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An Escherichia coli strain, ECOR28, was found to have insertions of an identical sequence (1,279 bp in
length) at 10 loci in its genome. This insertion sequence (named IS621) has one large open reading frame
encoding a putative protein that is 326 amino acids in length. A computer-aided homology search using the
DNA sequence as the query revealed that IS621 was homologous to the piv genes, encoding pilin gene invertase
(PIV). A homology search using the amino acid sequence of the putative protein encoded by IS621 as the query
revealed that the protein also has partial homology to transposases encoded by the IS110/1S492 family
elements, which were known to have partial homology to PIV. This indicates that 1S621 belongs to the
IS110/1S492 family but is most closely related to the piv genes. In fact, a phylogenetic tree constructed on the
basis of amino acid sequences of PIV proteins and transposases revealed that IS621 belongs to the piv gene
group, which is distinct from the IS710/1S492 family elements, which form several groups. PIV proteins and
transposases encoded by the IS110/IS492 family elements, including 1S621, have four acidic amino acid
residues, which are conserved at positions in their N-terminal regions. These residues may constitute a tetrad
D-E(or D)-D-D motif as the catalytic center. Interestingly, IS621 was inserted at specific sites within repetitive
extragenic palindromic (REP) sequences at 10 loci in the ECOR28 genome. I1S621 may not recognize the entire
REP sequence in transposition, but it recognizes a 15-bp sequence conserved in the REP sequences around the
target site. There are several elements belonging to the IS710/1S492 family that also transpose to specific sites
in the repeated sequences, as does 1S621. 1S621 does not have terminal inverted repeats like most of the
IS110/1S492 family elements. The terminal sequences of 1S621 have homology with the 26-bp inverted repeat
sequences of pilin gene inversion sites that are recognized and used for inversion of pilin genes by PIV. This
suggests that 1S621 initiates transposition through recognition of their terminal regions and cleavage at the

ends by a mechanism similar to that used for PIV to promote inversion at the pilin gene inversion sites.

Insertion sequences (ISs) are small transposable elements,
0.7 to 2.5 kb in length, which are present in bacterial chromo-
somes and plasmids (for reviews, see references 27 and 32).
These elements encode transposases that promote their trans-
position. More than 600 IS elements have been identified from
171 bacteria and classified into about 20 families based on
homology among transposases (see reference 27). IS elements
in most of these families have terminal inverted repeat se-
quences (IRs), 10 to 40 bp in length, which are recognized by
transposases and generate duplication of a target site sequence
(2 to 13 bp in length) upon transposition. Most of the IS
elements belonging to the 1S770/I1S492 family are, however,
atypical, because they have no terminal IRs and do not gen-
erate duplication of the target site sequence upon transposi-
tion. These elements encode transposases with significant ho-
mology to one another (19, 25). The most characteristic
feature of these elements is that their transposases have partial
homology with the pilin gene invertase (PIV) encoded by the
piv gene that was first identified in Moraxella lacunata (25, 28).
PIV recognizes the 26-bp IRs of pilin gene inversion sites (invL
and invR) present in two pilin genes (¢#fpQ and fpl) and pro-
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motes site-specific recombination at the two sequences, result-
ing in inversion of a segment between invL and invR (12, 18,
47). tfpQ and tfpl encode type IV pilin proteins; of these, the
protein encoded by #fpQ is pathogenic because it is localized in
the outer membrane. A promoter is present to express only
one of two genes, thus determining pathogenicity to bacteria
(18). PIV does not have the amino acid motifs conserved in the
proteins of the N\-integrase family and in the recombinases of
the Hin/Res family, some of which are involved in inversion of
a DNA segment. It has been reported that PIV may have part
of the catalytic motif in reverse transcriptases (19, 24, 26). PIV
has, however, recently been shown to have a D-E-D triad motif
corresponding to the catalytic D-D-E motif that is conserved in
integrases encoded by retroviruses related to avian sarcoma
virus (46).

The full genome sequences of Escherichia coli K-12 MG1655
and enterohemorrhagic E. coli (EHEC) O157:H7 have been
determined (8, 16, 17, 36). We have been searching for muta-
tions that occur from rearrangements in various E. coli strains,
including E. coli C and six ECOR strains from an E. coli
collection, focusing on the DNA segment (about 465 kb in
length) corresponding to the 0- to 10-min region of the E. coli
K-12 map by using PCR with primers that hybridize to the
MG1655 sequence at positions spaced in 5-kb intervals. DNA
sequencing of the polymorphic fragments generated from the
E. coli strains revealed that the polymorphism is due to the
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TABLE 1. Oligonucleotide primers used

Primer” Sequence (5’ to 3) Position”

P1F CGGCTGGTGGAAACAACATT 5395-5414

PIR TAAGAAAGCACGCGGTCTGA 5817-5836

P2F GGTAATGTCAGCGAAGTGCT 138511-138530
P2R TGACCTATGAAGTGAATGGTAA 138932-138953
P3F TGGAGATGCTCGATCGTGAA 215618-215637
P3R TGCGTTTAAGCCAGAAACGC 216253-216272
P4F GAACGCGTGATCGACTTTAG 856716-856735
P4R AACTGGGAAGGACGCTTTAC 857090-857071
P5F AGGGATTGTGGAAGCTGACA 1814038-1814057
P5R ACCTACGCATCTTGATAGCC 1814787-1814806
P6F GGAAATGGCACAAAACGCTG 1841540-1841559
P6R CGGCGGAATTATCATGGATG 1842155-1842174
P7F ATTGCGGATGTGAGCGTTAC 1952279-1952298
P7R GGCTTGTGTAAAAACGGCAG 1952744-1952763
P8F CGCGAACATATCCGCGCAAT 2840201-2840220
P8R GACCCAGCCGATTAAAGATG 2840695-2840676
P9F CATAAATAGCCGTACTCACTC 4371904-4371924
P9R ACAAACGCTGGCAAACCTGA 4372425-4372444
P10F ATCTGCAATTACAGGCGCTG 4467774-4467793
P10R ACGAAGCCTTCTTCACCGAA 4468197-4468216
P1stF CTTTTGCGGGTCTGACACCACGG 880*-902*

P1stR ACTCAGCGACAGGTTCCATATAGGT 381*-405*

P2ndF AGCTGGCACAGGTGGCGTATGGA 1093*-1115*
P2ndR CCATAGTGAAACCAACCTTGCAAATAC 169*-195*

“ Primers P1st with F or R and P2nd with F or R were used for ADL-PCR (see
Materials and Methods).

® Positions not marked with an asterisk are indicated by coordinates given
relative to the MG1655 sequence (8), and those marked with an asterisk are
indicated by coordinates given relative to the IS627 sequence.

presence of mutations, such as insertions, deletions, substitu-
tions, and duplications of a DNA segment. Of these mutations,
most insertions were identified by a computer-aided homology
search to have homology with known IS elements.

In this study, we report that an E. coli strain, ECOR2S, has
a repeated sequence with homology to piv genes at three loci in
the 0- to 10-min region of the E. coli K-12 map. We show that
this sequence is a novel insertion element, named 1S621, which
does not have terminal inverted repeats and which encodes
transposase with partial homology to those encoded by the
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IS110/1S492 family elements. The N-terminal regions of PIV
proteins and transposases encoded by the IS710/IS492 family
elements, including IS621, appear to have four acidic amino
acid residues constituting a tetrad motif, D-E (or D)-D-D,
rather than the triad motif as the catalytic center. IS621, which
shows the highest homology to piv, has terminal sequences that
have homology to the 26-bp IRs of pilin gene inversion sites,
suggesting that IS627 initiates transposition through recogni-
tion of their terminal regions and cleavage at the ends by a
common mechanism used by PIV to promote inversion at the
pilin gene inversion sites. Interestingly, IS627 was found to be
present in repetitive extragenic palindromic (REP) sequences
located at three loci in the ECOR28 genome. REP sequences
are bacterial short repeats, 35 to 40 bp in length, with imperfect
palindromic sequences (for a review, see reference 5). In most
cases, REP sequences at each locus occur in clusters called
bacterial interspersed mosaic elements, which contain 2 to 12
REP sequences, with other short conserved sequences in po-
sitions spaced at intervals (5, 13). The number of copies and
the arrangement of REP sequences vary among strains (45,
49). We show that IS627 is inserted into the same site in one of
two copies of the REP sequences located at each of the three
loci identified in the 0- to 10-min region as well as at seven loci
identified in other regions of the ECOR28 genome. There are
several elements belonging to the IS770/IS492 family which
also transpose to specific sites in the repeated sequences, as
does IS621. We discuss the possibility that 1IS627 and other
1S110/1S492 family elements recognize a sequence of about 15
bp with the insertion site in the repeated sequences with full or
partial homology.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used were E. coli K-12 MG1655, E. coli
C, six ECOR strains (ECOR11, ECOR23, ECOR28, ECOR36, ECOR43, and
ECORA46 [31]), and EHEC O157:H7 (NIID accession no. 960220; isolated from
Sakai, Japan).

Media. The culture media used were L broth and L-rich broth (51), SOC
medium (40), and ¢-medium (51). The L agar plates used contained 1.5%
(wt/vol) agar (Wako) in L broth.
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FIG. 1. Physical maps of the DNA segments around the insertion sites of IS627 in the genomes of nine E. coli strains. The solid lines show the
sequences of E. coli K-12 MG1655 and EHEC O157:H7. For the other E. coli strains, sequences identified by gel electrophoresis of PCR-amplified
fragments and by sequencing are shown. Positions of IS element insertions (IS621, 1S4, and 1S200) and REP sequences (small rectangles) are
shown. IS4 and IS200 have been identified in the regions shown. Numbers with or without K are coordinates given to the E. coli K-12 MG1655
sequence in kilobases or base pairs, respectively. The positions of the primers used for PCR are shown by small arrowheads; the solid arrowheads
represent primers that were used to analyze polymorphism of the fragments with or without IS627 or REP. Note that IS621 is present in REP
sequences in ECOR28 and that ECOR36 and ECOR46 have no REP sequences.
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CTITGTATTATCC- (1258 bp) -TAACAGTATCT
Position 5.6 kb —
ECOR28 5'-GCGCCTGATGCGACGCTGGCGCGTCTTATCAGGC ACGTGAATTCTGCAAT-3 '

MG1655 5'-GCGCCTGATGCGACGCTGGCGCGTCTTATCAGGCCTACGTTAATTCTGCAAT-3!

