
JOURNAL OF BACTERIOLOGY,
0021-9193/01/$04.0010 DOI: 10.1128/JB.183.15.4395–4404.2001

Aug. 2001, p. 4395–4404 Vol. 183, No. 15

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Transposition of IS1397 in the Family Enterobacteriaceae and
First Characterization of ISKpn1, a New Insertion Sequence

Associated with Klebsiella pneumoniae Palindromic Units
CAROLINE WILDE, SOPHIE BACHELLIER, MAURICE HOFNUNG, AND JEAN-MARIE CLÉMENT*
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IS1397 and ISKpn1 are IS3 family members which are specifically inserted into the loop of palindromic units
(PUs). IS1397 is shown to transpose into PUs with sequences close or identical to the Escherichia coli consen-
sus, even in other enterobacteria (Salmonella enterica serovar Typhimurium, Klebsiella pneumoniae, and Kleb-
siella oxytoca). Moreover, we show that homologous intergenic regions containing PUs constitute IS1397
transpositional hot spots, despite bacterial interspersed mosaic element structures that differ among the three
species. ISKpn1, described here for the first time, is specific for PUs from K. pneumoniae, in which we discovered
it. A sequence comparison between the two insertion sequences allowed us to define a motif possibly accounting
for their specificity.

The chromosome of Escherichia coli contains various fami-
lies of small extragenic sequences repeated from 6 to more
than 250 times and representing almost 2% of the bacterial
DNA (4). The BIME family (bacterial interspersed mosaic
elements) is one of these. The basic motif of BIMEs is the
palindromic unit (PU) or repetitive extragenic palindromic
sequence (19). PUs are imperfect palindromes of about 40 bp
that are transcribed but not translated (4). Five hundred
eighty-four PUs are scattered over the chromosome of E. coli
(6) and have been divided into three classes, Y, Z1, and Z2,
according to slight variations in sequence and size. BIMEs
have been defined as a precise combination of PUs alternating
in orientation and type and associated with seven extra-PU
motifs (A, B, S, L, s, l, and r), and two major BIME families
can be distinguished, called BIME-1 and BIME-2 (3, 18). For
a review of PUs and BIMEs, see reference 4 and the E. coli
short DNA repeats section of the Unit of Molecular Program-
ming and Genetic Toxicologyweb site (http://www.pasteur.fr/
recherche/unites/pmtg/repet/index.html). The existence of a
general function for BIMEs is still unclear. Some of them can
stabilize mRNAs (26, 27) or play a role in transcription termi-
nation (14), translational control (38), and genomic rearrange-
ments (36). However, their specific interactions with integra-
tion host factor (7, 28), DNA gyrase (12, 42), and DNA
polymerase (16) suggest that they may play a role in the functional
organization of the bacterial nucleoid.

PUs were detected originally in E. coli and Salmonella en-
terica serovar Typhimurium (13, 19) and later in other enter-
obacteria by Southern blot hybridization and sequence analysis
(17). The PU consensus for S. enterica serovar Typhimurium
differs slightly from the E. coli consensus in that there is an
additional G between positions 10 and 11 (15). There is an-
other PU motif, D, specific to Salmonella and Klebsiella (4).

Klebsiella PUs are closely related to S. enterica serovar Typhi-
murium PUs (2), but they are more GC rich than the rest of
the genome. The two species exhibit BIME-like structures, but
extra-PU motifs seem to be less conserved than in E. coli.
There is no L motif in S. enterica serovar Typhimurium, and
BIMEs containing PUs in direct tandem repeats are present in
these enterobacteria.

IS1397 is a 1,432-bp insertion sequence belonging to the IS3
family (5). It has been found in several natural E. coli isolates
and is always inserted into the central part of a PU described
as the loop (Fig. 1). We have recently shown that IS1397 is an
active insertion sequence that is able to be transposed into
E. coli from a donor plasmid and that it is inserted specifically
into PUs (9). In this study, we analyzed whether IS1397 has
the same target specificity in other Enterobacteriaceae species
which also contain PUs, i.e., S. enterica serovar Typhimurium,
Klebsiella pneumoniae, and K. oxytoca. We also describe a new
IS, ISKpn1, that was identified during analysis of the PUs of K.
pneumoniae. This insertion sequence (IS) is closely related to
IS1397 and IS150 and is also specifically inserted into PUs.

MATERIALS AND METHODS

Plasmids. pNABI, the plasmid used to study the transposition of IS1397 into
the chromosome of K. pneumoniae, has already been described (9). Its structure
is shown in Fig. 2. This derivative of pACYC184 (8) carries a P15A origin of
replication, an orfAB artificial gene with a disruption of the palindrome found in
the putative frameshift window between orfA and orfB. However, when we se-
quenced this region, we found that the expected deletion of an A introduced to
create an in-frame fusion between the two genes had not been achieved. As a
consequence, only OrfA, and not OrfAB, could be expressed under the control
of Ptac (isopropyl-b-D-thiogalactopyranoside [IPTG] inducible due to the pres-
ence of a functional lacIq gene on the plasmid). Overexpression of OrfA is toxic
to the cells (J.-M. Clément and C. Wilde, unpublished observations). pNABI also
contains IS1397, flanked by an interrupted PU sequence with a 4-bp duplication
(as naturally found between the mtlA and mtlD genes in EPEC25 [5]) and with
a Kmr-encoding gene inserted downstream of orfB.

