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IS5075 and IS4321 are closely related (93.1% identical) members of the IS1111 family that target a specific
position in the 38-bp terminal inverted repeats of Tn21 family transposons and that are inserted in only one
orientation. They are 1,327 bp long and have identical ends consisting of short inverted repeats of 12 bp with
an additional 7 bp (TAATGAG) or 6 bp (AATGAG) to the left of the left inverted repeats and 3 bp (AGA) or
4 bp (AGAT) to the right of the right inverted repeat. Circular forms of IS5075 and IS4321 in which the
inverted repeats are separated by abutting terminal sequences (AGATAATGAG) were detected. A similar
circular product was found for the related ISPa11. Transposition of IS4321 into the 38-bp target site was
detected, but a flanking duplication was not generated. The precisely reconstituted target site was also
identified. Over 50 members of the IS1111 family were identified. They encode related transposases, have
related inverted repeats, and include related bases that lie outside these inverted repeats. In some, the flanking
bases number 5 or 6 on the left and 4 or 3 on the right. Specific target sites were found for several of these
insertion sequence (IS) elements. IS1111 family members therefore differ from the majority of IS elements,
which are characterized by terminal inverted repeats and a target site duplication, and from members of the
related IS110 family, which do not have obvious inverted repeats near their termini.

The majority of mobile elements classified as insertion se-
quences (IS) are bounded by short terminal inverted repeats
(TIR) and encode a transposase that includes a DDE motif (3,
20). Transposition generates a short duplication of the target
sequence; as a result, IS are frequently found flanked by short
(2- to 12-bp) direct repeats whose length is characteristic of the
particular IS. However, other types of small mobile elements
that do not share these features are also classified as IS. Mem-
bers of one group, represented by IS91, do not have TIR,
encode a distinct “transposase” with similarities to a family of
replication proteins, and do not create a duplication of the
target site (7). Movement of IS91 and, by implication, other
members of this family is believed to occur by a mechanism
akin to rolling-circle replication (21).

The IS110/IS1111 family is another atypical group. The
founding member, IS110, and other original members of this
group are not bounded by TIR and do not create a duplication
of the target site (2, 3, 13). Subsequently, a distinct group of IS
that have transposases that are closely related to the IS1111
transposase (14) but that are only more distantly related to the
IS110 transposase were identified; these IS have short inverted
repeats (IR) (15). In one classification (3), the IS110 family
includes these two different groups of IS, on the basis of the
rather limited similarities between their transposases. How-
ever, it has been suggested that a separate IS1111 family is
needed (15), because there are distinct groups of transposases
typified by IS110 and IS1111 and because the related IR ob-

served at the presumptive termini of members of the IS1111
family are not found in IS110 family members.

Members of this family encode transposases that were not
initially thought to include a DDE motif. However, the Piv
protein, which catalyzes site-specific inversion of a segment of
the Moraxella lacunata genome, was also shown to be related to
the IS110 family transposases, with a small number of amino
acid residues completely conserved in all proteins (16). This
finding and the fact that some IS in this group are known to
have preferred targets and to not produce a target site dupli-
cation led to the notion that this family of proteins represented
a novel type of site-specific recombinase, rather than a classical
DDE transposase (see reference 3). However, mutation of
groups of conserved residues in the Piv protein was recently
shown to lead to a loss of inversion activity without a loss of
DNA binding, and a potential DDD (or DED) motif that
appears to correspond to the DDE motif of classical trans-
posases was identified (33).

IS4321 is a member of the IS1111 family that was first found
in the multidrug resistance plasmid R751 (32). In R751, two
variants of IS4321 that are 96.8% identical and designated
IS4321L and IS4321R are found at the boundaries of a puta-
tive cryptic compound transposon named Tn4321. The se-
quence surrounding IS4321L is derived from the mer (mercury
resistance) end of Tn501, and IS4321L lies within one of the
two 38-bp TIR found in this fragment (Fig. 1A). Closely re-
lated 38-bp TIR are normally found at the outer ends of trans-
posons that belong to the Tn21/Tn501 transposon family (9,
10), and IS4321R is found at the same position as IS4321L
within a truncated (30-bp) copy of this 38-bp TIR.

