs were performed by
using TaKaRa Ex Taq™ PCR kit as recommended with a
Mastercycler gradient apparatus (Eppendorf).

DNA sequencing

DNA sequencing was performed either as described previ-
ously (14) or by ESGS (Cybergene), or by Génome express
S.A.

Plasmids

Plasmid constructions involved many steps, which can be
obtained upon request (cwilde@pasteur.fr). All PCR frag-
ments were systematically sequenced after cloning. The main
characteristics of the plasmids used for this study are indicated
in Table 2.

Transposable modules. TIROK (15) and IRKP are two
transposable modules where a Km resistance gene and the
R6K origin of replication (22,23) are flanked by IRs from
IS7/397 and ISKpnl, respectively. Plasmids pIROK and
pIRKP result from the circularization of the two modules
and can replicate only in strains expressing the Pir protein,
such as E.coli BW19610.

1S1397 and ISKpnl transposase plasmids. Plasmid pBLOCK
(15) results from the insertion of IROK transposable module
into pHI3. Both plasmids express IS/397 OrfAB and an OrfA-
LaclI fusion under the control of plac promoter. Plasmid pHIO
derives from pHI3 as a result of a Xbal deletion which
removed IS/397 orfA gene. Plasmid pl8 is a derivative of
pBLOCK in which a Nhel-Spel deletion removed the P15A
origin of replication and the Cm resistance gene. Plasmid pKp
is equivalent to pHIO: the orfAB gene from IS/397 has been
replaced by its ISKpn/ homolog. As for IS/397 orfAB fusion,
the addition of 1 nt and the disruption of the palindrome
destroyed the frameshift window (24). Plasmid pSKp is a
derivative of pKp in which Bacillus subtilis sacB gene (19) has
been cloned. The two transposable modules IROK and IRKP
have been cloned into pSKp, leading to pSKp-IROK and
pSKp-IRKP, respectively.

Target plasmids. These plasmids are all derivatives of TA-
cloning vector pPGEM®-T (Promega). Plasmid p340 carries a
composite DNA fragment from K.pneumoniae (contig 340
from strain MGH78578: positions 120 729-121 159 joined
to 122 605-122 635; ftp://genome.wustl.edu/pub/seqmgr/
bacterial/klebsiella/). This fragment was generated by PCR
using K.pneumoniae MGH78578 DNA as a template and
oligonucleotides 340A and 340B as primers. It carries a BIME
where seven E.coli and K.pneumoniae PUs alternate in
opposite orientations. In MGH78578, the last PU is a
K.pneumoniae 7' type interrupted by ISKpn/ (located
between positions 121 160 and 122604 on contig 340). In
the cloned fragment, the last PU was reconstituted (deletion of
ISKpn/ and of the 3 duplicated bp). Plasmid p14 contains the
E.coli K-12 wcaK-walX intergenic region (4-PU BIME)
generated by PCR wusing oligonucleotides WKBAM and
WXBGL as primers. Complementary oligonucleotides WA
and WB, KA and KB, WHA and WHB, KHA and KHB were



Table 1. Oligonucleotides
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Name Sequence Features
340A GGCCGTAATGGTCTTAAGTGATCTCCAGCA K. pneumoniae contig 340 (120,729->120,758)
340B GTCTATTGCGGGGCGGCGCTGCGCTTGCACGGCCTACGCTGC K. pneumoniae contig 340 (122,635->122,607/121,182->121,159)
WKBAM | GGATCCCCCATTACCGGGCGGTTGAGCAGC E. coli wcaK

WXBGL [AGATCTGAAAGGGCAACTGGCGCTGGGGAT E. coli walX

WA CAGTGCCTGATGCGACGCTGACGCGTCTTATCAGGCCTACA E. coli weaK-walX PU N° 2

WB GTAGGCCTGATAAGACGCGTCAGCGTCGCATCAGGCACTGA E. coli weaK-walX PU N° 2

KA ATTGCCCGGCGGCGCTGCGCTTGCCGGGCCTACGA K. pneumoniae Z' PU

KB CGTAGGCCCGGCAAGCGCAGCGCCGCCGGGCAATA K. pneumoniae 7' PU

WHA CAGTGCCTGATGCGACGCTGACGTAGGCCTGATAAGACGCGTCA | E. coli weaK-walX PU N° 2 (2™ half reversed)
WHB GACGCGTCTTATCAGGCCTACGTCAGCGTCGCATCAGGCACTGA | E. coli weaK-walX PU N° 2 (2™ half reversed)
KHA ATTGCCCGGCGGCGCTGCGTAGGCCCGGCAAGCGCAGA K. pneumoniae Z' PU (2™ half reversed)