2
Z” type REP GCCTGATGCGACGCTGGCGCGTCTTATCAGGCCTACG
e 4— -w—

CTTGTATTATCC- (1258 bp) - TAACAGTA@

Position 138.7 kb ‘

— _
ECOR28 5'-CGCAAATCTGCCTGATGCGCTACGCTTATCAGGC ACGCTAGCTGTGCAAT-3'
MG1655 5'-CGCAAATCTGCCTGATGCGCTACGCTTATCAGGCCTACGCTAGCTGTGCAAT-3!

Z1 type REP GCCTGATGCGCTACGCTTATCAGGCCTACG
— > <« <-—

CTTGTATTATCC- (1258 bp) -TAACAGTATCT
Position 216.0 kb T T

—
ECOR28 5'-CGCAAAATTGCCTGATGCGCTGCGCTTATCAGGC ACCA/ATAAACTTCAA-3'

MG1655 5'-CGCAARA//////////////////////CAGGCCAGAAGGATATATTTCAA-3'
Zl type REP GCCTGATGCgETACE:TTATCAGGCCTACG

B

Position 856.8 kb
ECOR28 5'fTGCAAAATAGCCTGATGCGCTACGCTTATCAGGCEBACGCAGTACCTGTAAT*3'
MG1655 5'-TGCAAAATAGCCTGATGCGCTACGCTTATCAGGCCTACGCAGTACCTGCAAT-3"

Position 1,814.3 kb
ECOR28 5'-CGCAAAACTGCCTGATGCGCTTCGCTTATCAGGCCTACCATTARACTGCAAT-3 "
MG1655C 5'-CGCAAAACTGCCTGATGCGCTTCGCTTATCAGGCCTACGTGTTTCCTGCAAT-3"

Position 1,841.7 kb
ECOR28 5'-TTGTAAATGCCTGATGGCGCTACGCTTATCAGGCCTACAAATGGGCACARTT-3'
MG1655 5'-TTGTAAATGCCTGATGGCGCTACGCTTATCAGGCCTACAAATGGGCACAATT-3 "

Position 1,952.5 kb
ECOR28 5'-CGTARRACTGCCTGATGCGCTATGCTTATCAGGCCTACATAGTCCCTGCAAT-3 "
MG1655C 5'-CGTAAAGCTGCCTGATGCGCTATGCTTATCAGGCCTACATAGTCCCTGCAAT-3 !

Position 2,840.5 kb
ECOR28 5'-TGCTARATTGCCCGATGCGCTGCGCTTATCGGGCCTACATGTCGCACGAACT-3"
MG1655C 5'-TGCTARATTGCCCGATGCGCTGCGCTTATCGGGCCTTCATGGTTCGTGCGAC-3"

Position 4,372.1 kb
ECOR28 5'-ATTA/////GCCTGATGCGCTACGCTTATCAGGCCTACATTGTGCATTGAAA-3 "
MG1655C 5'-ATTAAAATTGCCTGATTCGCTACGCTTATCAGGCCTACATCGTGCATTGAAA-3"

Position 4,468.0 kb o
ECOR28 5'vCGCAAAATTGCCTGATGCGCTACGCTTATCAGGCQjACGTGATTCCTGCAAT*3'
MG1655C 5'-CGCAAAATCGCCTGATGCGCTACGCTTATCAGGCCTACGTGATTCCTGCAAT-3"

= GCCTGATGCGCTACGCTTATCAGGCCTACG
—_— P « -

zZ' type REP

FIG. 2. Nucleotide sequences with 1S627 at 10 loci in the ECOR28
chromosome. (A) Nucleotide sequences with 1S621 at three loci in the
region corresponding to the 0- to 10-min region of the E. coli K-12
map. The nucleotide sequence without IS621 at each position in the E.
coli K-12 (MG1655) chromosome is shown for comparison. Two types
of REP sequences that have the highest homology to the sequences at
the 10 loci are shown in bold. Palindromic sequences in REP are
indicated by short horizontal arrows. Note that each element is flanked
by 2-bp sequences (in boxes). (B) Nucleotide sequences with 1S621 at
seven loci located outside of the 0- to 10-min region. IS621 is inserted
into the 2-bp sequences shown in boxes. The nucleotide sequence
without IS6217 at each position in the E. coli K-12 (MG1655) chromo-
some is shown for comparison. Note that REP sequences at five po-
sitions (kb 1814.3, 1952.5, 2840.5, 4372.1, and 4468.0) are in a reverse
orientation.

DNA preparation. Genomic DNA was extracted from a 5-ml bacterial culture
by the cetyltrimethylammonium bromide-NaCl method described previously (4).
Plasmid DNA was extracted from cells cultured at 37°C for 16 h in 3 ml of L
broth containing 100 pg of ampicillin/ml by using a Quantum prep kit (Bio-Rad).

PCR. The chemically synthesized oligonucleotide primers used are listed in
Table 1. PCR was performed according to the standard protocol in a 25-pl
solution containing a 0.4 mM concentration of each deoxyribonucleoside triphos-
phate, a 0.24 pM concentration of each pair of primers, 1.5 U of LA-Tag DNA
polymerase (Takara), and 0.2 ug of genomic DNA as the template. The PCR
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conditions were as follows: denaturation at 98°C for 40 s, annealing at 55°C for
30 s, and extension at 72°C for 2 min for a total of 30 cycles. PCR was done with
a DNA thermal cycler model PJ2000 (Perkin-Elmer). PCR products were elec-
trophoresed in a 1.0% agarose gel (Wako) in TAE buffer (40 mM Tris-acetate,
1.0 mM EDTA [pH 8.0]) at 100 V for 1 h.

Adaptor-ligation-based (ADL) PCR (44) was done with LA-Tag DNA poly-
merase as follows. The total DNA of ECOR28 was digested with BamHI and
BglII (New England Biolabs), neither of which cut the IS627 sequence. T4 DNA
ligase (New England Biolabs) was used to ligate the digested DNA with the
oligonucleotide adaptor. PCR was first done with a ligated sample as the tem-
plate and with primers that hybridize to the adaptor and the 1S621 sequence to
obtain fragments with an end region of IS627 and its flanking sequence. PCR was
then done with primers that hybridize to the adaptor and an end region of the
1S621 sequence (see Table 1 for the primers used). Fragments that included the
entire IS621 sequence in strain ECOR28 were obtained by PCR using primers
(Table 1) that hybridize to the flanking sequence of each identified member.

Purification and cloning of DNA fragments. The PCR-amplified fragments
were cut out of an agarose gel, recovered by using a centrifuge tube with a filter
(Suprec-01; Takara), and ethanol precipitated. The DNA fragments were cloned
by dATP tailing, followed by ligation to a TA cloning vector as follows: dATP
tailing was performed in 10 pl of solution containing 1X buffer, 2.5 mM MgCl,,
375 uM deoxyribonucleoside triphosphates, 5 U of LA-Tag DNA polymerase,
and 5 pl of the purified DNA fragment at 72°C for 15 to 30 min; ligation was
performed in 12 pl of solution containing 2 wl of dATP-tailed DNA solution, 50
ng of pGEM-T easy vector (Promega), and 400 U of T4 DNA ligase at 4°C for
16 to 20 h. The sample DNA was transformed into E. coli strain JM109 by using
the method described previously (40). The white colonies were selected on L
agar plates containing 100 pg of ampicillin/ml, 0.5 mM IPTG (isopropyl-B-p-
thiogalactopyranoside), and 100 pg of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) per ml.

DNA sequencing. DNA sequencing was performed by the dideoxynucleotide
chain termination method with oligonucleotide primers and an ABI BigDye
Terminator DNA sequencing kit (Applied Biosystems). The PCR products were
purified with a Centri-Sep spin column (Princeton) and analyzed with an ABI
377 DNA sequencer (Applied Biosystems).

Computer analysis. Nucleotide sequences were analyzed using Genetyx-Mac
version 10.1 and HarrPlot version 2.0 software. A homology search was per-
formed by using the search engines FASTA (34), BLAST (1), and SSEARCH
(33, 43) with the DDBJ homepage (http://www.ddbj.nig.ac.jp). Amino acid se-
quences of PIV proteins and transposases were aligned with YooEdit version
1.71, Clustal W version 1.7, and SeAl version 1.d1 software. A phylogenetic tree
was constructed with Phylip version 3.572, njplot, and TreeviewPPC software.
The secondary structures of proteins were analyzed with the software program
PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred) (22, 29).

RESULTS

Identification of IS621. During the search for mutations that
occurred from rearrangements in the 0- to 10-min regions
(about 465 kb) of the genomes of nine E. coli strains, including
E. coli K-12 MG1655 and EHEC O157:H7, we found that the
PCR-amplified fragments from three regions showed polymor-
phisms with similar lengths upon gel electrophoresis (data not
shown). Nucleotide sequencing of the polymorphic fragments
revealed that an E. coli strain, ECOR2S, had insertions of an
identical sequence, 1,279 bp in length, in three loci at kb 5.6,
138.7, and 216.0 in the E. coli K-12 map (Fig. 1). Six E. coli
strains (MG1655, C, ECOR11, ECOR23, ECOR43, and O157:
H7) had the target sequence for the insertion, but the other
two strains (ECOR36 and ECOR46) did not (Fig. 1), resulting
in generation of fragments slightly shorter than those for the
six strains (data not shown).