While examining the flanking regions of a cluster of antibi-
otic resistance genes in a multidrug resistance plasmid from a
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clinical Klebsiella pneumoniae strain (27), we identified three
copies of IS4321L and one copy of a closely related IS that was
recently designated IS5075 (6). Here, we describe the proper-
ties of these and related IS and use this information to better
define the general features of the IS1111 family.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. Escherichia coli DH5� (supE44
�lacU169 [�80 lacZ�M15] hsdR17 recA1 endA1 gyrA96 thi-1 relA1) was used to
propagate plasmids. pRMH760 is from a K. pneumoniae clinical strain isolated at
Royal North Shore Hospital, Sydney, New South Wales, Australia, in 1997 (27).
pRMH777 is a subclone of pRMH760 that includes IS4321L in the TIR at the
tnp end of Tn1696 (TIRtnp1696) (27). pRMH901, which contains IS5075 in the
TIR at the tnp end of Tn21 (TIRtnp21), and other subclones of pRMH760 were
recovered as described previously (27). The strain for transposition experiments
was constructed by transforming pACYC184::Tn21 (4) and pRMH777 (27) into
UB1637 (F� his lys trp recA56 rpsL) (4). Pseudomonas aeruginosa strain PAO222
is an auxotrophic derivative of PAO1 (11). Bacteria were routinely cultured at
37°C in Luria-Bertani medium or on Luria-Bertani agar, both containing ampi-
cillin at 100 �g ml�1.

Preparation of DNA. Plasmid DNA was isolated by using an alkaline lysis
method (1) or purified for sequencing by using a Wizard maxiprep kit (Pro-
mega). Restriction enzymes were used in accordance with the manufacturers’
instructions. Fragments were separated by electrophoresis on 1 to 2% (wt/
vol) agarose gels and visualized by staining with ethidium bromide. P. aerugi-
nosa PAO222 template DNA for PCR was prepared by suspending a single
colony in 1 ml of Tris-buffered saline, pelleting the cells, resuspending them
in 100 �l of Tris-EDTA, and boiling the mixture for 10 min. PCR products
were purified for sequencing from Tris-acetate-EDTA–agarose gels by using
an UltraClean DNA purification kit (Mo Bio Laboratories Inc.). EcoRI-
digested bacteriophage SPP1 DNA (GeneWorks) and Hyperladder IV (Bio-
line) were used as size markers.

PCR amplification. The primers used are listed in Table 1. Amplification
reactions were carried out with 50-�l volumes containing PCR Master Mix
(Promega), additional MgCl2 to 3 mM, 0.4 pmol of each primer, and approxi-
mately 20 ng of plasmid template or 1 �l of P. aeruginosa DNA. Reaction
conditions were generally 94°C for 3 min; 35 to 40 cycles of 94°C for 1 min, 50
to 57°C (depending on the melting temperature of the primers) for 1 min, and
72°C for 30 s to 2 min (depending on the lengths of the expected products); and
a final incubation at 72°C for 5 min. To obtain sufficient template for sequencing,
some products were reamplified after purification of the relevant band.

FIG. 1. Locations of known copies of IS4321 and IS5075. The 38-bp TIR of Tn21 family transposons are represented by black bars; arrowheads
below the bars indicate their orientations. The identities of the adjacent sequences are indicated; e.g., tnp21 indicates the tnp end of Tn21, merpDU
indicates one of the mer regions in plasmid pDU1358, and so forth. The IS4321 and IS5075 elements are represented by open boxes; arrows in
the boxes indicate the positions and directions of the transposase genes. The plasmid, transposon, or organism where the IS were found are
indicated on the left. Sequences were as follows (GenBank accession numbers): R751 from Enterobacter aerogenes (U67194), pRMH760 from
K. pneumoniae (AY123253, AY242531, AY242532, and AY242533), pHCM1 from S. enterica serovar Typhi (AL513383), Tn5075 from E. coli
(AF457211), A. baumannii (AY196695), and K. pneumoniae (NC_002941).
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Sequencing. Automated sequencing was performed at the sequencing facility
at the Department of Biological Sciences, Macquarie University, Sydney, New
South Wales, Australia, with an ABI-PRISM 377 sequencer and a Big Dye
system. The DNA sequences of both strands of each IS element were determined
from pRMH760 subclones and some PCR products by using appropriate prim-
ers. DNA sequences were assembled by using MacVector6.5 and AssemblyLIGN
(Oxford Molecular). Sequences of PCR products were determined for both
strands by using the amplification primers.

Sequence analysis. GenBank searches were performed by using the BLASTN
and FastA programs available through WebANGIS (Australian National
Genomic Information Service) or through the National Center for Biotechnol-
ogy Information website (http://www.ncbi.nlm.nih.gov/). Programs in the Genet-
ics Computer Group Wisconsin Package, version 8.1.0, were used via WAG
(WebANGIS GCG) to align and analyze DNA sequences. Unpublished se-
quence data for bacterial genomes was obtained from the Welcome Trust Sanger
Institute (http://www.sanger.ac.uk/Projects/Microbes/), The Institute for Geno-
mic Research (http://www.tigr.org), the U.S. Department of Energy Joint Ge-
nome Institute (http://www.jgi.doe.gov/JGI_microbial/html/), and the Department
of Microbiology at the University of Illinois (http://www.salmonella.org). All of
the IS described here have been assigned names, and their sequences have been
submitted to the IS Finder database (http://www-is.biotoul.fr/is.html).