KHB CTGCGCTTGCCGGGCCTACGCAGCGCCGCCGGGCAATA K. pneumoniae Z' PU (2™ half reversed)
seqIRL CGGTTGTGGACAACAAGCCAGGG Left end of IROK/IRKP

Kmseqout | CACGAGGCAGACCTCAGCGC Right end of IROK/IRKP

LUP TTCAGGCTGCGCAACTGTTGGG pGEM®-T (2835->2856)

RPU2 CCCCGCGCGTTGGCC pGEM®-T (357->343)

Sequence and characteristics of oligonucleotides used for this study. The corresponding coordinates are indicated in the case of contig 340 from

K.pneumoniae (oligonucleotides 340A and 340B).

annealed and introduced into pPGEM®-T, resulting in pW, pK,
pWH and pKH, respectively. In pW, the insert corresponds to
the third PU (Z? type) of E.coli K-12 wcaK-walX intergenic
region. In pK, the insert corresponds to the K.pneumoniae PU
target consensus for ISKpn/ (15, and this study). In pWH,
pKH the first halves of the PUs were identical to pWH and
pKH, respectively, but the second halves have been inverted.

Selection of chromosomal transposition events

Escherichia coli TOP10F and K.pneumoniae were trans-
formed with pSKp-IROK and pSKp-IRKP. Independent
transformants (28 E.coli and 12 K.pneumoniae clones of
each type) were grown overnight at 37°C, in LB liquid
medium containing Km and Cm. One to 150 ul of each culture
were plated on LBS containing Km. After a 24 h incubation at
37°C, sucrose resistant-Km resistant colonies were replica
plated on LBS plates containing Km or Km and Cm in order to
test for plasmid loss. Twenty-nine percent of the pSKp-IROK-
containing E.coli colonies, 68% of the pSKp-IRKP-containing
E.coli colonies and 99% of K.pneumoniae displayed the
correct phenotype, i.e. sucrose resistant, Km resistant and Cm
sensitive. Two colonies originating from each independent
clone were re-isolated on LBS containing Km and grown
overnight at 37°C in LB liquid medium containing Km.
Escherichia coli genomic DNAs were digested with Mlul
(which has no site in the transposable module) and 1-5 ug
samples were analyzed by Southern blot with IROK as a
probe, as already described (19). Fragments of digested DNAs
were circularized with T4 DNA ligase and used to transform
BW19610, an E.coli strain, which allows autonomous replic-
ation of circles containing R6K origin of replication present in
IROK. The same procedure was applied to K.pneumoniae

genomic DNAs, except that they were digested by a combin-
ation of several enzymes that do not cut into the transposable
module, followed by a treatment with Klenow DNA
polymerase in order to fill-in protruding 5’-ends before
circularization by T4 DNA ligase. BW19610 recombinant
clones were selected on LB plates containing Km. After DNA
sequencing with oligonucleotides seqIRL (complementary to
a region of R6K origin of replication) and Kmseqout
(corresponding to a region located between the end of Km
resistance gene and IRR of the transposable modules),
chromosomal regions flanking the module were identified
using FASTA software (25) at Infobiogen (http://www.info-
biogen.fr/) and BLAST software at the Washington University
of Saint Louis, MO (http://blast.wustl.edu). For transposition
events on E.coli chromosome, gene names were identified on
the Colibri Web Server (http://genolist.pasteur.fr/Colibri/).

Selection of transposition events on plasmids

The assays rely on the inability of the donor module to
replicate in tester strains. R6K origin of replication is present
on IROK and IRKP and is active only in Pir* strains. Km-
resistant strains harboring the donor module either on the
chromosome (in the case of R2 or R4 strains) or as a free
plasmid (p18, pIROK or pIRKP in Pir*f BW19610 strain) were
transformed for Cm resistance with a plasmid that expresses
the transposase from [S7397 (pHIO or pHI3) or ISKpn/ (pKp).
This second step was not necessary in the case of p18 since in
this plasmid IROK is already associated with IS/397 OrfAB
expression system. In a last step, strains are transformed with
the target plasmids, which confer Amp resistance. In all cases,
independent antibiotic-resistant clones were checked when
necessary for IPTG sensitivity (due to the toxicity of IS1397
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Table 2. Plasmids
A Transposable modules