Another plasmid, pBLOCK, was constructed to study transposition into the
chromosomes of K. oxytoca and S. enterica serovar Typhimurium. It was created
to allow selection and quick analysis of transposition in virtually any bacterial
species. This derivative of pACYC184 carries the P15A origin of replication and
lacIq. The Cmr-encoding gene is placed next to the P15 origin of replication. The
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artificial Plac/ara-1 promoter from pPROLar.A (Clontech) is found twice, up-
stream of orfA and upstream of orfAB, allowing overproduction of the two
proteins upon IPTG induction. The last 93 bp of the lacIq sequence are found
downstream of orfA, due to the cloning strategy. OrfA and OrfAB are both toxic
to the cell. The transposable module (delineated with arrows in Fig. 2) is not
flanked by the interrupted PU and is different from the one found in pNABI. The
orfA and orfB sequences were replaced with the R6K origin of replication (35,
37), which allows stable maintenance of plasmids in strains expressing P protein,
such as BW19610. Most of the DNA fragments corresponding to these various

parts were generated by PCR. In this case, their sequence was systematically
checked after cloning into the recombinant plasmids. As for pNABI, the con-
struction of pBLOCK involved many steps, the details of which will be supplied
upon request (jclement@pasteur.fr). We checked that pNABI and pBLOCK
enabled the transposition of their respective modules into the E. coli chromo-
some with the same target specificity (J.-M. Clément and F. Le Noanne, unpub-
lished observations).

Media and bacterial strains. Luria-Bertani (LB) medium was used to grow all
of the strains. Kanamycin (KM) and chloramphenicol (CM) were used at con-
centrations of 25 and 50 mg/ml, respectively. IPTG was used at a final con-
centration of 1023 M, and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-Gal) was used at 40 mg/ml.

The strains used for plasmid rescue were JM109 [recA1 endA1 gyrA96 thiA
hsdR17(rK

2 mK
1) relA1 supE44 D(lac-proAB) F9 traD proAB lacIqZDM15] (43),

BW19610 [DE3(lac)X74 DuidA::pir-116 recA1 DphoA532 D(phnC?D-P)33–30]
(25), and TOP10F9 {F9 [lacIq Tn10(Tetr)] mrcA D(mrr-hsdRMS-mrcBC)
f80lacZDM15 DlacX74 recA1 deoR araD139 D(ara-leu)7697 galU galK rpsL (Strr)
endA1 nupG} (Invitrogen). The strains in which transposition was studied were
K. pneumoniae subsp. pneumoniae ATCC 13883, K. oxytoca ATCC 13182, and
S. enterica serovar Typhimurium 3261. The strains used to study ISKpn1
distribution were K. pneumoniae MGH78578 (a gift from M. McClelland,
Genome Sequencing Center [GSC], Washington, University, St. Louis, Mo.),
K. pneumoniae subsp. pneumoniae ATCC 13883, K. pneumoniae subsp. ozonae
ATCC 11296, K. pneumoniae subsp. rhinoscleromatis ATCC 13884, K. oxytoca
ATCC 13182, K. planticola ATCC 33531, K. terrigena ATCC 33257, Enterobacter
aerogenes ATCC 13048, K. aerogenes W70 (20), E. coli EPEC 25 (22), E. coli
C600 (1), Yersinia pestis 6.69, Y. enterocolitica 8081, and Y. pseudotuberculosis
32953. The Yersinia strains belong to the Pasteur Institute collection and were a
gift from Elisabeth Carniel.

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 (30). Chromosomal DNA extractions were performed with the DNA
Easy Tissue kit (Qiagen). PCRs were performed by using the Amersham PCR kit
as recommended with a Mastercycler gradient apparatus (Eppendorf).

Oligonucleotides. Oligonucleotides were purchased from Genset. Two oligo-
nucleotides were used to sequence the junctions of IS1397 chromosomal inser-
tions. Their sequences are as follows: seqIRL, 59CGGTTGTGGACAACAAG
CCAGGG39 (complementary to a region of the R6K origin of replication);
Kmseqout, 59CACGAGGCAGACCTCAGCGC39 (corresponding to a region lo-
cated between the end of the Kmr-encoding gene and the right inverted repeat
(IRR) of the module, as found on the plasmid pBLOCK).

Two other oligonucleotides were used for ISKpn1 cloning, i.e., upKp (59GC
GAATAGCCGGCTGAAAACGTGAG39) and downKp (59GGTGGTCATTT
CTCAAGGCGAGG39), flanking the IS of K. pneumoniae on contig 840 (May
2000), according to the GSC web site (http://genome.wustl.edu/gsc/index.shtml).

FIG. 1. PU structure and BIME organization. (Top) Consensus
sequence and hypothetical DNA structure of PUs. Two types of PUs
have been defined according to two critical positions of the consensus
(7 and 32, boxed in grey). In the Y PUs, these nucleotides are a G and
a C, respectively, while in the Z PUs, they are a T and an A. These se-
quences form an imperfect palindrome, with asymmetry elements which
allow orientation of the structure from the tail to the head, and confer
a stem-loop structure. (Bottom) BIMEs are composed of successive
PUs alternating both in type and in orientation (indicated by black tri-
angles). They are separated by short “extra-PU” motifs located either
between two heads (head internal sequences [HIS]) or two tails (tail in-
ternal sequences [TIS]). Two tail external sequences (TES), A and B,
flanking the tails of the last PUs, are found in some BIMEs (18).