We have also identified many insertion mutations in the 0- to
10-min regions of the nine E. coli strains and characterized
them by a computer-aided homology search, using nucleotide
sequences as queries. They are almost identical to known IS
elements, such as IS7, IS2, IS3, IS4, IS5, 1S30, 1S150, 1S186,
1S200, 1S609, and 1S911, except for the insertion sequence
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A

1 5'-CTTGTATTATCCCTCCAGTGCAGAGAARATCGGCCAGTTTTCTCTGCCTGCAGTCCGCATGCCGTATCGGGCCTTGGGTTCTAACCTGTTGC

91

181

1081

GTAGATTTATGCAGCGGACTGCCTTTCTCCCAAAGTGATAAACCGGACAGTATCATGGACCGGTTTTCCCGGTAATCCGTATTTGCAAGG
orf start

TTGGTTTCACTATGGAACATGAACTTCATTATATCGGTATCGACACCGCTAAAGAGAAACTGGATGTCGATGTGTTGCGTC CTGATGGTC

‘T‘TCG(‘T‘ Z\r‘Z\r‘ T‘h GGG ACGATGAGCTGGTGAGCTGGCTGAAAGGTCACAAGATTGACCATGCGLATA

K K F A N T T K
TCTGCATCGAAGCGACCGGCACCTATATGGAACCTGTCGCTGAGTGCCTTTACGATGCTGGCTACATAGTGTL,AGTCATTAATCCTGCGC
I I A T T Y M E P V A E L Y D A ¥ L[ ¥ vV I N P A

GTCATCGCACC
R H R T

TGGGTAAAGCTTTCGCTCAGAGTGAAGGACTGCGTAACAAGACTG. ‘T‘ C TGGATGCGLGCATGCTGGCAGAGTTCTGTCGTCAGAAGC
L G KA F A QS E G UL RNKT @ T V A R ML A E F C R
GCCCTGCAGCCTGGC \GCGCCTCACCCGCTTGAACGCGCGTTGCGTGCCCT bLAGTCCuCCACCAGGCGCTGACAGATATGCACACGC
R P A AWEA AZPUHU PLERALU RALUVVRUHOQALTIDMUHT
AGGAACTGAATCGCACTGAAACGGCGCGGGAAGTCCAGAGACCGAGCATTGATGCTCACCTTCTGTGGCTTGAAGCAGAGCTGAAGCGTC
Q EL NRTETA AIREV QRP S IDAIHTLTLWTLEA ATETL KR
TTGAGAAGCAGAT. GACCTG. G. ATGATCCGGATATG. CGCAGGAAACTGCTGG GCATCCCGGGTATCGGAGAG.
L EK QI KDULTODUDUDU®PDMI KU HRI RIEKTLTILESTIZPGTI G E
AAACATCTGCGGTATTGCTGGCTTATATCGGTCTXC GGACCGCTTCGCCCATGCCAGACAGTTCGCCGCTTTTGCGGGTCTGACACCAC

K T AV L L A Y I GULKDU RT FAHA ARG QT FAABATF A L ¢ [
GGCGTTATGAATCAGGTAGCAGTGTGAGAGGGGCGAGCCGGATGAGTAAGGCCGGACATGTGTCGCTTCGCAGGGCGTTGTATATGCCCG

R R Y E H V L R R AL Y M P
CAATGGTAGCCACC. ("r (‘AF"T‘GA TGGGC (‘(Kblu(((( ( J.Ll bLb CTAATGGCAAGAAAGGAAAGGTGATTCTCGGCG

J. BACTERIOL.

K L A Q V A Y G
orf end

T T W G
CGATGAT(‘(‘(‘(‘ (‘(‘Tr‘(‘(‘ AG T GCGT. T‘GGAGTGCTGAAGTCAGGCGTGCCGTTCGATGCGTCACGGCATAATCCGGTAGCGGCGT
R S G s

1171 AAAAATCGCGGAAGGGATGAAAAAAACAGCGCCTGACGGEGCTGTGT»TGGCATGCCTGCAATCCGGGAAACCGGACCAGGAAAAAACTT

1261 GCAGGCCATAACAGTATCT-3"'

invlL

-
pilin 5'-gttatcgccaTTATTGGETATCCT- - AGATGCAATCGCT ta- - - -ta GCG TTGCA( CTAG@@A atgttattca-3'
TC i a ARACTTGCAG- -GCCATAACAGTATCtacgtgaat-3 "

Is621 5°' -cttatcaggcCTTGTATTATCCCTCCAGT GAG.

invR

181000 5'-aggtgaggtgGTCGCATGTATCTTGCCCCCTGAGGGAGGCC- -~ -TCCCCTTACGGGGCTCAATCCCTTGCAACtccgacggca-3"
1S492 5'-acctaacaagATGGATAATAACTCAGGTAAATCATCCTGAT----CTACAAATTAGCTATTGACGCCATAGTCTacaaggtttt-3"

IS110 5'-gcacccccccCCCCGTTATGTTTTCCGCGGTCCTGCAAGAG- -~

-TTGACGAAGGACATAGAGGCACCCCCCCCeccccectte-3"

FIG. 3. (A) The nucleotide sequence of IS621. The amino acid sequence of transposase encoded by one large open reading frame (orf) in 1S621
is shown below the nucleotide sequence. A possible Shine-Dalgarno sequence preceding the initiation codon ATG is underlined. Palindromic
sequences found in the region downstream of the coding region are shown by a pair of arrows. The CT sequences that appear at the junction
regions of 1S621 with the target sequence (Fig. 2) are underlined. Note that IS621 has no terminal inverted repeats. Four acidic residues
constituting a catalytic motif are shown in circles. (B) Comparison of the pilin gene inversion site sequences and terminal sequences of 1S627 and
three other IS770/1S492 family elements that are closely related to IS621. Pilin gene inversion site sequences (horizontal arrows) and flanking
sequences are indicated by uppercase and lowercase letters, respectively. Terminal sequences of 1S621 at kb 5.6 (Fig. 1), IS492 (7), IS110 (9, 26),
and IS7000 (3) and their flanking regions are shown by uppercase and lowercase letters, respectively. The CT sequences duplicated at the junction
regions with IS627 are underlined. Homologous sequences between pilin gene inversion site sequences and terminal sequences of IS621 are shown

in boxes.

found at each of three loci in the ECOR28 genome, suggesting
that this sequence is a novel IS element, here called 1S621.

Comparison of the sequences flanking IS621 at each of three
loci in ECOR28 with the MG1655 (or O157:H7) sequence
having no IS621 showed that a 2-bp sequence CT appeared at
the junction regions of 1S627 with the target sequence (Fig.
2A). Note that IS627 has no IRs at its termini (Fig. 2A). 1S621
has one large open reading frame, 981 bp in length, possibly
encoding transposase (Fig. 3A).

Specific insertion of IS621 into REP sequences. Interest-
ingly, the sequences flanking IS621 at three loci were found to
have homology with one another. A computer-aided homology
search revealed that there were REP sequences present in two
copies at each locus and that IS627 was present in one of the
two copies (Fig. 1). Two E. coli strains (ECOR36 and
ECOR46) had none of these REP sequences (Fig. 1). Six E.
coli strains (MG1655, C, ECOR11, ECOR23, ECOR43, and
0157:H7) had REP sequences without the IS627 insertion, in
which the REP sequence at kb 216.0 exceptionally had a small
deletion near the target site of insertion, but such a deletion
was not present at the corresponding region with IS627 in
ECORZ2S8 (Fig. 2A). REP sequences have been classified into
three types (6). IS621 at kb 5.6 was inserted in the Z*-type REP
sequence, whereas IS621 members at kb 138.7 and 216.0 were
inserted in the Z'-type REP sequence (Fig. 2A). Note that
1S621 was inserted at a specific site in the sequences conserved
in the two types of REP sequences (Fig. 2A).

The results described above suggest that 1S627 recognizes
REP sequences and is inserted into specific sites in their se-
quences. To confirm this, we carried out ADL PCR (see Ma-
terials and Methods) to identify and characterize more 1S621
members that are supposed to be present in the ECOR28
chromosome. We found nine 1S627 members at different loci,
two of which were the same as those identified at kb 138.7 and
216.0 in the E. coli K-12 map. Seven new 1S621 members had
sequences identical to the three members initially identified or
had substitutions of 3 bp at most. All the new members were
found to be present at specific sites in the Z'-type REP se-
quences (Fig. 2B), confirming the above suggestion.

I1S621, an IS110/1S492 family element most closely related to
piv. A computer-aided homology search based on the nucleo-
tide sequence of IS62/ as the query revealed that 1S621 is
homologous to the piv genes encoding PIV from various bac-
teria (Table 2). A homology search based on the amino acid
sequence of the putative protein encoded by IS621 as the
query, however, revealed that IS621 has partial homology not
only to PIV proteins but also to transposases encoded by the
1S710/1S492 family elements in various bacteria, including even
archaebacteria (Table 2 and Fig. 4). This finding is consistent
with the fact that transposases encoded by the 1S7110/1S492
family elements have partial homology to PIV (25) and indi-
cates that IS621 is a new member of the IS770/I1S492 family. A
phylogenetic tree based on the amino acid sequences of PIV
proteins and transposases revealed that piv genes form a
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TABLE 2. piv genes and 1S710/1S492 family elements

a . .. Length

Element! Accession no. Origin (bp)?
piv genes
pivML M34367 Moraxella lacunata ATCC17956 969
pivMB M32345 Moraxella bovis EPP63 969
pivNG U65994 Neisseria gonorrhoeae 963
pivNM-1 AE002505 Neisseria meningitidis MC58 957
PivNM-2 AE002525 Neisseria meningitidis MC58 951
pivNM-3 AL162754 Neisseria meningitidis 72491 966
pivEC AB024946 Escherichia coli plasmid pB171 (828)
pivAB AF282240 Acinetobacter sp. strain SE19 975
pivPC AF011334 Pectobacterium chrysanthemi 990
IS elements
1S621 This paper Escherichia coli ECOR28 1,279
1S110 Y00434 Streptomyces coelicolor 1,558
1S116 M31716 Streptomyces clavuligerus 1,421
1S117 X15942 Streptomyces coelicolor 2,527
1S492 M24471 Pseudomonas atlantica 1,202
1S900 X16293 Mycobacterium paratuberculosis 1,451
1S901 X59272 Mpycobacterium avium 1,472
1S902 X58030 Mycobacterium avium 1,470
1S1000 M33159 Thermus thermophilus HB8 1,196
1S1110 723003 Mycobacterium avium 1,457
1S1111 M80806 Coxiella burnetii 1,450
1S1328 748244 Yersinia enterocolitica 1,353
1S1533 M82880 Leptospira borgpetersenii 1,464
1S1547 Y16254 Mycobacterium tuberculosis 1,346
9504
1S1594 AF047044 Anabaena sp. strain PCC7120 1,471
1S1613 AJ011837 Mpycobacterium avium 1,453
1S1626 AF071067 Mycobacterium avium 1,418
182112 AF060871 Rhodococcus rhodochrous 1,415
1S4321 ue0777 Enterobacter aerogenes plasmid 1,347
pR751