Transposable mndulé
Origin of  Selectable
Tpueed v pean replication  marker
pIROK 151397 R6K Km*
pIRKP ISKpni R6K Km®
B. 157397 and ISKpn/ related plasmids
Vector Ttal:Sopd(;SIzblE Transposase Counter selectable marker
Origin of Selectable
replication marker
pBLOCK pl5A Cm" IROK OrfAB + OrfA (IS1397) | OrfAB + OrfA (IS1397) (IPTG)
pHI3 pl5sA Cm* - OrfAB + OrfA (1S1397) | OrfAB + OrfA (IS1397) (IPTG®)
pHIO pl5A Cm* - OrfAB (IS1397) OrfAB (1S1397) (IPTG®)
pl8 - - IROK OrfAB + OrfA (151397) | OrfAB + OrfA (15/397) (IPTG®)
pKp plSA Cm* - OrfAB (ISKpnl) -
pSKp pl5SA Cm* OrfAB (ISKpnl) SacB (sucrose®)
pSKp-IROK pl5A Cm* IROK OrfAB (ISKpni) SacB (sucrose )
Kp-IRKP 15A Cm* IRKP OrfAB (ISKpnl) SacB (sucrose¥)
P P P
C. Target plasmids
-T vector nsert
pGEM®-T 1
r?;;:g;;;; Sﬂﬁt‘?gﬁ Origin Structure Source Oligonucleotides
Zi Y Fral n ¥ il
p340 ColEl Amp® Kp. F KRN KNP KN PCR (E.c. TOP10F") 340A + 3408
Kp. Ec K.p. E.c. Kp. Eec K.p.
pld ColEl Amp® Ec  |pmmmmmenmm PCR (K.p. MGH78578) | WKBAM + WXBGL
pw ColE1 Amp® Ec f'I" : ds synthetic DNA WA +WB
pWH ColEl Amp® Ee. = ds synthetic DNA WHA + WHB
pK ColEl Amp® Kp. e ds synthetic DNA KA + KB
pKH ColEl Amp® Kp. rﬁ:] ds synthetic DNA KHA + KHBE

The details for the construction of plasmids are given in Materials and Methods. The main characteristics (origins of replication, antibiotic resistance
genes) are indicated. The table has been subdivided in three sections. Transposable modules: pIROK and pIRKP carry the transposable modules derived
from IS7/397 and ISKpn1, respectively. IS1397 and ISKpn/ transposase plasmids: counter selectable markers and the type (OrfA or OrfAB) and the origin
(IS1397 or ISKpn/) of the transposase are indicated. All plasmids express lacl, which allows the repression of the transposases in the absence of IPTG.
Target plasmids: they all derive from pGEM®-T (Promega). The origin of the inserts (either a PCR or a double stranded DNA fragment) is indicated as
well as their structure. The boxes indicate the PUs and the triangle indicates their orientation. White boxes, K.pneumoniae (K.p.) Z' PUs; gray boxes,

E.coli (E.c.) Z* PUs; black boxes, E.coli Y PUs.

OrfA and OrfAB, a phenotype, which was not observed in the
case of ISKpn/ OrfAB) and were grown overnight in liquid at
37°C. Plasmids were extracted and used to electroporate
TOP10F’ competent cells. Serial dilutions of electroporated
cell suspensions were plated onto LB agar plates containing
Amp or Amp and Km. The frequency of transposition was
measured as the ratio between the number of Amp- and Km-
resistant clones and the number of Amp-resistant clones.
Individual colonies were tested for the presence and for the
orientation of IROK or IRKP in PGEM-T target plasmids
using oligonucleotides Kmseqout (internal to IKOK and
IRKP) and either LUP or RPU (flanking the insert) as primers
for colony-PCR assay. The size of the fragments was
measured on agarose gel electrophoresis, which allowed us
to determine approximately the position of the insertion site. A

few representative clones were sequenced (using primers
SeqIRL and Kmseqout) to define precisely in each case the
structure at the junctions between the target and the
transposable module.