FIG. 2. Plasmids pNABI and pBLOCK. Both plasmids are derived from pACYC184 (p15A origin of replication, hatched box). The orientations
of the different genes (thick lines) are indicated by arrows. The transposable module is located in each case, between two arrows (IROK in the
case of pBLOCK). IRL and IRR are the left and right inverted repeats from IS1397, respectively.
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DNA sequencing. DNA sequencing was performed either as previously de-
scribed (9) or by MWG-Biotech AG and ESGS-Cybergene.

Southern blot hybridization. Samples (1 to 5) mg of chromosomal DNAs were
loaded on a 1% agarose Tris-acetate gel. DNA transfer onto a Hybond N1

membrane (Amersham) was performed as previously described (9). Hybridiza-
tion was carried out by using the DIG Nucleic Acid Labeling and Detection
system (Boehringer Mannheim) at 56°C. The probes used were digoxigenin-
dUTP labeled with a Promega nick translation kit.

Selection of transposition events. Transposition events in K. pneumoniae were
selected and studied as previously described for E. coli (9). We used a slightly
different strategy to study transposition events in K. oxytoca and S. enterica
serovar Typhimurium. Independent clones of K. oxytoca and S. enterica serovar
Typhimurium transformed with pBLOCK were grown overnight at 37°C in liquid
LB medium containing KM and CM. A 5-ml volume of each culture was plated
on LB medium containing KM and IPTG, incubated overnight at 37°C, and
replica plated onto LB medium containing IPTG and either CM or KM. After a
24-h incubation at 37°C, two colonies per plate that grew on KM but not on CM
were streaked on LB medium containing KM and IPTG and grown overnight at
37°C in the same liquid medium for chromosomal DNA extraction. Chromo-
somal DNAs were digested with MluI (which has a single site in pBLOCK, in the
lacI gene), and 1 to 5 mg was electrophoresed on a 1% agarose gel and submitted
to Southern blot hybridization. The probe used was IROK (Fig. 2), which cor-
responds to the R6K origin-Kmr module from pBLOCK. For the cloning of
chromosomal fragments containing IROK, MluI-digested chromosomal DNAs
were circularized and E. coli BW19610 cells were transformed by electroporation.
For long fragments, chromosomal DNAs were digested with MluI and BstEII (none
of which have restriction sites in IROK) and ligated before transformation of
BW19610 cells. In both cases, recombinant clones were selected on LB medium
plates with KM. After DNA sequencing, chromosomal regions flanking the
module were identified by using the FASTA software of Infobiogen (http://
www.infobiogen.fr/) and the BLAST program of the National Center for Biotech-
nology Information (http://www.ncbi.nlm.nih.gov/).

K. pneumoniae MGH78578 genomic library. Fragments of PstI-digested K.
pneumoniae MGH78578 genomic DNA ranging from 2.3 to 6 kb were purified

from an agarose gel (Qiaquick gel extraction kit; Qiagen) and ligated to pUC18
treated with PstI and dephosphorylated with shrimp alkaline phosphatase.
TOP10F9 cells were transformed (One Shot Transformation Reaction; Invitro-
gen) in accordance with the manufacturer’s indications with the ligation mixture.
We obtained 9,000 white colonies on LB medium plates containing ampicillin,
X-Gal, and IPTG. A colony blot hybridization was done with a probe obtained
as follows. The IS was amplified by PCR on K. pneumoniae chromosomal DNA
with the primers downKp and upKp, which are located on each side of the IS on
contig 840. The PCR product was cloned into the PCRII-TOPO vector (TOPO
TA Cloning; Invitrogen). The probe was the 1,067-bp AccI-HindIII fragment from
ISKpn1 cloned into PCRII-TOPO. It contained the first 976 bp of the IS and 91
bp from the vector. We obtained one positive clone, which was streaked on LB
medium plates with ampicillin and checked for positive hybridization with the
same probe. The initial sequencing steps were done with the universal primers
forward-40 and reverse, and the sequencing was completed with specific primers.

Distribution of ISKpn1. The genomic DNAs of the strains studied were di-
gested with HindIII and MluI, and 1 mg of each was loaded onto a 1% agarose
gel for Southern blot hybridization with the probe used to screen the K. pneu-
moniae MGH78578 genomic library.

Determination of a global PU consensus for K. pneumoniae. We investigated
K. pneumoniae MGH78578 sequences present in the contigs released by the GSC
(http://genome.wustl.edu/gsc/index.shtml) by using the E. coli PU consensus and
the consensus derived from the transposition sites of IS1397 in K. pneumoniae
as query sequences for the BLAST (http://www.ncbi.nlm.nih.gov/) and FASTA
(http://www.infobiogen.fr/) programs, and we checked all matches by eye to see
whether they were PUs. We aligned the 242 PUs detected with the clustalw
software (parameters: gap opening penalty, 10; gap extension penalty, 0.20; gap
separation penalty range, 8) and reformatted the result to an msf format with
ftmseq in order to use Pretty (with plurality 5 3), a Genetics Computer Group,
Inc., program. Pretty displayed multiple-sequence alignments and determined
the consensus sequence shown in Fig. 3.