Nucleotide sequence accession numbers. The sequence data for the three
copies of IS4321 and the one copy of IS5075 have been submitted to the Gen-
Bank database under accession numbers AY123253, AY242531, AY242532, and
AY242533.

RESULTS

IS5075 and IS4321 target the 38-bp TIR of Tn501/Tn21
family members. The sequence of the regions surrounding the
multidrug resistance cluster of pRMH760 revealed the pres-
ence of two mercury resistance transposons. One has a trans-
position (tnp) module identical to that of Tn1696 (26, 27) and
a mer module derived from Tn21 (17), and the other has a
Tn21 tnp module and a mer module nearly identical to that
found in pDU1358 (8, 23). Each of the four 38-bp TIR from
these transposons is interrupted by a 1,327-bp insertion se-
quence that is related to IS4321 (Fig. 1B). Three are variants
of IS4321L (99.7 to 99.9% identity), while the fourth is a
related (93.1% identical) but distinct element. Searches of
sequences deposited in the GenBank database revealed that
the novel IS differs by no more than 7 nucleotides (�1%
difference) from unnamed IS in multidrug resistance plasmid
pHCM1 found in Salmonella enterica serovar Typhi strain
CT18 (GenBank accession no. AL513383) (25) and in se-
quences derived from an Acinetobacter baumannii strain
(AY196695) and a K. pneumoniae strain (NC_002941). The
DNA sequence also differs at only five and seven positions
from two additional copies, named IS5075, found in a mercury

resistance transposon, Tn5075, in a plasmid from a preantibi-
otic-era E. coli strain (GenBank accession no. AF457211) (6);
the IS in pRMH760 therefore has been named IS5075. The
putative transposase encoded by IS5075 is 98.5% identical to
the transposase encoded by IS4321L and 65.9 and 69.8% iden-
tical, respectively, to those encoded by IS1328 (GenBank acces-
sion no. Z48244) (29) and an IS1328-like element (AF326777)
(18), which are the next closest relatives (Table 2).

In pRMH760, all copies of IS4321L and IS5075 are found in
locations equivalent to those of IS4321L and IS4321R in R751.
All of these IS are at the same position and in the same
orientation in the 38-bp TIR of the transposons (Fig. 1 and
2A). In addition to the single copy of IS5075, the pHCM1
sequence contains a complete copy of IS4321R and a second
copy with a short internal deletion (Fig. 1C). These IS, as well
as the additional examples shown in Fig. 1, are also in the same
position and orientation in the TIR of transposons that appear
to be derived from Tn21 and Tn1696 or a Tn2052-like trans-
poson with related TIR. Additional partially sequenced copies
of IS4321-like elements found in pDU1358 (GenBank acces-
sion no. M24940) (23), pCFF04 (X64523) (19), and R831b
(U77087) (24) are flanked by the appropriate part of the 38-bp
TIR. The IS-interrupted 38-bp TIR do not appear simply to
have become distributed directly by vertical or horizontal
transmission or to have become disseminated by homologous
recombination, as the IS are found within three distinct vari-
ants of the 38 bp TIR and different versions of these IS are
found in the same individual TIR variant (Fig. 1). For example,
TIRtnp21 contains IS5075 in pRMH760 and Tn5075 but
IS4321R in pHCM1, and TIRmer21 contains IS4321L in
pRMH760, IS4321R in pHCM1, and IS5075 in Tn5075. There-
fore, it appears that these IS target a specific position in the 38-
bp TIR of transposons that belong to the Tn21/Tn501 family.

Boundaries of IS4321 and IS5075. The fact that IS5075 and
IS4321 are found within a known sequence permits their
boundaries to be deduced. The 12-bp IR identified previously
(32) are not located at the IS boundaries; they are separated
from the termini by 6 or 7 bp on the left and 4 or 3 bp on the
right (Fig. 2A). The assignment of a T residue to the right or
left is not possible because the IS are located within a tract of
four T residues in the 38-bp TIR. The left-hand terminal se-
quence (5�-AATGAG-3� or TAATGAG) is not obviously re-
lated to the right-hand terminal sequence (5�-AGAT-3� or