RESULTS

Transposition of IS1397 and ISKpn! into K.pneumoniae
and E.coli chromosome using ISKpn!/ transposase

We first analyzed whether ISKpn/ OrfAB transposase was
active in two enterobacteria: K.pneumoniae and E.coli. Our
transposition assays relied on two distinct events: the trans-
position of a transposable module from a donor plasmid into
the chromosome of the bacteria, followed by the loss of the



donor plasmid. The modules were tracked by Km resistance
and the donor plasmids were counter-selected by sucrose
resistance. The two different modules used for this study,
IROK and IRKP, differ only by the nature of the IRs, which
are, respectively, IS/397 and ISKpn/ IRs.

5 X 108 CFU from independent E.coli and K.pneumoniae
clones containing pSKp-IRKP or pSKp-IROK were plated on
LBS plates containing Km. For K.pneumoniae, each plate
contained about 200 sucrose-resistant colonies, whereas for
E.coli, plates contained from 7 to about 200 sucrose-resistant
colonies. They were replica plated on LBS plates containing
Km or Km and Cm, in order to check for plasmid loss. Ninety-
nine percent of the K.pneumoniae clones and 68% of the E.coli
clones were CmS. Independent KmR, SacR, CmS clones (two
per plate) were examined for the presence of the transposable
module on the chromosome by Southern blot hybridization.
We recovered plasmids encompassing IROK and IRKP after
circularization of chromosomal DNA fragments due to the
presence of a Km resistance gene and an R6K origin of
replication, which is active in E.coli BW19610. The plasmids
were used to sequence the new flanking regions of the
transposable module.

ISKpn! and IS1397 targets in K.pneumoniae
chromosome

We sequenced nine transposition events of IRKP and 12
transposition events of IROK into the K.pneumoniae chromo-
some using ISKpn/ transposase (Table 3). All insertions but
one (clone IRKP I) occurred into PUs, with a 3 or 4 bp
duplication. More precisely, sequence comparison of the
consensus insertion site with consensuses of K.pneumoniae
PU types (11) showed that the modules inserted exclusively
into Z' type (Table 3). They were distributed between 12
regions. Several independent transposition events occurred in
the same region, either in the same PU (Table 3, regions III,
1V, VI, VII and X) or in different PUs of the same BIME
(Table 3, region VII). Interestingly, IROK and IRKP were
targeted to the same hot-spots, showing that the nature of the
IRs flanking the transposable module (IS/397 or ISKpn/ IRs)
does not influence the target choice. For example, insertions in
clones IROK J and IRKP G or clones IROK K and IRKP B
occurred in the same PU in the same orientation, and
insertions in clones IROK F and IRKP C and D occurred in
the same PU, with different orientations. Interestingly, these
three clones transposed to the same position as ISKpn/ in the
sequenced strain MGH78578 (ISKpn/ is also present in the
K.pneumoniae strain that we used for transposition, but not at
the same positions) (15). This confirms that this particular PU
is a hot-spot for transposition.

We also observed an unusual transposition event for clone
IROK L, in which transposition had occurred next to a resident
K.pneumoniae ISKpnl, already inserted into the loop of a
PU. The last 3 nt at the end of IROK IRR, 5’-TCA-3’, were
changed into 5-GCA-3’ (change in italic), as found in ISKpn/
IRL. Furthermore, we found an extra 3 nt (GAT) between
IS7397 IRL and ISKpn/ IRL. This particular example will be
discussed further (see Discussion).

ISKpn! and IS1397 targets in E.coli chromosome

The observed specificity of ISKpn/ transposase for
K.pneumoniae 7' PU type raised the question of whether
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other PU types could be targeted. Thus, we used ISKpn/
transposase to study ISKpn/ and IS7/397 transposition into
E.coli chromosome, which is lacking K.pneumoniae 7' PU
type. In this context, we analyzed eight transposition events of
IROK and 19 transposition events of IRKP (Table 4).

All insertions occurred outside PUs, with a 3 or 4 bp
duplication (Table 4). The majority of insertions were located
inside genes. We observed again hot-spots of insertion, but
they were different for each transposable module.
Transposition events into the same insertion site always
occurred in the same orientation (not shown). repC was the
target for IROK (clones IROK 7 and 8) and IRKP (clones
IRKP 4, 5 and 6), but not at the same position. Despite the lack
of targeting into PUs, insertion sites of IRKP and IROK
revealed, in 9 cases out of 13, the presence of a consensus
sequence (5’GCCC3’, which can be extended to 5’GCCCGG3’
in two cases) in a 10-bp window upstream of the insertion site.
This sequence is also present in the stem of K.pneumoniae Z.!
PU type.