Nucleotide sequence accession number. The nucleotide sequence of the IS
described here (see Fig. 6) was deposited in the GenBank database under ac-
cession no. AF345899.

FIG. 3. Sites of insertion of the transposable module into the chromosome of K. pneumoniae. a, The PU consensus is derived from this study.
D is A, G, or T; S is G or C; W is A or T; and Y is C or T. b, Nucleotides which are duplicated after transposition are underlined. c, Single arrows
indicate PU and gene orientations. The double arrow represents the oriented transposable module. The letters h and t represent head internal
sequences (HIS) and tail internal sequences (TIS), respectively (Fig. 1). Gene names have been assessed by sequence homology to E. coli genes
(http://genolist.pasteur.fr/Colibri/). Triple asterisks indicate a region for which no homolog has been identified.
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RESULTS

Transposition events. We studied the transposition of IS1397
in several bacterial species by using either pNABI (9), which
was previously used in E. coli, or a derivative, pBLOCK.

Selection of transposition events with pNABI relied on the
Kmr IPTGr LacI2 phenotype, which was the consequence of
both transposition of the module into the chromosome and
loss of pNABI. However, IPTGr could result from mutations in
orfAB and LacI2 phenotype screening of LacZ or LacI1 bac-
terial strains was not possible. This is why we used pBLOCK,
in which the presence of both orfA and orfAB minimizes the
selection of IPTGr clones due to mutations in these genes.
Moreover, loss of the donor plasmid results in loss of Cmr. It
should be noted that the p15A origin of replication is located
between cat and orfAB (Fig. 2), so that a deletion encompass-
ing these genes would not allow the maintenance of an auton-
omously replicating plasmid. Another advantage of pBLOCK
is that the chromosomal insertion sites can propagate after
circularization in a Pir1, strain since they are associated with
the R6K origin of replication.

We grew 16 separate liquid cultures of 5 3 108 CFU of
independent pNABI-containing K. pneumoniae clones, which
were plated on LB medium plates containing KM and IPTG.
For each culture, we obtained resistant colonies, which were
tested for loss of the plasmid; they were streaked on LB me-
dium plates with X-Gal (no IPTG added). In all but one case,
we observed blue colonies. In order to check the homogeneity
of the transposition events, two blue colonies originating from
the same liquid culture were then examined for the presence of
an IS1397-Kmr insertion in the chromosome. BglII digests of
chromosomal DNA were analyzed by Southern blot hybridiza-
tion using an internal IS1397 DNA fragment as a probe (data
not shown). We observed a single faint band after transposition
and/or several heavily labeled bands when the bacteria had
kept the plasmid. In seven cases, the two clones tested dis-
played different profiles; in four out of these seven cases, one
of the clones still had the plasmid and was discarded. In eight
cases, the two clones tested exhibited the same profile; in three
out of these eight cases, they had kept the plasmid and were
discarded. Hence, we retained 15 clones resulting from inde-
pendent transposition events for further analysis. We success-
fully cloned 13 different BglII chromosomal DNA fragments
containing the Kmr-encoding gene in pUC18 and sequenced
the junctions between the transposition module and the chro-
mosome (Fig. 3).

Transposition events in K. oxytoca (lacZ1 lacI1) and S. en-
terica serovar Typhimurium (Lac2) were investigated by using
pBLOCK. In the presence of IPTG, both OrfA and OrfAB are
expressed, which are each lethal to the bacteria. IPTGr Kmr

colonies could be isolated after overnight culture at 37°C (see
Materials and Methods); such a phenotype could be due to (i)
a deletion or mutation within orfA and orfAB resulting in
nontoxic proteins (and the bacteria would keep the plasmid) or
(ii) transposition of IROK into the chromosome with loss of
pBLOCK. These two events could be discriminated by check-
ing the sensitivity of the strains to CM, indicating loss of the
plasmid.

Approximately 5 3 106 CFU from 12 liquid cultures of in-
dependent K. oxytoca and S. enterica serovar Typhimurium

clones containing pBLOCK were plated on LB medium con-
taining IPTG and KM. We obtained about 1,000 resistant
colonies per plate that we replica plated on CM-containing
medium. Ninety-nine percent of the S. enterica serovar Typhi-
murium colonies and 1% of the K. oxytoca colonies were sen-
sitive to CM. Two Kmr IPTGr Cms clones from each plate were
examined for the presence of IROK in the chromosome. MluI
digests of chromosomal DNA were analyzed by Southern blot
hybridization using IROK as a probe (data not shown). All S.
enterica serovar Typhimurium candidates but one showed dif-
ferent profiles between the two clones, and one clone still
contained the plasmid. No K. oxytoca candidates had kept the
plasmid, and in three cases, the profiles of the two clones
tested were different. We circularized the fragments and trans-
formed E. coli BW19610, a strain allowing the replication of
the circular fragments containing the R6K origin. We se-
quenced the junctions between the transposition module and
the chromosome for 11 S. enterica serovar Typhimurium clones
(Fig. 4) and 15 K. oxytoca clones (Fig. 5).