1SSfr1441 AF164961 Streptomyces fradiae T#2717 (1,441)
ISNmel143 AL162755 Neisseria meningitidis 72491 1,143
ISH2e AE000092 Rhizobium sp. strain NGR234 (1,201)
ISRm79 AL603647 Sinorhizobium meliloti (1,224)
1SC1190 AE006641 Sulfolobus solfataricus P2 1,187
1SC1229 AE006641 Sulfolobus solfataricus P2 1,229
I1SC1491 AE006641 Sulfolobus solfataricus P2 1,488
1SSt71206 AP000985 Sulfolobus tokodaii 7 1,206
1SSt7232 AP000985 Sulfolobus tokodaii 7 1,232
1SSt7492 AP000985 Sulfolobus tokodaii 7 1,492

“The piv genes and IS elements underlined are named in this study. The IS
elements listed do not have terminal IRs, except for IS1000, 1S1111, 1S1328 and
1S1533, which are reported to have imperfect or perfect IRs of 6, 7, 12, and 31
bp, respectively (3, 20, 38, 52). IS elements do not generate duplication of the
target sequence upon insertion, except for 1S492, 1S71000, and I1S1533, which are
reported to generate duplication of 5-, 5-, and 2-bp sequences, respectively (3, 35,
52).

b The sizes of I1S1547 and 1S1594 have been previously reported to be 1,351
and 2,265 bp in length, respectively, but are redefined here. The numbers in
parentheses indicate only approximate sizes, due to uncertainty of the defined
sequence, except for pivEC, which is truncated in its distal region by deletion
mediated by an IS element.

group, whereas IS elements form several groups distinct from
the piv gene group (Fig. 5). Note that IS627 belongs to the piv
gene group but not to the IS groups (Fig. 5).

PIV recognizes the 26-bp IRs of pilin gene inversion sites
that are present in two genes (¢fpQ and tfpl). PIV promotes
recombination at the inverted repeat sequences, invL and invR,
resulting in the inversion of a DNA segment between them (12,
18). Terminal sequences of IS627 were found to have signifi-
cant homology with the 26-bp sequences, whereas those of the
other 1S770/1S492 family elements were not (Fig. 3B).

The presence of four acidic amino acids conserved in PIV
proteins and transposases encoded by IS110/1S492 family el-
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ements. Retroviral integrases and transposases encoded by
many IS elements with terminal IRs have three amino acid
residues constituting the catalytic D-D-E motif, which is re-
sponsible for the strand transfer reaction (see references 11
and 15). Recently, PIV has been reported to have a triad motif,
D-E-D, which corresponds to the D-D-E motif conserved in
integrases encoded by retroviruses related to avian sarcoma
virus (46). The N-terminal regions of transposases encoded by
the IS770/1S492 family elements, including 1S621, appeared to
have the D-E-D (or D-D-D) motif at corresponding positions
in transposases, as occurs in PIV proteins (see the first three
acidic amino acid residues shown in the boxes in Fig. 4). In-
terestingly, PIV and transposase proteins had another D resi-
due conserved at the position, three amino acids downstream
of the third D residue in the D-E (or D)-D motif (Fig. 4). This
leads us to assume that these proteins may have a tetrad motif,
D-E (or D)-D-D, like the D-E-D-D motif identified as the
catalytic center in the RuvC Holliday junction resolvases (2, 21,
39). In fact, four acidic amino acid residues conserved in the
PIV and transposase proteins were present in positions corre-
sponding to those constituting the catalytic center in a RuvC
protein (Fig. 4; see Fig. 3A for the positions of four acidic
amino acids constituting the tetrad motif in the IS62/ trans-
posase).

The tertiary structure of a RuvC Holliday junction resolvase
from E. coli has been determined by X-ray crystallography (2).
The secondary structure of the RuvC protein, based on the
tertiary structure, is shown schematically in Fig. 6. Note that
the secondary structure of the RuvC protein was generally
similar to that deduced by using the software program
PSIPRED (Fig. 6). Therefore, the secondary structures of the
IS621 transposase and PIV proteins were analyzed with
PSIPRED and compared with those of RuvC. The secondary
structures deduced for IS627 transposase and PIV proteins
were found to be similar to each other and to RuvC in the
regions with four acidic amino acid residues constituting the
D-E-D-D motif (Fig. 6). This supports the above assumption
that IS621 transposase and PIV proteins are closely related to
each other and to RuvC with the D-E-D-D motif.

Identification of other IS7110/IS492 family elements that
transpose to a specific site in repeated sequences. As described
above, IS621 is inserted into specific sites within REP se-
quences. This leads us to assume that some other elements
belonging to the IS770/I1S492 family may also transpose to
specific sites in repeated sequences, like I1S627. In fact, two
members of ISSt/232, which was identified in this study as an
IS110/1S492 family element in the genome of archaebacterium
Sulfolobus tokodaii (Table 2), were found to be inserted into a
specific site within another IS element (named ISSt7/287) re-
peated in the S. tokodaii genome (Fig. 7A). Comparison of the
sequences flanking ISSt7232 to the ISSt/281 sequence having
no ISSt7232 showed that a 2-bp sequence, CC, was present at
the junction regions (Fig. 7A). ISSt/232 appears to have no
IRs at its termini (Fig. 7A). There are several truncated mem-
bers of ISSt1232, which do not, however, seem to be inserted
into ISSt/281 (data not shown).