Target specificity of the two ISs with the two
transposases: transposition events onto a target plasmid

PUs have only been found on chromosomes and not on
plasmids or phages. Thus, we wanted to know whether IS7397
and ISKpn/ could transpose into PU targets cloned on a
plasmid. For this, we developed an assay as described in
Materials and Methods. A favorable situation enabled us to
compare in a single experiment E.coli and K.pneumoniae PUs
for target selectivity. Indeed, we used a K pneumoniae
intergenic region containing a 7-PU BIME, which alternate
K.pneumoniae Z' PUs with E.coli Y PUs. This BIME was a
natural insertion site for ISKpn/ and has been shown to be a
target for [IS/397 (15). A plasmid containing this BIME (p340)
was used a target for IS7/397 and ISKpn/ donor modules
(present on pIROK and pIRKP, respectively) using either
1S7397 or ISKpn/ transposases (respectively, expressed from
pHIO or pKp). Transposition occurred exclusively into PUs in
all configurations with comparable frequencies (not shown).
We determined insert orientations by PCR and we identified
which PU had been targeted. A number of representative
examples were checked by DNA sequencing. The results are
presented in Table 5. Remarkably, no difference was found
between IROK and IRKP, which could transpose indifferently
into PUs of both types (i.e. E.coli or K.pneumoniae). On the
contrary, we found a clear-cut PU choice according to the type
of transposase, namely I[S/397 OrfAB being exclusively
specific for PUs Nos 2, 4 and 6 (E.coli type) whereas ISKpn/
was found exclusively specific for PU Nos 5 and 7
(K.pneumoniae type). This result confirms that the two ISs
are exclusively specific for the PU types corresponding to the
species they were detected in, and it demonstrates that this
specificity is unambiguously due to the transposases and not to
the IRs.

Impact of BIME and PU arrangement on transposition
specificity

To analyze further the roles of PU sequence and structure on
target specificity for IS/397 transposase, we used the wcaK-
walX intergenic region from E.coli. This includes a BIME-2
containing four PUs. This region had been shown to be a hot-
spot for IS7397 transposition (14). Results presented in Table 6
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Table 3. Insertion sites of IROK and IRKP into K.pneumoniae chromosome

K. preumonioe < s " e
disciee Insertion site® Region structure Region'
IRKP H ACT GCCOGGOGGEOGD TG GOTGGC OGGGC  CTACG I:‘l-il 1
IRKFP A CTT GCCCGECGROGT TAC GCTTGOGOGGGEC CTACG E'[-ﬁ |j:| |j:] 11
IROK A, B, C TGT GOCCGGCGGOGE TAC GCTTGCACGGAC CTACA r_J!-ﬁ] I“j:l I
IROKD & E -
IRKP E ATT GCOCGGCGGOGT TGC GCTTGC CGGGC CTACA I:tl rg_;-! w
IRKP F CTT GOCCGECGECGET TEC GOTTGCACGEGEC  CTACG ,_—b &1-_]2_1 v
IROK F 1
IRKP C & D GAT GCCCGGCGE0GT TGC GCTTGOGOGGGE  CTACG [ |jj r‘_:!-b ¥l
IROK J E E E i g i i E
IRKP G CAT GCOOGGOGEOGD TAC GOTTGOGOGGEC  CTACG I Vi
SRt Sl e (e e
IROK G AGC GCCCGATGGOGE T6C GCTTAT CGGGC  CTACA Etl ﬁ-]f] VIII
IROK H GAT GCOCGOTGGC TGC GCTOAC CGGGC  CTGCG m X
IROK K
IRKP R ATT GCCCGGOGE0GET TEC GCTTGC CGGGEC  CTACG If!_ﬁllj:l X
‘ {IRR IROK IRL) (IRL ISKpnl
IROK L ATT GCOCGGOGGOGE TGO (toghCTGAAGTGCAGTTCA) GAT {tgcactaca d_]mﬂ“l Xl
IRKFPI GULGACGTGETCGAGA TEC GCCAGCACCTGOGCGTCOGCCCT i ===l XII
Insertion consensus | NNT GCOOGOYGGOGC TRC GOTKRCROGGGES CTACR
Kp Z' consensus’ HWT GCCSGEYGEOEC TGO GOTTAC CSGGC CTACR
Kp Z* consensus® WWG GCCHGATARCGRGGC FMWS GOGTSTTA TCCGGE CTACR
Kp Y consensus* WIT SCCOGGATGGCGGMD HAAW CGCCTTA TCCGGS CTACG
Kp D consensus’ TYT GOCGGRTGGCGGEC TTC GCOOTTA YCOOGGT CTACG

4Insertion sites, insertion consensus and K.pneumoniae PU consensuses are figured; duplication of the target site (3 or 4 bp) is underlined.