Target specificity in enterobacteria. Our previous results
obtained with E. coli showed that IS1397 has a tight specificity
of insertion into PUs (5, 9). All integrations of the transposable
module into the S. enterica serovar Typhimurium, K. pneu-
moniae, and K. oxytoca chromosomes were transposition
events with a 3- or 4-bp duplication. All of the insertions
obtained in S. enterica serovar Typhimurium occurred within
the loop of a PU (Fig. 4), whereas we obtained PU and non-PU
integrations for the two other enterobacteria. In the case of K.
pneumoniae (Fig. 3), we observed eight insertions into PUs;
two insertions (Kp 10.1 and Kp G) in which the transposition
module was inserted 6 nucleotides after the sequence 59GCC
GGATG39, which is found in a PU stem; two insertions into
extragenic sequences which are not PUs (Kp 11.1 and Kp P);
and one intragenic transposition at the end of polA (Kp 3.1). In
K. oxytoca (Fig. 5); there were 12 insertions into PUs and three
into genes (Ko 1.2, Ko 2.2, and Ko 5.1), 5 to 7 nucleotides after
the 59GCC(G/T)GAT39 sequence found in the PU stem. In-
terestingly, we observed hot spots of insertions in either ori-
entation within and among the three species. There were six
independent transposition events (St 2.2, St 6.1, Ko 4.1, Ko 5.2,
Ko 11.1, and Ko 12.2) into a PU from the yjiX-yjiY intergenic
region, four into the fucR-ygdE region (Ko 6.1, Ko 7.1, Ko 7.2,
and Ko 10.2), three into a PU next to the same open reading
frame (Ko 2.1, Ko 3.1, and Ko 8.1), and three (Ko 12.1, Kp
12.1, and Kp D) into a PU from the narU-narZ region.

Description of a new IS associated with K. pneumoniae PUs.
In the course of a computer analysis of the different PU types
in K. pneumoniae MGH78578, we discovered a new IS that is
present in five contigs (at the GSC), always inserted into the
loop of a PU with a 3-bp duplication, like IS1397. We cloned
this IS from a genomic library by using a PCR fragment con-
taining the IS as a probe. The PCR was performed on genomic
DNA by using unique sequences flanking the IS on contig 840
as primers and yielded a very small amount of the fragment.
We established the definitive sequence of the IS from a library
clone that displayed flanking regions different from what was
expected, suggesting misassembly of the contigs and explaining
the poor yield of the PCR (see Discussion). The IS was named
ISKpn1 (Fig. 6). ISKpn1 is 1,445 bp long and belongs to the IS3
family, according to sequence homology and structural fea-
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tures. It is flanked with 25-bp imperfect terminal inverted re-
peats containing six mismatches, a left inverted repeat (IRL)
and an IRR, ending with the dinucleotide 59-CA-39 (29).
ISKpn1 contains two open reading flames on the same strand,
orfA and orfB, which is in 21 frame with respect to orfA. orfA
extends from ATG (position 50) to TGA (position 571) and is
preceded by a ribosome-binding site located 8 bp upstream of
the start codon. orfA could encode a 173-amino-acid (aa) pro-
tein, OrfA, containing a putative a-helix–turn–a-helix (or
HTH) motif (aa 23 to aa 40; boxed in Fig. 6) with a probability
of 71% (the standard deviation score obtained by comparison
with a weight matrix was 3.98 [11]). orfB (nucleotides 568 to
1413) could begin with the rarely used CTG start codon lo-
cated between the frameshift window and the HTH motif (see
below) and encode a putative protein of 281 aa, OrfB, which
also contains a putative HTH motif (aa 10 to 31, boxed in Fig.
6) with a probability of 71% (standard deviation score, 3.78).
ISKpn1, like all members of the IS3 family, is characterized by
the presence of a conserved region in OrfB called the
D,D(35)E motif that is associated with several additional res-
idues (21, 24, 29). This triad is involved in catalysis and is also
present in retroviral integrases. Another characteristic of IS3
family members is the presence of an A6G sequence followed
by a dyad symmetry, which enables the formation of a fusion
protein containing OrfA and OrfB, called OrfAB, the puta-
tive transposase, resulting from a 21 translational frameshift.
This kind of structure, called a frameshift window, has already
been described for IS3 (33), IS150 (41), IS1 (31, 32), and
retroviral integrases (40), for example. Screening of the SP-
GLOBAL database with the putative OrfA protein sequence

gave the best scores with IS3 family members IS150, IS1397,
and IS1223, with 38.5, 37.6, and 35.6% identity, respectively.
The same screen performed with the putative OrfB protein
sequence gave 63.3 and 56.6% identity with the IS150 and
IS1397 OrfB proteins, respectively. Screening of the bacterial
section of the GenBank database with the nucleotide sequence
of ISKpn1 gave the best score with IS150 (62.3% identity).
Thus, ISKpn1 is, interestingly, closer in both nucleotide and
protein sequences to IS150 than to IS1397, although ISKpn1
and IS1397 share the property of insertion into PUs (see Dis-
cussion).