1S1594 is an Anabaena 1S element, which was identified in
this study as belonging to the IS710/IS492 family (Table 2).
Analysis of 12 members of IS1594 present in the Anabaena
genome revealed that this element is actually 1,473 bp in
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Is621 ( 5 aa)HYIGIDTAKEKL (35 aa)DHAHICIEATGTYMEPV- AECLYDAGYIVSVINPALGKAFAQSEGL- RNKTDTVDARMLAEFC
PpivEC (2 aa)VYIGIDIARKKF(34 a) PDIHVCLEATGNYGTAL-ATFLYEKNLKVSVVNPARIKGFAASELT-RTKT KQDSRLIARFC
pPivNG ( 2 aa)NAVGLDISKLTF (34 aa)QNLHICMEATGNYYEEV-ADYFAQY-YSVYVVNPLKISKYAESRFK-RTKTDKQDAKLIAQYC
pivNM1 ( 1 aa)NIIGLDISKDTI (35 aa)RKVYIGMEATGIYYEKA-ADMLSSY-YTVYVINPLKIKDYGKSRFN-RTKT KADSNLIADYI
pivNM2 MYLGIDVSKLTI (35 aa) DKLHCVCEATGTYYEAL-AEYLYSR-YTITVENPRKIKGYAIAELQ-RSKTDTQDAKLIAQYC
pivNM3 ( 2 aa)NAVGLDISAKTF (34 aa)KDIYVCMEATGNYYEQA-ADCLAEE-YHVSVINPLKIKAYAQKRFS-RVKNDKQODAKLIAEFC
pPivAB ( 1 aa)FYLGIDVAKAKI (39 aa) TQTIILMEATSIYHELL-VKYLFDAGYQVCVTNPARARYFAQSMSK-LNKTDK EVLARFA
pivPC ( 1 aa)YYVGIDISKRVV (39 aa)NQAHIIMEATGVYHEHL-AYGLHQSGIAVSVINPHRLREFARGMGI - LTKTDKVDACVLACYG
pivMB ( 3 aa)TYIGIDIAKNTF (36 aa)STLHLIIEATGTYWEKL-AHWAISHHHKVSIVNPLYIHAYAKSLGI-RTKTDKQDAILLARYG
pivML (3 a)TYIGIDIAKNTF(}S a) STLHLIIEATGAYWEKL-AHWAISHHHKVSIVNPLYITHAYAKSLGI -RTKTDKQDAILLARYG
Is492 ( 8 aa) VNVGVDTGKFQL (3 a) SPGRIVIEATGRLEMPF - ITACANANLPFVVANPIHIKRFAGAIGQ-RAKTDKLDAQLIAHYG
IS1594 ( 5 aa) VWVGIDVSKATL (3 a) DLNLIVLEATGGLETEL-VIQLQAAMLPVALINPRQGRNFAKATGK - LAKTDAIDAQILAHFG
ISNmell43 ( 1 aa)LIHYIDIAKRNF (3 a) KVALVVTESTGGLEIPA-AKAIRRAGIAVIIANPRQTHQFAQSQP- - LTKT! KMPAFFA
ISRm19 ( 6 aa)KAAGIDTGKIWL (3 a) GIGRVGIEASGGYERDV- IAYLHQRGFEVVLLQPRQVRAFGLYKLR -RAK] LDAALIAECA
IS1000 ( 1 aa) TFAGIDVSKTHL (3 a) NPAWVALEPTGAYHLPL-LKLLAENRLQVALVNPYHLAAFRKAKGE - RQKTDR LLLARYA
ISSti1206 ( 5 aa)PVAGIDISKDKL (2 a) KGCKIGIESTGVYHINL-VKYLGN-EYDVRIINPLVLKRF -KDFR-GK-KSDKNDAKKLAELV
ISC1190 ( 3 aa)PVAGIDVSKDKL (2 a) KGCKVGIESTGVYHVNL-AKYLMG-EYDVRIINPFILKKF -KDFR-GK-KSDKI KKLAELV
Issti232 (37 aa)GVLGIDVSKDYL (2 a) KPCLIVLEPTGVYAIRP-SQYFKEKGVKVLQVSPNVLSRE-KEFR - GK-KTDFYDAEKLENMV
IsC1229 (37 aa)GVLGIDVSKDNL (2 a) KPCTIVLEPTGVYSIKP-SQYFKEKGIRVLQVSPNVLSRE-KDFR - EK-KTDFYDAEKLENMV
ISsti492 ( 7 aa)KAFAIDISQSKL (3 a) GYNEGILEATGVYFYYL-HEKLTEKGFKVTVVNPAHLT - - - -EIL-GK-KTDKLDAQRLLVAY
ISC1491 ( 7 aa)RGFAIDVSRDKL (3 a) EYKEGIMESTGPYFFYL-HEELTEKGYKVTVINPLHLK- - - - EVF -GK- KTDKLDAQRLAKAF
IS1328 ( 4 aa)TLIGIDLGKNSF (2 a) PPCIVAMESCAGA-HFM-ARHISQLGHQVKLISPQFV-R--PFVK-SN- FIDAEAICEAT
Is4321 ( 4 aa)ALIGIDLGKNSF (2 a) PATTIAMEACGGS -HFM-ARKLEELGHFPKLISPQFV-R--PFVK-SN- FVDAEAICEAA
Is1111 ( 4 aa)KILGVDIAKDVF (2 )KVGCVVMEACGGANHWY»»RTFMGMGIPTQLISPQHV K--PYVK-SN-KNDRNDAQAIAEAA
ISH2e ( 6 aa)AFVGIDVFTAKL (3 a) EHVYFCYEAGPTGYGLYFTRLIRSLGHECIVVAPSLIPR--KPGD-RV-KTNRRDAISLARLL
IS1533 ( 4 aa)VYVGMDVHKETI (3 a) NEIHCCYEAGVTGYPLY - -RYLKSLGVNCILLAPGKIPR--QNTD-KI-KTDKRDAIKLARLM
I8117 ( 7 aa)VFCGIDWAERHH (3 a) TPIPVAIE-TSHG--LL-VAALRTGSRKVFAINPLAAARYRDRHGVSRKKSDPGDALVLANIL
IS1547 ( 1 aa)VVVGTDAHKYSH (3 a) LELINGIEDCRNMSARL - ERDLLAAGQQVVRVPTKLMAQTRKSAR - SRGKSDPIDALAVARAV
Is110 ( 8 aa) VFLGLDVGKTAH (3 )GTVLVIVDQPASIGALP LTVARDAGCKVAYLPGLAMRRIADLYP-GEAKT] AVIADAA
ISSfri441 ( 7 aa)VWAGVDAGKGHH (3 a) DEVHWAVDISGTSSALL-LALLAAHGQQAVYVPGGTVNRMSGAYR - GEAKT] DTYVIAETA
Is2112 ( 7 aa)AWVGIDAGKGHH (3 a) DELHWAVDISGTSSTLL-LALLAAHDQSAVYVPGRTVNRMSGAYR -GEAKTDARDAYVIAETA
IS1ié6 ( 7 aa)IWVGIDAGKGHH (3 a) EEVRWAVDISGRASTLL-LALLVAHGQNVVYVPGRTVNRMSGAYK-GEGKT] ARVIADQA
IS900 ( 4 aa)VWAGVDAGKADH (3 a) GEVTWAIDLNAGGAALL- IALLIAAGQRLLYIPGRTVHHAAGSYR-GEGKT] agAAIIADQA
IS901 ( 6 aa)VWVGIDVGKSTH (3 )NHVVWAIDLTSRRRRLL IAVLLSAKAEVVYVPGRTVNTMSHAFR-GEGKT] ARVIAETA
Is902 (6 ) VWVGIDVGKSTH (3 a)N WAIDLTSPPAALL-IAVLLSAKREVVYVPGRTVNTMSHAFR -GEGKT] RVIAETA
IS1613 ( 4 aa) LWAGVDAGKSDH (3 )GEVTWAVDLNHGGAALL ITLLITADQRLLYIPGRTVYHASGGYR-GDGKT] AVIADQA
IS1626 ( 4 aa) VWAGVDAGKSDH (3 a) REVTWAIDLNAGWCRAA-DHLAHAAEQRALHPRPQDLPR - SAGYR - GDGKS] AVIADQA
IS1110 ( 5 aa)LWAGADVGKEHH (3 a) CDVSWTVDLTTVYASLL-LTVLADAGKSVRYLTGRAVWQASVTYRGGEAKT] jDARVIADQS
RuvC ( 2 aa)IILGIDPGSRVT (45 aa)QPDYFAIEQVFM(16 aa)AIVAAVNQELPVFEYAARQVK (26 aa)NPQ. D LAIAITH
e . * ok
Is621 (83 LLESIPGIGEKTSAVLLAYIG- LKDRFAHARQFAAFAG»»LTPRRYESGSSVRGASRMSKAGHVSLRRALYMPAMV(57 aa)
PpivEC ( 83 LLLSIPGIGTVSASLILSFMA-SKE-FTKAKEVTAFLG--LNPRHHQSGTSVRVK------------ oo oo m oo o
pPivNG ( 86 aa)RLETIPAIGRMTAAVLFHHLT-SSK-FETSNKFAAFAG--LSPQQKESGTSVRGKGKLTKFGNRKLRAVLFMPAMV (54 aa)
pivNM1 ( 83 aa)NLQTIPSIGKDTASVLYAQLT-EKH-FKTANQFVSYAG--LNPAIIQSGTSVRGRGRLSRYGNRRLKSTLYMPALC (55 aa)
pivNM2 ( 85 aa)RLKTITGIGEQATAVLLSTYK-RHE-FKNARQFTAYLG- - LDPRKFQSGTSVNGKSRISKIGSSEIRKSLYMPALV (52 aa)
pivNM3 ( 87 aa)RLETIPSVGKTTAISLMSYLI-NST-FENAKQFTAYAG--LNPHONISGTSVNKKSKMTKYGNRRIRGSLFMAALV (54 aa)
pivAaB ( 88 aa)LLSSIPAIADRTSLLMLSFLR-SHT-FERASQARAFVG--LVPIQKQSGSSIHGRSRLSKAGSSKIRAGLYMAARIV (51 aa)
pivPC ( 88 aa)LLKSIDGVGDQIGWNMLATIR-GSN-FRRAEQVAAYLG--VIPVERRSGTSVRGRARLSKIGPPAIRAKLYMGAIA (56 aa)
pivMB ( 83 aa)LLATIPGIGKKTLPHLLVAIG-DGSSFQSAKHLASYAG--LAPRHHQSGISIHKQSSIGFSGQKELRSALFMPAVI (54 aa)
pivML ( 83 aa)LLATIPGIGKKTLPHLLVVIG-DGSSFQSAKHLASYAG--LAPRHHQSGISIHKQSSIGFSGQKELRSALFMPAVI (54 aa)
Is492 ( 83 aa) ILQSMKGIGKIASASIISNLP-EL-GYMTNKQASALVG--VAPMNRESG-RYK-GLRKIQGGRHQVRTVLYMAMMS (54 aa)
IS1594 ( 83 aa) LLKTTPGIGQVISTTLVSDLP-EL-GQLTAKQISRLVG--VAPINHDSG-QHK-GKRMINGGRAHVRATLYMGAVV (59 aa)
ISNmell43 ( 87 aa)VAEQIKGIGSITTATLMAMLP-EL-GRLSHKRIASLVG--IAPHPRESG-ETKFKSRCF-GGRSAVRKALYMATVA (58 aa)
ISRm19 ( 83 aa)LIESIDGIGIRTALTLVILMP-EL-GRVDREEIAALTG--VAPYDDQSG-KR-EGERHIAGGRARVRRALFNAALP (59 aa)
IS1000 ( 85 aa)VLMALPGVGPQVAAAVLALLPPELWGR--AKRAASYAG- -LIPEREESG-KSVERSRLSKKGPPLLRRKLYMGALV (54 aa)
ISSti1206 ( 95 aa)LIFTIPGIGRTLGCIILARVG-DVRRFSDKKRFVAYCG--LDPVVESSG-KGVVSRGISKKGDAVLRRAFYLAALT (51 aa)
ISC1190 ( 95 aa) LIFTIPGIGKTLGCIILARVG-DVKRFSDKKRFVAYCG--LDPVVESSG-KSVVSRGISKKGDAVLRRAFYLAALT (50 aa)
Issti232 (105 aa) VLLTIPGIGRLAAGIIIGVVG-DVKRFPKPESFVAYCG--LDPVVERSG-KAVISRGISKRGNKYLRSLFYFLAEM (49 aa)
IsC1229 (105 aa) VLLTIPGVGKLAAGIIIGVVG-DIRRFPKPESFVAYCG--LDPVVERSG-KAVVSKGISRRGNKYLRSLFYFLAQM (49 aa)

ISC1491 (123 aa) VELE-PGVGLISAATIYAEFG-DVSRFSSSKAARRAYAG--FAPRTKQSG-ESESHSGMIR-GNKYLRRAFFLVARV (77 aa)
1s1328 (109 aa)RLLTIPGIGTITASLLATKLG-DGKNYLSSRDFGASTG- -LVPRQYSTG-GKSTLMGISKRGDKNLRRLLVQCARV (52 aa)
IS4321 (109 aa)RLLSIPCVGTLTASTISTEIG-DGKQYASSRDFAAATG--LVPRQYSTG-GRTTLLGISKRGNKKIRTLLVQCARV (52 aa)
Is1111 (112 aa)RVQSIPGVGYLTALSVYASVG-DIHQFHRSRQLSAFIG--LVPRQHSSG-NKEVLLGISKRGNVMLRTLLIHGARA (54 aa)
ISH2e (104 aa)ALRALRGVDLIAAVTFATEVG-DAGRFESPRQLMGYLGFTLVPGERSTG-ETTKRIGITKAGNSRVRTLLVECAWT (76 aa)
IS1533 (115 aa) ILRCFRGVDYLTAMFLLCEVN-DSSRFKTAGSFMSFLG- -LVPGEYSSG-SKRKQTGITSKLEPRLRRILTEARRWQ (71 aa)
18117 (164 aa) ILLSFPGLGPLLGARVLAEIGDDRSRFTDARALKSYAG--SAPITRASG-RKHFVGRRFVK-NNRLMNAGFLWAFA (61 aa)