"The white boxes indicate the K.pneumoniae PUs and the triangles indicate their orientation; the gray boxes symbolize the IROK or IRKP transposable
module.

‘The region of K.pneumoniae chromosome (ftp://genome.wustl.edu/pub/seqmgr/bacterial/klebsiella/) is indicated: I (unidentified), II (contig (ctg) 108
coordinates (coord) 66 293), III (ctg 118 coord 48 827), IV (ctg 118 coord 18 576), V (ctg 123 coord 39 555), VI (ctg 125 coord 994), VII (ctg 128 coord
111 632 for clone IROK I and ctg 128 coord 111 385 for clones IROK J and IRKP G), VIII (ctg 129 coord 133 946), IX (ctg 131 coord 149 035), X (ctg
131 coord 192 320), XI (ctg 132 coord 330 297), XII (ctg 101 coord 19 163).

dIn clone IROK L, the sequence of the transposable module is bracketed, the double arrow indicates its orientation, and only the 9 external nt of the IRs
are written. ISKpn/ sequence (dark gray box in the drawing) is written in lower case and the nucleotide change in the IROK module is twice underlined.
¢Klebsiella pneumoniae PU consensuses have been determined previously (11).

Table 4. Insertion sites of IROK and IRKP into E.coli chromosome

Clones Insertion site* Region structure®
IRKP 1 AGATTCTTCAATCTGCCCGTCTTCG  GTT TGCATCATCGGCGCTTTCATACCGA | #rpB'«~ &  «'trpB
IRKP2,3 ARAGCCCGACGCGCGCCTGATTCGC — CTC TCTGAAAAGAACAATAACTGGACGT | yhjiG'—> &  SYhG
IRKP 4,5, 6 TACAGGCAGCGCAGCCCGGTCAGGG ~ CCT CCGCCAGCGGGCCTTCTTGACACCG repC'«— &  «'repC
IROK 7,8 GCCAGCCTATTATGCCCGCGCAGGA  AGG CCTCCCTGACGTGAACCAGGACAAA repC'«— & <'repC
IRKP7,8,9,10 TTCCGTCTGGTTATGCCCTGATGCA  GGGG CAGACTTTTGACAAATCTGCATACC | ydfN'-> & YN
IRKP 11, 12 GTCGTAATGTTTATGCCCGTCAAGC  GAGA CGGCAACCGCGCCGGAARAACCTCAA | surE'«~ =  «'surE
IRKP 13 ATTGATGTTAATAGCCCTACCTGGG  GCG GTTTACCGCGCTGGAATACTGATGG | fhuE'-» =  —>'fhuE
IRKP 14, 15, 16, 17, 18, 19 GGAGGATATTGTAGGCCCGGTAAAC  GTGG TGCCATCGGGCAAAATTAGCTCGGA narl— = <
IROK 1 TTGTACAGCATCGCCTTCTTTCAGA  GAC TCAGTAATTGCAGCCAGAGTGGACT hupA'«— =  «'hupA
IROK 2 GATATTCAAAATATGCCCTACGCCA  GCCA GTACATGCAGCTTAATGGCGGGCCG | ybF'—» &  S'YjbF
IROK 3,4 TAGCCCACCTGCTCGTCCCCTTTGC ~ CGA TGATGCTCACCAGCGGCAGCGCGAT | yagG'«— <&  «'yagG
IROK 5, 6 AAGCCCCAGGAGATATTTCTATCAA  CCC TGGGGCTGCCACTCCAAACCCGAAC ybdK— =  —ybdY
ISKpn1 insertion consensus® NNTGCCCGGYGGCGC TRC GCTKRCRCGGGCCTACR

4Duplicated nucleotides are underlined. The consensus sequence 5'-GCCC(GG)-3’ of the 10-bp window of insertion sites is twice underlined.

®Gene names have been retrieved from Colibri Web Server (http://genolist.pasteur.fr/Colibri/). Gene orientations are indicated by an arrow, and the
module insertion and orientation by a double arrow.