Distribution of ISKpn1 among several enterobacterial spe-
cies. We studied the distribution of ISKpn1 among several
Klebsiella and Yersinia species and two E. coli strains by South-
ern blot hybridization (Fig. 7). Chromosomal DNAs were di-
gested by MluI and HindIII, and the probe (see Materials and
Methods) was specific for ISKpn1 since it did not hybridize
with E. coli K-12, which contains IS150, or cross-hybridize with
IS1397 (the very slight signal is nonspecific, since the molar
ratio of the IS1397 fragment [Fig. 7, lane 16] to the genomic
DNAs ([Fig. 7, lanes 2 to 15] is 500). Figure 7 shows that
ISKpn1 is present only in K. pneumoniae MGH78578, K. pneu-
moniae subsp. pneumoniae (used to study the transposition
of IS1397), K. pneumoniae subsp. ozonae, and K. aerogenes.
ISKpn1 is present in fewer than 10 copies on the chromosomes
of these strains, in contrast to IS1397, which was present in
high copy numbers in certain strains, such as EPEC25 (at least
25 times) and ECOR49 (about 15 times) (5). ISKpn1 is absent
from K. pneumoniae subsp. rhinoscleromatis and in K. oxytoca.
Since HindIII cuts into the IS (Fig. 6), the smallest fragment

FIG. 4. Sites of insertion of the transposable module into the chromosome of S. enterica serovar Typhimurium. a, The PU consensuses are taken
from reference 4 and the Unit of Molecular Programming and Genetic Toxicology web site (http://www.pasteur.fr/recherche/unites/pmtg/repet/
index.html). b, Nucleotides which are duplicated after transposition are underlined. H is A, C, or T; M is A or C; R is A or G; V is A, C, or G;
and W is A or T. c, Single arrows indicate PU and gene orientations. The double arrow represents the oriented transposable module; h and t
represent head internal sequences (HIS) and tail internal sequences (TIS), respectively (Fig. 2). Gene names have been assessed by sequence
homology to E. coli genes (http://genolist.pasteur.fr/Colibri/). Triple asterisks indicate a region for which no homolog has been identified. orf
indicates a potential coding sequence with no homolog in the databases.
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which can hybridize to the probe is 976 bp long and the last 469
bp of the IS do not match the probe. In K. pneumoniae subsp.
ozonae and K. pneumoniae subsp. pneumoniae, we observed
one fragment between 992 and 1,164 bp, indicating the pres-
ence of a HindIII or MluI restriction site close to the ISKpn1
IRL in these fragments. These bands are heavily labeled. Such
a phenomenon has already been described in the case of
IS1397 in several natural E. coli isolates and has been ex-
plained by a possible overrepresentation of IS-containing frag-
ments identical or similar in size (5).

DISCUSSION

pNABI and pBLOCK harbor a transposable module con-
taining a selectable marker (a Kmr-encoding gene) flanked by
IS1397 inverted repeats. The two plasmids enabled us to se-
lect for transposition of these modules into the chromosomes
of four enterobacteria: E. coli, S. enterica serovar Typhi-
murium, K. pneumoniae, and K. oxytoca. In all instances, a 3- or
4-bp duplication at the site of insertion was characteristic of a
bona fide transposition event. The difference between
pBLOCK and pNABI is that the OrfAB transposase is, in the
first case, expressed from an engineered gene which is located
outside of the transposable module (Fig. 2), whereas the wild-
type IS1397 orfA-orfB genes are located within the module in
pNABI. Both plasmids were efficient donor plamids for trans-
position in E. coli (not shown here). This shows that low ex-
pression of OrfAB in cis (pNABI) or its overexpression in trans
(pBLOCK) can promote transposition. The same conclusion
had been formulated in the case of IS903 (10). Another inter-

esting feature is that OrfA is expressed from both pBLOCK
and pNABI. The expression of OrfA has been shown to pre-
vent transposition in the case of IS3 (34) or IS1 (23, 44). On the
contrary, coexpression of OrfA and OrfAB increases transpo-
sition in the case of IS911 (39). As already mentioned (9), since
we cannot accurately calculate transposition rates from our
results, we do not know whether the expression of IS1397 OrfA
actually reduced or increased transposition efficiency. We can
only conclude that the phenomenon was not abolished. This
point is currently being checked in more detail.

As previously described in the case of E. coli (9), we found
a strong target specificity for IS1397 transposition in the three
other species examined, since a large majority (80%) of the
transposition sites were identified as PUs. PUs have been pre-
cisely described and classified in E. coli (3). The situation is not
that clear and less well documented in the other species. None-
theless, PU consensuses have been proposed for S. enterica
serovar Typhimurium, K. pneumoniae, and K. oxytoca (2, 15). If
PU sequences look very much conserved, clear differences
between species can be observed and can be considered signa-
tures of these different organisms. For instance, four PU types
(Y, Z1, Z2, and D) can be distinguished in S. enterica serovar
Typhimurium, whereas only three (Y, Z1, and Z2) can be
found in E. coli. PUs in K. pneumoniae and K. oxytoca are
more distantly related. We investigated K. pneumoniae se-
quences present in the contigs currently released by the GSC
(http://genome.wustl.edu/gsc/index.shtml) by using the E. coli
PU consensus and the consensus derived from the transpo-
sition sites of IS1397 in K. pneumoniae as query sequences for
the BLAST (http://www.ncbi.nlm.nih.gov/) and FASTA