IS1547 (112 aa
Is110 (158 aa
ISSfri441 (156 aa

LLE-IPGCAELTAAKIVGEAA-GVTRFKSEAAFACHAA- -VAPIPVWSG-NTAGQOMRLSRSGNRQLNAALHRIALT (58 aa)
VLTSMPGVGVRTAAVLLVTVG-DGTSFPTAAHLASYAG- - LAPTTKSSGTSIHGE -HAPRGGNRQLKRAMFLSAFA (59 aa)

a)
a)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
ISSt1492 (124 aa)ELSKIPGIGLITAATIYAEFG-DISRFPNSKAARAYAG--FAPRTKQSG-NSESHSGMIR-GNKRLRRGFYLAARS (77 aa)
)
)
)
)
)
)
)
)
)
) IIDSLPGMGPILGAEFVVAVG-DLSAYADAGHLASAAG- - LVPVPRDSG-RRTGNLHRPKRYSRRLRRVFYMSAQT (57 aa)
)
)
)
)
)
)
)
)

Is2112 (156 aa) VIESMPGIGPILGAEFVVAAG-DMSAYSDAGHLASAAG- - LVPVPRDSG-RRTGNMHRPKRYSRRLRRVFYLSAQT (57 aa)
Isl1lié (156 aa) IIESMPGMGPVLGAEFVAIVG-DLSGYKDAGRLASHAG- -LAPVPRDSG-RRTGNYHRPQRYNRRLRWLFYMSAQT (57 aa)
1s900 (156 aa) IILSMPGFGVILGAEFLAATGGDMAAFASADRLAGVAG--LAPVPRDSG-RISGNLKRPRRYDRRLLRACYLSALV (56 aa)
1s901 (157 aa) IIESMPGMGPHLGAEFLVITGGNMAAFTNPGRLASFAG--LVPVPRDSG-RITGNLHRPKRYNRRLRRVFYLAALS (57 aa)
Is902 (156 aa) ITESMPGMGPHLGAEFLVITGGNMAAFTNPGRLASFAG--LVPVPRDSG-RITGNLHRPKRYNRRLRRVFYLAALS (57 aa)
IS1613 (156 aa) ITLSMPGFGVILGAEFLAATGGDMTAFDSVDRLAGVSG--LAPVPRDSG-RISGNLKRPRRYDRRLLRTCYLSAQI (56 aa)
IS1626 (155 aa) ILLSMPGFGVILGAEFLAATAHERFRLRRSS--CRRVG--LAPVPRDSG-RISGNLKRPRRYDRRLLRACYLSAQI (56 aa)
Is1110 (157 aa) VITSLPGMGFRLGAEFLAAVG-DPTLIGSADQLAAWAG--LAPVSRDSG-KRTGRLHTPKRYSRRLRRVMYMSALT (59 aa)

RuvC (23 aa)

FIG. 4. An alignment of PIV proteins and transposases. Only three regions that are well conserved are shown. A RuvC Holliday junction
resolvase (accession no. P24239) is aligned to show that four acidic amino acid residues [D, E (or D), D, and D, shown in boxes] in the PIV and
transposase proteins are present in positions corresponding to those constituting the catalytic center in the RuvC protein. Amino acid residues
present in all the proteins are indicated by asterisks. Other conserved amino acid residues are indicated by dots.
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FIG. 5. A phylogenetic tree of piv genes and 1S7170/1S492 family
elements. The tree was constructed by the neighbor-joining method
based on amino acid sequences of PIV proteins and transposases (Fig.
4). The scale bar equals a distance of 0.1.

length, not 2,265 bp as was previously reported (accession no.
AF047044). Interestingly, 10 members of IS7594 were found to
be present in two types of REP-like sequences in the Anabaena
genome (Fig. 7B). IS1594 was inserted into a particular site in
the IRs with homology in one REP-like sequence to the other.
Note that a 2-bp sequence, CT, was present at the junction
regions of IS71594 with REP-like sequences and that IS7594 has
no IRs at its termini (Fig. 7B).

DISCUSSION

In this study, we have shown that ISs found at 10 loci in the
ECOR?28 genome are a novel IS element, [S621, which belongs

® ®
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to the IS710/1S492 family. We have also shown that a 2-bp
sequence, CT, was present at the junction regions of IS627 with
the target sequence (Fig. 2). It is possible that the 2-bp se-
quence is used as the target and duplicated upon insertion of
1,277-bp-long 1S621 (Fig. 2). This possibility may be supported
by the observation that each member of the other two elements
belonging to the 1S770/1S492 family, ISSt1232 and 1S1594, was
flanked by a 2-bp target site sequence, CC or CT (Fig. 7).
However, based on previous reports that many IS770/1S492
family elements do not generate duplication of the target site
sequence upon insertion (14, 23, 30), we cannot exclude the
possibility that 1,279-bp-long IS621 is inserted into the target
site without duplication. We have been trying to develop a
system for transposing [S621 into the target plasmid with or
without a REP sequence by using methods that have been used
previously to transpose IS elements, such as ISI, IS3, and
ISY100 (41, 42, 48), but we have failed to do so. IS492, an
1S110/1S492 family element, is known to generate circular
1S492 molecules with an extra 5-bp sequence immediately ad-
jacent to the element (35). Circular molecules of IS62/ were
not, however, detected in ECOR28 cells (our unpublished re-
sults), and therefore, the circle formation could not be used as
the assay system for IS627 transposition.

The IS110/1S492 family includes elements with divergent
nucleotide sequences, and transposases encoded by them show
only partial homology to one another and to PIV (Fig. 4). A
phylogenetic tree constructed on the basis of amino acid se-
quences of transposases and PIV proteins shows that the
1S710/1S492 family elements are classified into several groups,
which are distinct from the group consisting of piv genes and
1S621 (Fig. 5). This distinction is the reason why piv genes
could be exclusively identified by the homology search by using
the nucleotide sequence of 1S627 as the query.

PIV has been reported to have a triad motif, D-E-D, which
corresponds to the catalytic D-D-E motif that is conserved in
retroviral integrases and transposases encoded by IS elements
with IRs. We have shown in this study that transposases en-
coded by the IS710/1S492 family elements, including 1S621,
appear to have the D-E-D (or D-D-D) motif at positions in
their N-terminal regions that correspond to those in PIV pro-
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FIG. 6. Comparison of secondary structures of RuvC, I1S62/ transposase, and PIV proteins. The secondary structure of RuvC, based on the
tertiary structure (PDB code 1HJR), is shown above the polypeptide sequence. a helices are indicated by ribbons, and B sheets are indicated by
arrows. Other features are indicated by straight solid lines. Positions of acidic amino acids constituting the D-E-D-D motif are indicated by thin
vertical lines. The secondary structures of RuvC, IS621 transposase, and PIV proteins were predicted by PSIPRED and are shown under the
polypeptide sequence of each protein.
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A

Position 1795.8 kb (S. tokodaii)

J. BACTERIOL.

ISSt1232

5 ' ~PATCCATTCCCTGCT/// / / GGCGAGGCTTTCAGCCCCCTTAAR CCATTTTTGTAAATGCAAAGGGACATA~3'

188t1281

Position 2433.4 kb (S. tokodaii)

TATCCATCCCCGCCTTARAAGGCGAGGCTTTCCGCCCCCTTAACCCCATTTTTGTAA

5 * ~TATCCATCCCCGCCTTAAAAGGCGAGGCTTTCCGCCCCCTTAA CATTTTTGTAATTCTTATCACATCTT-3'

18st1281

B

Position 266.6 kb (Anabaena sp. PCC7120)

TATCCATCCCCGCCTTAAAAGGCGAGGCTTTCCGCCCCCTTAACCCCATTTTTGTAA

I1S1594

TATATTAA- (1450 W

5 —ATACAAGGGTGCG‘I‘CAWI‘ATGAATMC‘I‘TCCGACTATLGCTAGG‘!TCTATCGCACTGACGCAGC ACCAAACCATCAAT-3"'

REP-like seg. GTA ATAATTTC
—_—

Position 4388.6 kb (Anabaena sp. PCC7120)

TATCGCACTGACGCACCCTAC

5 ' ~GTAGTAGGGTGCGTCAGTGCCATAGAACCTARCCATACTCAGAAATTATTCATACTGACGCACC TGCATCTCAAAGAA-3*

REP-like seq. GTA “GTC

Position 1286.7 kb (Anabaena sp. PCC7120)

AR ‘"f‘"‘lll‘TATlCTCAGmTTATTCATACTGACGCJ\CCCTAC

'GTATATTAA- (1450 bp)-AGACAGTC
AATGCCCGCCGTATCACAATTT CACC CAAATACTTACAT-3'

5° -TTCTGAAATATATGTA

(23 bp)TTCTGAA

AATGCCCAC
sy

REP-like seq. >

CCACCCTACAGATA

-

FIG. 7. Nucleotide sequences with or without another 1S770/IS492 family element, ISSt/232 or IS1594. (A) Nucleotide sequences of ISSt/281
with or without ISSt/232 at two loci. ISSt7281 sequences are shown in bold. (B) Nucleotide sequences with or without IS7594 at three loci.
REP-like sequences are shown in bold for comparison. The two types of REP-like sequences that have the highest homology to the sequences at
the three loci are shown. Palindromic sequences in the REP-like sequences are indicated by horizontal arrows. Note that REP-like sequences at
kb 266.6 and 4388.6 are identical but are in a reverse orientation. Note also that each element is flanked by 2-bp sequences shown in boxes.