‘ISKpn/ insertion consensus is taken from Table 3.
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Transposable module Transposase Target structure (p340)*
. 2 (> 1K > |

1 2 3 4 5 6 7

VA Y z! Y A Y z'

K.p E.c Kp E.c K.p E.c K.p
IROK 1S1397 OrfAB 0 11 0 4 0 9 0
IRKP ISKpn! OrfAB 0 5 0 8 0 11 0
IROK IS1397 OrfAB 0 0 0 0 1 0 20
IRKP ISKpn!/ OrfAB 0 0 0 0 2 0 22

For each configuration (IROK or IRKP transposable module/IS/397 or ISKpn/ OrfAB transposase), the number of transposition

events into the different PUs present on plasmid p340 is given.

2Abbreviations and symbols used for the drawing of p340 BIME insert are identical to Table 2.

Table 6. Transposition of IROK into plasmid p14

Transposable module Transposase Target structure (pl4)*
B KN N
7? Y 7: Y
Ec Ec Ec Ec
IROK (plasmidic) 151397 OrfAB (pl8) 14 11 38 4

The number of IROK transposition events into the different PUs present on plasmid p14 is given.
2Abbreviations and symbols used for the drawing of p14 BIME-2 insert are identical to Table 2.

show that plasmid pl4, which carries this region, was an
efficient target for transposition. When the donor module was
on pl8, a high copy number plasmid, which also carries the
transposase gene, the transposition frequency was 2 X 1072,
IPTG is an inducer of IS/397 OrfA and OrfAB, which are
lethal when over-expressed (14). The addition of sub-lethal
concentrations of IPTG did not increase the already high
frequency of transposition (not shown). Sixty-seven clones
were analyzed by PCR to predict the location and the
orientation of IROK inserts. As observed previously, several
representative clones from each situation were sequenced. All
insertions were found in PUs with a 3 nt duplication and a
random module orientation (not shown). As reported in
Table 6, a majority of insertions occurred into the third PU (38
out of 67 cases analyzed). It should be noted that this PU is
almost identical to the first, with the exception of flanking
sequences. This shows that local constraints interfere with the
efficiency of targeting.

To determine more precisely whether the environment and
the integrity of PUs could play a role in target specificity, we
constructed a target plasmid (pW) containing only the third
PU from wcaK-walX BIME-2 and a target plasmid (pWH)
containing the two halves of the same PU but in opposite

orientations. The same approach was followed for a typical
solo Z! K.pneumoniae PU (pK and pKH). We found that
only pW was a target for transposition of the IROK donor
module carried by plasmid p18, but with a lower efficiency
(8.4 X 1079) than observed before. Transposition into pWH,
pK and pKH occurred at an undetectable frequency (<107-9).
The same results were observed when IROK donor module
was present on the chromosome (strains R2 and R4, data not
shown). These results confirm that Z! K.pneumoniae PUs are
not targets for IS/397 transposition. They also show that the
overall sequence of the PU (i.e. the presence of the two halves)
is not sufficient for targeting IS/397. The correct PU structure
(i.e. palindromic) is important, as well as the local environ-
ment, since a given PU sequence behaves differently when it is
alone and when it is included in a BIME, and even there its
position inside the BIME has an influence.

DISCUSSION

We have shown previously that IS/397 was able to transpose
from a plasmid onto the E.coli chromosome (14,15,19). In this
paper, we show that IS/397 and ISKpn/ are also able to
transpose in E.coli either from a plasmid or from the
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chromosome onto a target plasmid. They can both recognize a
BIME as well as a single PU as an exclusive target site for
transposition. These results show that although PUs have
never been found on natural plasmids or other extra chromo-
somal elements, they can be recognized as targets by both ISs
when they are artificially introduced into a plasmid. This
indicates that IS7/397 targets similar or identical PU conform-
ations on a plasmid and on the chromosome, suggesting that
no specific association between PUs and chromosomal
proteins is required for this process.

We show here that ISKpn/ is active for transposition into
the chromosomes of K.pneumoniae and E.coli. Natural
ISKpn! insertion sites observed previously on the chromo-
some of K.pneumoniae (15) were PUs of the K.pneumoniae
type, and more precisely Z' (Table 3). Our results show that
IRKP transposes almost exclusively into PUs in the chromo-
some of K.pneumoniae (eight cases out of nine), and confirm
ISKpn/ specificity for K.pneumoniae Z' PU type. This target
choice is more stringent than for IS/397, which is able, as
shown previously, to recognize the three E.coli PU types (Y,
Z' and 7?) (14). As a consequence, IS/397 transposition in
K.pneumoniae occurs exclusively into PUs that are of the
E.coli type, and which are present along the entire chromo-
some of K.pneumoniae. In parallel, ISKpn/ is specific for
K.pneumoniae 7' PU type, and transposes exclusively outside
PUs into the chromosome of E.coli, which does not contain
any K.pneumoniae Z' PU type.