FIG. 5. Sites of insertion of the transposable module into the chromosome of K. oxytoca. a, The PU consensus is taken from reference 2.
Lowercase letters are indicative of less frequent occurrences. b, Nucleotides which are duplicated after transposition are underlined. K is G or T;
R is A or G; V is A, C, or G; W is A or T; and Y is C or T. c, Single arrows indicate PU and gene orientations. The double arrow represents the
orientation of the transposable module. The letters h and t represent head internal sequences (HIS) and tail internal sequences (TIS), respectively
(Fig. 2). Gene names have been assessed by sequence homology to E. coli genes (http://genolist.pasteur.fr/Colibri/). Triple asterisks indicate a
region for which no homolog has been identified. orf indicates a potential coding sequence without homolog in the databases.
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(http://www.infobiogen.fr/) programs. The emerging consen-
sus (Fig. 3 and 8) is actually rather different from E. coli. K.
oxytoca PUs are less well documented due to the poor repre-
sentation of sequences in currently available data banks. How-
ever, we could identify a general PU consensus for this species.
This consensus is different from those of E. coli, S. enterica
serovar Typhimurium, and even K. pneumoniae. A striking
peculiarity of IS1397 insertion sites in the Klebsiella chromo-
some is that the target sequences are much closer to the con-
sensus found in E. coli than to the general consensus found in
these species. In particular, the sequence GCCGGATG is

most commonly found upstream of the insertion point in eight
cases) and GCCGGATA is found less often in two cases). Both
sequences are found in the first part of the stem of the E. coli
and Salmonella Y PU. It should also be mentioned that the
equivalent region of the E. coli Z PU (GCCTGATG) has been
found only once as a transposition target in K. oxytoca (Ko 1.2
in a non-PU site; Fig. 5), whereas it was the target in 9 out of
29 cases in E. coli (9). The relatively higher GC content of the
Klebsiella genomes could explain this bias. However, this could
not hold for S. enterica serovar Typhimurium, where we, inter-
estingly, found five cases of insertions into Z PUs all containing

FIG. 6. Nucleotide and amino acid sequences of the two putative ORFs of ISKpn1. The IRL and IRR are in lowercase and indicated by black
arrows. The ribosome-binding site (RBS) is underlined. The initiation codons of the two ORFs are in italics, and their termination codons are
indicated by stars. Nucleotide and amino acid numbers are indicated on the left. The two HTH motifs are doubly underlined. The frameshift window is
overlined and followed by a palindrome indicated by dashed arrows. The DDE motif (OrfB residues 127, 187, and 223) is doubly underlined.
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GCCGGATG and never GCCTGATG, which was expected
with equal probability. However, the small number of cases
does not allow us to draw firm conclusions on this point. In-
terestingly, even in the few “aberrant” Klebsiella transpositions

(i.e., not located in a PU, sometimes within an ORF; Fig. 3 and
5), GCCGGATG (exactly or with slight variations) is found
upstream of the insertion point. The exact recognition site of
IS1397 could thus be restricted to GCCGGATR or GCCTG
ATR. In Klebsiella, these sequences are not really expected to
be found more frequently in PUs than in the rest of the chro-
mosome since they are not part of the consensus. However,
they are clearly preferred as transposition sites when they
belong to a PU (62 to 81% of the cases), almost as frequently
as in E. coli (9) or S. enterica serovar Typhimurium (86 and
100% of the cases, respectively).

From our results, we can conclude that IS1397 is specific for
E. coli PUs. These PUs can be found frequently in S. enterica
serovar Typhimurium and less frequently in Klebsiella and can
be efficient targets for IS1397 in these cases. It will be inter-
esting to study transposition in an enterobacterium which does
not contain PUs but is phylogenetically close to E. coli. This is
why we undertook the same type of work with Yersinia.

One relevant observation is that transposition hot spots were
found. In K. oxytoca, we found an unidentified region three
times (Ko 2.1, Ko 3.1, and Ko 8.1) and fucR-ygdE four times
(Ko 6.1, Ko 7.1, Ko 7.2, and Ko 10.2). In K. pneumoniae, the
region located after yjgA was found twice (Kp 6.1 and Kp 8.2).
Such a phenomenon has already been observed in E. coli (9).
It was more surprising that hot spots were also found between
species, despite the lack of similitude between these intergenic
regions. narU-narZ was found twice in K. pneumoniae (Kp 12.1
and Kp D) and once in K. oxytoca (Ko 12.1); yjiX-yjiY was
found twice in S. enterica serovar Typhimurium (St 2.2 and St
6.1), four times in K. oxytoca (Ko 4.1, Ko 5.2, Ko 11.1, and Ko
12.2), and once in K. pneumoniae (Kp E). This suggests that
mere sequence recognition by IS1397 transposase is not the
only factor which determines transposition. Some local chro-
mosomal features must exist, possibly shared by the three spe-
cies investigated in this study, and these features are probably
not related to PUs. If one considers the case of yjiX-yjiY, this
intergenic region contains a solitary D PU in S. enterica serovar
Typhimurium and is composed of two convergent PUs in K.
oxytoca and K. pneumoniae that are similarly organized but

FIG. 7. Distribution of ISKpn1. Genomic DNAs were digested by
HindIII and MluI and loaded on to a 1% agarose gel for Southern blot
hybridization using an ISKpn1 fragment as a probe. Lanes: 2, K. plan-
ticola; 3, K. pneumoniae subsp. ozonae; 4, K. oxytoca; 5, K. pneumoniae
subsp. rhinoscleromatis; 6, K. pneumoniae subsp. pneumoniae; 7, E. ae-
rogenes; 8, K. terrigena; 9, K. pneumoniae MGH78578; 10, K. aerogenes;
11, E. coli EPEC 25; 12, E. coli C600; 13, Y. pestis; 14, Y. pseudotuber-
culosis; 15, Y. enterocolitica; 1 and 18, digoxigenin-labeled DNA mo-
lecular weight marker VII (50 ng); 16, pNABI digested by EcoRV (100
ng); 17, pNABI digested by EcoRV (10 ng). The values on the right are
molecular weights.