teins (Fig. 4). We have also shown that PIV and transposase
proteins have another D residue conserved at a position down-
stream of the triad motif (Fig. 4) and that the four acidic amino
acid residues in these proteins are present in positions corre-
sponding to those which constitute the D-E-D-D motif iden-
tified as the catalytic center in the RuvC Holliday junction
resolvase (Fig. 4 and 6). These findings strongly suggest that
these proteins have a tetrad motif, D-E (or D)-D-D, as does
RuvC (2, 21, 39). We have also shown in this study that PIV

TABLE 3. Target sequences possibly recognized by
1S110/1S492 family elements

Target sequence”

IS element

~ CATGCGTTTCTCCTATGTC
IS2712 oooeeeveeeeeeeeeeeeeeeseeeeeeeeeesseesesereessen CATGGTGTCCTCGCTT
ISH92 oo eeeeeesseseeeneeseee GTTTNAANNNCTTGTTAG

“ Consensus sequences were derived from published nucleotide sequences
(IS900 [14], IS901 [24], 18902 [30], IS1626 [37], IS2112 [23], and IS492 [35]). The
sequences that appear at the two junction regions of each element with the target
sequence are shown in bold. Note that these sequences are not necessarily meant
to be duplicated upon insertion of each element. The sequences complementary
to start codons and the ribosome-binding sequences in the target sequences for
1S900-related elements are underlined.

and transposase proteins have several amino acid residues
conserved at corresponding positions in their C-terminal half
regions (Fig. 4). This finding suggests that the C-terminal half
of these proteins may have a domain(s) that is perhaps respon-
sible for DNA binding to the pilin gene inversion sites or the
end regions of IS elements, whereas their N-terminal half has
the catalytic domain with the tetrad motif.

We have shown in this study that [S627 and two other ele-
ments, ISSt7232 and 1S7594, do not have terminal IRs, which
is consistent with the fact that most IS770/IS492 family ele-
ments are atypical and do not have terminal IRs. This finding
and the finding that transposases encoded by the 1S770/1S492
family elements have a catalytic motif that is similar to that in
transposases encoded by the IR-carrying IS elements suggest
that the transposases encoded by the IS770/I1S492 family ele-
ments with no IRs catalyze the strand transfer reaction, as do
those encoded by the IR-carrying IS elements.

We have shown that transposase encoded by 1S627 has the
highest homology with PIV and that terminal sequences of
1S621 show significant homology with the 26-bp sequences of
the pilin gene inversion sites. These findings suggest that 1S621
initiates transposition through recognition of their terminal
regions and cleavage at its ends by a similar mechanism to that
used for PIV to promote site-specific recombination at the
pilin gene inversion sites.

Interestingly, in this study we have shown that IS621 is
present at a specific site in each of the REP sequences at 10 loci



VoL. 185, 2003

in the ECOR28 genome. We have also shown that ISSt/232 is
inserted into a specific site within an IS element repeated in
the genome of the archaebacterium S. fokodaii, whereas
1S1594 is inserted into REP-like sequences repeated in the
Anabaena genome. Note that it is usually difficult to determine
the sequences of IS elements, particularly those which do not
have terminal IRs and transpose to specific sites in repeated
sequences; therefore, not only the sequences of several IS
copies but also those around the target sites have to be care-
fully examined to define the elements.

We assume that IS621 spontaneously transposed to the same
site in the REP sequences at the 10 loci in the ECOR28
genome by the action of transposase encoded by itself. It is,
however, possible that IS621, once inserted in a REP sequence
at one locus, transposed to the REP sequence at another locus
by a gene conversion mechanism through recombination be-
tween the homologous REP sequences. This possibility is, how-
ever, unlikely, because all the IS627 members present at 10 loci
are almost identical in their nucleotide sequences, whereas the
REP sequences nested by 1S621 are of two kinds, Z' and Z?,
which are only partially homologous to each other (Fig. 2).
This leads us to assume that IS621 does not recognize the
entire REP sequence in transposition but recognizes a short
homologous sequence, 15 bp in length, with the target site of
insertion in the REP sequences (Table 3). Similarly, in the case
of IS1594, it may not recognize the entire REP-like sequence,
but it recognizes a homologous 15-bp sequence with the target
site in the REP-like sequences (Table 3), which are partially
homologous to one another (Fig. 7B). ISSt/232 may also not
recognize the entire sequence of an IS element (named
ISSt1281) repeated in the S. tokodaii genome, but it recognizes
a homologous sequence of 15 bp in length (Table 3), which can
be identified in ISSt7287 by comparison with the target site
sequences flanking each of the truncated members of ISSt7232
present in the S. tokodaii genome.

It should be noted that in the other IS770/IS492 family
elements, IS900 and its related elements, such as 1S90/ and
1S902, were shown to be present in the 13- to 16-bp-long
sequences with partial homology to one another (24, 30). The
homologous sequences are not, however, located within the
repeated sequences, such as the REP- or IS-like sequences, but
are supposed to be in the proximal region of a gene, in which
the IS elements are inserted into a site between the ribosome-
binding sequence and the start codon (Table 3). These data
lead us to assume that the IS770/1S492 family elements gen-
erally recognize a short DNA sequence and are inserted into a
specific site within it. In fact, members of each of several
1S710/1S492 family elements, including 1S492, that are not
closely related to IS900 seem to be present in the sequences of
about 16 bp in length with homology to one another (Table 3).
Note that the homologous sequences around the insertion sites
of IS492 are not located in the proximal region of a gene with
the start codon and the ribosome-binding sequence, like those
around the insertion sites of 1S621, IS1594, and ISSt1232 (Ta-
ble 3).

It has been reported that an IS element, 1S7/397, which
belongs to the IS3 family, is inserted into REP sequences (10,
50), like 1S621. IS1397 appears to recognize a different region
in REP from that recognized by 1S621, because IS1397 is
present in the center of the region flanked by palindromic
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sequences in REP, whereas IS621 is inserted into a site in the
region outside of a palindromic sequence in REP (Fig. 2). In
spite of this difference, IS7397 may recognize a short sequence
and transpose into a particular target site within it, as does
1S621.

ACKNOWLEDGMENTS

We thank J. Amemura-Maekawa for providing us the total DNA of
EHEC O157:H7.

This research was supported by a Grant-in-Aid of Scientific Re-
search from the Ministry of Education, Culture, Sports, Science and
Technology of Japan.

REFERENCES

1. Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller,
and D. J. Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation
of protein database search programs. Nucleic Acids Res. 25:3389-3402.

2. Ariyoshi, M., D. G. Vassylyev, H. Iwasaki, H. Nakamura, H. Shinagawa, and
K. Morikawa. 1994. Atomic structure of the RuvC resolvase: a Holliday
junction-specific endonuclease from E. coli. Cell 78:1063-1072.

3. Ashby, M. K,, and P. L. Bergquist. 1990. Cloning and sequence of IS1000, a
putative insertion sequence from Thermus thermophilus HBS. Plasmid 24:1-11.

4. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1994. Current protocols in molecular biology, p.
2.4.1-2.4.5. Green Publishing Associates and Wiley-Interscience, New York,
N.Y.

5. Bachellier, S., E. Gilson, M. Hofnung, and C. W. Hill. 1996. Repeated
sequences, p. 2012-2040. In F. C. Neidhardt, R. Curtiss III, J. L. Ingraham,
E. C. C. Lin, K. B. Low, B. Magasanik, W. S. Reznikoff, M. Riley, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and Salmonella:
cellular and molecular biology, 2nd ed., vol. 2. ASM Press, Washington, D.C.

6. Bachellier, S., W. Saurin, D. Perrin, M. Hofnung, and E. Gilson. 1994.
Structural and functional diversity among bacterial interspersed mosaic el-
ements (BIMEs). Mol. Microbiol. 12:61-70.

7. Bartlett, D. H., and M. Silverman. 1989. Nucleotide sequence of 1S492, a
novel insertion sequence causing variation in extracellular polysaccharide
production in the marine bacterium Pseudomonas atlantica. J. Bacteriol.
171:1763-1766.

8. Blattner, F. R., G. Plunkett III, C. A. Bloch, N. T. Perna, V. Burland, M.
Riley, J. Collado-Vides, J. D. Glasner, C. K. Rode, G. F. Mayhew, J. Gregor,
N. W. Davis, H. A. Kirkpatrick, M. A. Goeden, D. J. Rose, B. Mau, and Y.
Shao. 1997. The complete genome sequence of Escherichia coli K-12. Science
277:1453-1474.

9. Bruton, C. J., and K. F. Chater. 1987. Nucleotide sequence of IS/10, an
insertion sequence of Streptomyces coelicolor A3(2). Nucleic Acids Res. 15:
7053-7065.

10. Clément, J.-M., C. Wilde, S. Bachellier, P. Lambert, and M. Hofnung. 1999.
1S1397 is active for transposition into the chromosome of Escherichia coli
K-12 and inserts specifically into palindromic units of bacterial interspersed
mosaic elements. J. Bacteriol. 181:6929-6936.

11. Craig, N. L. 1996. Transposition, p. 2339-2362. In F. C. Neidhardt, R. Curtiss
IIL J. L. Ingraham, E. C. C. Lin, K. B. Low, B. Magasanik, W. S. Reznikoff,
M. Riley, M. Schaechter, and H. E. Umbarger. (ed.), Escherichia coli and
Salmonella: cellular and molecular biology, 2nd ed., vol. 2. ASM Press,
Washington, D.C.

12. Fulks, K. A., C. F. Marrs, S. P. Stevens, and M. R. Green. 1990. Sequence
analysis of the inversion region containing the pilin genes of Moraxella bovis.
J. Bacteriol. 172:310-316.

13. Gilson, E., W. Saurin, D. Perrin, S. Bachellier, and M. Hofnung. 1991. The
BIME family of bacterial highly repetitive sequences. Res. Microbiol. 142:
217-222.