The transposition event in clone IROK L (Table 3)
resembles the cases observed in Yersinia pestis atypical
transposition events (19) of IROK next to a resident Y.pestis IS
whose ends are close to IS/397 IRs (Fig. 1). As suggested, a
3-bp shift of the cutting site on the circular intermediate
occurred, leading to the deletion of the last 3 bp of 1S/397
IROK (TCA), and 3 extra bp flanking the module have been
kept inside. However, since these 3 nt do not correspond to
those originally flanking IROK IRs on the donor plasmid, we
postulate that this clone results from a second-step transpos-
ition event on K.pneumoniae chromosome. In the case of
Y.pestis, we hypothesized these transposition events could be
due to the co-action of IS/397 and an endogenous transposase.
The fact that IS/397 can transpose via ISKpn/ transposase is
in favor of this hypothesis since it shows that a given
transposase not only recognizes its own IRs, but it is also
active on the IR of other similar ISs. This could account for the
high instability of the Y.pestis genome.

As IS1397 and ISKpn! are very close, especially in their
external IRs sequences (84 and 72% identical for IRR and
IRL, repectively; Fig. 1), we wondered whether both
transposases would be able to recognize both IRs, and to
promote transposition of both ISs. More precisely, we wanted
to know if the target specificity was due to the transposases or
to the IRs. We used two approaches for this. First, we
compared the transposition of two different modules into the
chromosomes of K.pneumoniae and E.coli, using ISKpn/
transposase (Tables 3 and 4). The two modules (IROK and
IRKP) only differ by the flanking IRs (IS/397 and ISKpn/,
respectively). No difference in target choice was observed
(i.e. K.pneumoniae 7' PU type), suggesting, at least for
ISKpnl, that transposition specificity resides in the nature of
the transposase and not in the origin of the IR. A second
approach enabled us to extend this conclusion to the case of

157397 -= AT oY [RR
<=~ 151397 § G AR
15Kpn! -= i G = (RR
&~ 18Kpn! H T Y kL
1S200(Y, p) -> T H ¢ AR
&= 18200(¥. p) { TR A NG

Figure 1. Comparison of IS/397, ISKpn/ and IS200 IRs. Yersinia pestis
IS200 has been described as a target for IS7/397 (19). In order to align the
six IR sequences, IRLs have been inverted (i.e. insertion sites are located on
the right side of the sequence). IS orientations are indicated by an arrow. At
a given position, identical nucleotides between all six IRs are shaded in
black, in dark gray when identical in five IRs and in light gray when
identical in four IRs.

IS7397. Indeed, we used the four combinations (transposases
versus IRs) in a transposition assay onto a plasmid carrying
both PU targets. Unambiguously, we demonstrated that IR
types have no effect on target specificity and that this
phenomenon is entirely due to the transposase.

We detected a conserved sequence (5'GCCC3’, which can
be extended to 5’GCCCGG3’) upstream of IROK and IRKP
insertion site in the E.coli chromosome (Table 4). This
sequence is also present in the Z! stem of K.pneumoniae PU
type. This suggests that, as hypothesized for IS7397 (19), a
small consensus sequence could be recognized by ISKpn/
transposase, and may be sufficient for transposition when the
actual PU targets are not found. However, transposition into
PUs could involve other factors such as a specific PU
conformation or a PU-binding protein.

A strict target specificity can present both advantages and
drawbacks for the parasitic equilibrium between ISs and their
hosts. PUs are located outside genes and scattered all over the
chromosome (18). They are therefore readily available targets
and minimize the risk of gene inactivation, which could be
deleterious for the host and, as a consequence, for the mobile
element. However, the strict specialization of an IS for such a
target limits its lateral transfer to other species, which would
not share the same type of repeated element. A possible way to
bypass this limitation would be to transpose more or less at
random into sites that show some similarities with the original
one. In order to propagate efficiently within its new host, the
IS would have to evolve to finally acquire a transposase
endowed with a new specificity. The close similarity between
[S7397 and ISKpn/ shows that a limited number of steps have
been sufficient for such an adaptation, which has already
occurred during evolution.
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