FIG. 8. Summary of PU consensuses and the transposable module insertion target consensus in Enterobacteriaceae. Data are taken from Fig.
3 to 5. The E. coli PU consensus is taken from reference 4. D is A, G, or T; H is A, C, or T; K is G or T; M is A or C; N is A, C, G, or T; S is
C or G; R is A or G; V is A, C, or G; W is A or T; and Y is C or T.
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differ in sequence. The nature of the potential for “attracting”
IS1397 in these regions remains totally unknown.

In this study, we identified a new insertion sequence in the
K. pneumoniae MGH78578 genome (sequenced in St. Louis),
named ISKpn1. This sequence was always found inserted into
K. pneumoniae PUs (see below). We detected five copies of the
IS in the contigs available in the database (May 2000). How-
ever, the flanking genes of the copy of ISKpn1 we cloned did
not correspond to any of these contigs, suggesting misassem-
blies. We therefore checked the structure of IS flanking re-
gions by PCR analysis. We tested each possible combination of
primers and obtained fragments for only five combinations
(Fig. 9). We also checked the sequences of flanking PUs and
extra-PU motifs, which are extremely well conserved in each
BIME. We then concluded that there were actually five copies
of the IS with the same 3-bp duplication, TGC. Another ex-
ample (with a partial sequence) was found in K. pneumoniae
strain ATCC 13883, in which we studied IS1397 transposition.
Indeed, IS1397 had been transposed into a BIME which al-
ready contained ISKpn1 (clone C; Fig. 3). Southern blot hy-
bridization showed that ISKpn1 is only present in K. pneu-

moniae subsp. pneumoniae, K. pneumoniae subsp. ozonae, and
K. aerogenes. This indicates that it is restricted to a small subset
of species closely related to K. pneumoniae. The same obser-
vations have been made for the distribution of IS1397 in E. coli
isolates (5).

Like IS1397, ISKpn1 is inserted into the central part of PUs
with a 3-bp duplication. ISKpn1 is found in PUs which are
specific to K. pneumoniae (Fig. 9) with a very high GC content
and an additional C at position 7. On the contrary, as discussed
above, IS1397 has been systematically transposed into K. pneu-
moniae PUs, which are closer to the E. coli consensus. The case
of clone C (Fig. 3) is particularly interesting since it deals with
a BIME where typical K. pneumoniae PUs alternate with PUs
which are close to the E. coli consensus and which were the
targets for ISKpn1 and IS1397, respectively.

ISKpn1 is a new member of the IS3 family, as shown by
sequence comparisons. OrfB is known to contain the catalytic
domain of the transposase, and OrfA has been demonstrated
to recognize the inverted repeats of the IS specifically (see
reference 24 for a review). We think that OrfA may confer the
specificity of insertion. Figure 10 shows an alignment of the

FIG. 9. Sites of insertion of ISKpn1 into the chromosome of K. pneumoniae. a, The PU consensus is derived from this study. b, The K. pneu-
moniae strain MGH78578 contig numbers were found at the GSC web site in May 2000 (http://genome.wustl.edu/gsc/index.shtml). The contigs have
been split and reassembled by PCR analysis and BIME sequence comparison (see Discussion). In the case of 642–654, the beginning of the
sequence is not available at the GSC web site. Clone Kp C is another example we sequenced after transposition of IS1397 in K. pneumoniae strain
ATCC 13883 (cf. Fig. 3). c, Nucleotides which are duplicated after transposition are underlined. R is A or G, W is A or T, and Y is C or T. d, Single
arrows indicate PU and gene orientations. Double arrows represent the orientation of ISKpn1; h and t represent head internal sequences (HIS)
and tail internal sequences (TIS), respectively (Fig. 1). Gene names have been assessed by sequence homology to E. coli genes (http://genolist
.pasteur.fr/Colibri/). Triple asterisks indicate a region for which no homolog has been identified.

FIG. 10. Alignment of OrfA proteins from IS150, IS1397, and ISKpn1. IS150, ISKpn1, and IS1397 were aligned by using the DNA strider
alignment program (BLOCKS). Residues found to be common to all three ISs are boxed in black, and residues found to be common to of the two
ISs are boxed in grey. Regions of homology among the three proteins are framed with solid lines, and regions of homology between IS150 and
ISKpn1 or ISKpn1 and IS1397 are framed with dotted lines.
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OrfA proteins from ISKpn1, IS150, and IS1397. ISKpn1 is
closer in both its nucleotide and protein sequences to IS150
than to IS1397, although ISKpn1 and IS1397 are both inserted
into PUs but not IS150. The C termini of the OrfA proteins
from IS1397 and ISKpn1 share a conserved 13-aa motif, ELR
YLRAENAYLK, which is not found in IS150. Thus, we can
speculate that these amino acids play a role in the selection of
PUs as transposition targets.
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