14. Green, E. P., M. L. Tizard, M. T. Moss, J. Thompson, D. J. Winterbourne,
J. J. McFadden, and J. Hermon-Taylor. 1989. Sequence and characteristics
of IS900, an insertion element identified in a human Crohn’s disease isolate
of Mycobacterium paratuberculosis. Nucleic Acids Res. 17:9063-9073.

15. Haren, L., B. Ton-Hoang, and M. Chandler. 1999. Integrating DNA: trans-
posases and retroviral integrases. Annu. Rev. Microbiol. 53:245-281.

16. Hayashi, T., K. Makino, M. Ohnishi, K. Kurokawa, K. Ishii, K. Yokoyama,
C. G. Han, E. Ohtsubo, K. Nakayama, T. Murata, M. Tanaka, T. Tobe, T.
Iida, H. Takami, T. Honda, C. Sasakawa, N. Ogasawara, T. Yasunaga, S.
Kuhara, T. Shiba, M. Hattori, and H. Shinagawa. 2001. Complete genome
sequence of enterohemorrhagic Escherichia coli O157:H7 and genomic com-
parison with a laboratory strain K-12. DNA Res. 8:11-22.

17. Hayashi, T., K. Makino, M. Ohnishi, K. Kurokawa, K. Ishii, K. Yokoyama,
C. G. Han, E. Ohtsubo, K. Nakayama, T. Murata, M. Tanaka, T. Tobe, T.
lida, H. Takami, T. Honda, C. Sasakawa, N. Ogasawara, T. Yasunaga, S.
Kuhara, T. Shiba, M. Hattori, and H. Shinagawa. 2001. Complete genome
sequence of enterohemorrhagic Escherichia coli O157:H7 and genomic com-
parison with a laboratory strain K-12. DNA Res. 8(Suppl.):47-52.



4900

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31
32.

33.

34.

35.

36.

CHOI ET AL.

Heinrich, D. W., and A. C. Glasgow. 1997. Transcriptional regulation of type
4 pilin genes and the site-specific recombinase gene, piv, in Moraxella lacu-
nata and Moraxella bovis. J. Bacteriol. 179:7298-7305.

Hernandez-Perez, M., N. G. Fomukong, T. Hellyer, I. N. Brown, and J. W.
Dale. 1994. Characterization of IS7710, a highly mobile genetic element from
Mycobacterium avium. Mol. Microbiol. 12:717-724.

Hoover, T. A., M. H. Vodkin, and J. C. Williams. 1992. A Coxiella burnetti
repeated DNA element resembling a bacterial insertion sequence. J. Bacte-
riol. 174:5540-5548.

Ichiyanagi, K., H. Iwasaki, T. Hishida, and H. Shinagawa. 1998. Mutational
analysis on structure-function relationship of a Holliday junction specific
endonuclease RuvC. Genes Cells 3:575-586.

Jones, D. T. 1999. Protein secondary structure prediction based on position-
specific scoring matrices. J. Mol. Biol. 292:195-202.

Kulakov, L. A., G. J. Poelarends, D. B. Janssen, and M. J. Larkin. 1999.
Characterization of IS2712, a new insertion sequence from Rhodococcus,
and its relationship with mobile elements belonging to the IS770 family.
Microbiology 145:561-568.

Kunze, Z. M., S. Wall, R. Appelberg, M. T. Silva, F. Portaels, and J. J.
McFadden. 1991. IS901, a new member of a widespread class of atypical
insertion sequences, is associated with pathogenicity in Mycobacterium
avium. Mol. Microbiol. 5:2265-2272.

Lenich, A. G., and A. C. Glasgow. 1994. Amino acid sequence homology
between Piv, an essential protein in site-specific DNA inversion in Moraxella
lacunata, and transposases of an unusual family of insertion elements. J.
Bacteriol. 176:4160-4164.

Leskiw, B. K., M. Mevarech, L. S. Barritt, S. E. Jensen, D. J. Henderson,
D. A. Hopwood, C. J. Bruton, and K. F. Chater. 1990. Discovery of an
insertion sequence, IS116, from Streptomyces clavuligerus and its relatedness
to other transposable elements from actinomycetes. J. Gen. Microbiol. 136:
1251-1258.

Mahillon, J., and M. Chandler. 1998. Insertion sequences. Microbiol. Mol.
Biol. Rev. 62:725-774.

Marrs, C. F., F. W. Rozsa, M. Hackel, S. P. Stevens, and A. C. Glasgow. 1990.
Identification, cloning, and sequencing of piv, a new gene involved in invert-
ing the pilin genes of Moraxella lacunata. J. Bacteriol. 172:4370-4377.
McGuffin, L. J., K. Bryson, and D. T. Jones. 2000. The PSIPRED protein
structure prediction server. Bioinformatics 16:404-405.

Moss, M. T., Z. P. Malik, M. L. Tizard, E. P. Green, J. D. Sanderson, and
J. Hermon-Taylor. 1992. IS902, an insertion element of the chronic-enteritis-
causing Mycobacterium avium subsp. silvaticum. J. Gen. Microbiol. 138:139-145.
Ochman, H., and R. K. Selander. 1984. Standard reference strains of Esch-
erichia coli from natural populations. J. Bacteriol. 157:690-693.

Ohtsubo, E., and Y. Sekine. 1996. Bacterial insertion sequences. Curr. Top.
Microbiol. Immunol. 204:1-26.

Pearson, W. R. 1991. Searching protein sequence libraries: comparison of
the sensitivity and selectivity of the Smith-Waterman and FASTA algo-
rithms. Genomics 11:635-650.

Pearson, W. R., and D. J. Lipman. 1988. Improved tools for biological
sequence comparison. Proc. Natl. Acad. Sci. USA 85:2444-2448.
Perkins-Balding, D., G. Duval-Valentin, and A. C. Glasgow. 1999. Excision
of 1S492 requires flanking target sequences and results in circle formation in
Pseudoalteromonas atlantica. J. Bacteriol. 181:4937-4948.

Perna, N. T., G. Plunkett III, V. Burland, B. Mau, J. D. Glasner, D. J. Rose,

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

J. BACTERIOL.

G. F. Mayhew, P. S. Evans, J. Gregor, H. A. Kirkpatrick, G. Posfai, J.
Hackett, S. Klink, A. Boutin, Y. Shao, L. Miller, E. J. Grotbeck, N. W. Davis,
A. Lim, E. T. Dimalanta, K. D. Potamousis, J. Apodaca, T. S. Ananthara-
man, J. Lin, G. Yen, D. C. Schwartz, R. A. Welch, and F. R. Blattner. 2001.
Genome sequence of enterohaemorrhagic Escherichia coli O157:H7. Nature
409:529-533.

Puyang, X., K. Lee, C. Pawlichuk, and D. Y. Kunimoto. 1999. IS1626, a new
1S900-related Mycobacterium avium insertion sequence. Microbiology 145:
3163-3168.

Rakin, A., and J. Heesemann. 1995. Virulence-associated fyuA/irp2 gene
cluster of Yersinia enterocolitica biotype 1B carries a novel insertion sequence
1S1328. FEMS Microbiol. Lett. 129:287-292.

Saito, A., H. Iwasaki, M. Ariyoshi, K. Morikawa, and H. Shinagawa. 1995.
Identification of four acidic amino acids that constitute the catalytic center of
the RuvC Holliday junction resolvase. Proc. Natl. Acad. Sci. USA 92:7470-7474.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Sekine, Y., K. Aihara, and E. Ohtsubo. 1999. Linearization and transposition
of IS3 circles. J. Mol. Biol. 294:21-34.

Shiga, Y., Y. Sekine, and E. Ohtsubo. 1999. Transposition of IS/ circles.
Genes Cells 4:551-559.

Smith, T. F., and M. S. Waterman. 1981. Identification of common molec-
ular subsequences. J. Mol. Biol. 147:195-197.

Spertini, D., C. Beliveau, and G. Bellemare. 1999. Screening of transgenic
plants by amplification of unknown genomic DNA flanking T-DNA. Bio-
Techniques 27:308-314.

Teanpaisan, R., and C. W. Douglas. 1999. Molecular fingerprinting of Por-
phyromonas gingivalis by PCR of repetitive extragenic palindromic (REP)
sequences and comparison with other fingerprinting methods. J. Med. Mi-
crobiol. 48:741-749.

Tobiason, D. M., J. M. Buchner, W. H. Thiel, K. M. Gernert, and A. C. Karls.
2001. Conserved amino acid motifs from the novel Piv/MooV family of
transposases and site-specific recombinases are required for catalysis of
DNA inversion by Piv. Mol. Microbiol. 39:641-651.

Tobiason, D. M., A. G. Lenich, and A. C. Glasgow. 1999. Multiple DNA
binding activities of the novel site-specific recombinase, Piv, from Moraxella
lacunata. J. Biol. Chem. 274:9698-9706.

Urasaki, A., Y. Sekine, and E. Ohtsubo. 2002. Transposition of cyanobacte-
rium insertion element ISYZ00 in Escherichia coli. J. Bacteriol. 184:5104-5112.
Versalovic, J., T. Koeuth, and J. R. Lupski. 1991. Distribution of repetitive
DNA sequences in eubacteria and application to fingerprinting of bacterial
genomes. Nucleic Acids Res. 19:6823-6831.

Wilde, C., S. Bachellier, M. Hofnung, and J.-M. Clément. 2001. Transposi-
tion of IS7397 in the family Enterobacteriaceae and first characterization of
ISKpn/, a new insertion sequence associated with Klebsiella pneumoniae
palindromic units. J. Bacteriol. 183:4395-4404.

Yoshioka, Y., H. Ohtsubo, and E. Ohtsubo. 1987. Repressor gene finO in
plasmids R100 and F: constitutive transfer of plasmid F is caused by insertion
of IS3 into F finO. J. Bacteriol. 169:619-623.

Zuerner, R. L. 1994. Nucleotide sequence analysis of IS/533 from Leptospira
borgpetersenii: identification and expression of two IS-encoded proteins. Plas-
mid 31:1-11.