TABLE 1. PCR primers

Primer Sequence (5�-3�) Location GenBank accession no. Positions

RH329 CAATCTGGTGACGGCGG Tn1696 tnp AY123253 1706–1690
RH337 GATAGATTCAAGCAAGC IS4321 and IS5075 AY123253 209–193
RH339 GTACGCCAGCAGTCGTG IS4321 AY123253 701–685
RH385 GATTCGCCTCCTCTTCAACTATG pRMH760
RH407 GCTGCTTCACAAATAGCa IS4321 and IS5075 AY123253 1120–1104
RH408 CCCTGGCACATTGAACC IS4321 AY123253 562–578
RH429 CTCCTCCAAGCCAGTTACC pACYC184 X06403 1269–1237
RH430 CGATGACTCGCTATTGCAG Tn21 tnp AF071413 169–151
RH432 GTGACTGGCGATGCTGTCG pACYC184 X06403 1712–1693
RH435 CATTTCATCAGGGCTCG ISPa11 AE004697 3428–3412
RH436 CAGACCAATGCGACTAAGG ISPa11 AE004697 4581–4599

a T in bold type is A in IS4321; A in bold type is G in IS5075.
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AGA). We conclude that IS5075 and IS4321 are atypical IS
with subterminal IR.

To confirm these boundaries, we sought evidence for circu-
lar intermediates of IS5075 and IS4321. pRMH777 (27) and
pRMH901, subclones of pRMH760 containing a single IS,
were used as templates with outward-facing PCR primers,
which should detect only circular intermediates or tandem
copies of the IS (Fig. 3A). A product of the correct size (433
bp) was detected, and digestion with restriction enzymes that
should either cut both products or distinguish between the
IS5075 and IS4321 products yielded fragments of the predicted
sizes (data not shown). The sequences of the PCR products
(Fig. 2B) revealed that the right and left 12-bp IR (IRr and IRl,
respectively) were separated by a 10-bp sequence, IRr-AGAT
AATGAG-IRl, that comprises the abutted terminal sequences
of the IS predicted above. This configuration indicates that the
IS can be excised precisely and circularized and is consistent
with the conclusion that the outlying bases are an intrinsic part
of the IS. A circular form of IS1383, which also belongs to the
IS1111 family, was identified previously (22), and it also in-
cludes an additional 10-bp sequence between the IR of the IS

(Fig. 2B). Although these authors concluded that the interven-
ing 10 bp consisted of 5 bp from each side of the IS, the same
10-bp sequence could also consist of 7 or 6 bp from the left end
and 3 or 4 bp from the right end, as described here for IS4321
and IS5075, as two bases (bold type in Fig. 2B) could be
derived from either the left or the right end of IS1383.

Movement of IS4321 and reconstitution of the target se-
quence. To search for RecA-independent movement of IS4321,
pACYC184::Tn21 (4), which has two 38-bp TIR that could
act as targets for IS4321, was used. Movement of IS4321
from pRMH777, which contains IS4321 in TIRtnp1696 to
pACYC18::Tn21 was detected by PCR with pairs of primers
(Fig. 3 and Table 1) that can detect IS4321 in either TIR of
Tn21 but not in its original location. PCR fragments of the
expected sizes were obtained, and their sequences (Fig. 3B)
revealed that the TIR of Tn21 now contained a copy of IS4321.
The IS was inserted precisely, with no duplication of the target
sequence.

To detect a reconstituted 38-bp target sequence, which
would arise if the flanking sequence could be rejoined after
the IS was excised, plasmid DNA from a strain containing

TABLE 2. IS related to IS1111

Namea
GenBank
accession

no.b
Species Locationc No. of

copiesd
Length
(bp)e IRl sequence f

Proteing

Length
(amino
acids)

% Identity to:

IS4321L IS1111A

IS4321 U67194 Varioush Plasmidsh 1–3 1,327 ATGGTCACTCCC 334 100.0 39.8
IS5075 AF457211 Varioush Plasmidsh 1 or 2 1,327 ATGGTCACTCCC 334 98.5 39.8
ISSfl8 AF326777 Shigella flexneri GI 1 1,357 ATGGTCACCCCC 334 69.8 39.8
IS1328 Z48244 Yersinia enterocolitica Chrom 4 or 5 1,343 ATGGTCACCCCC 334 65.9 36.5
ISPpu5 AJ233397 Pseudomonas putida Chrom 1 	1,342 atggtcACCCCC 
340 
60.7 
38.2
ISPsy7 AE016867 Pseudomonas syringae Chrom 10 1,348 ATGGTCAGCCC 340 50.0 38.8
ISVpa1 AP005088 Vibrio parahaemolyticus Chrom 1 (1,318) ATGGTACGCCCC 338 44.6 35.5
ISPa11 AE004697 Pseudomonas aeruginosa Chrom 6 1,372 ATGGACTCCTCCC 338 42.6 46.9
ISRsp4 AE000090 Rhizobium sp. strain NGR234 pNGR234a 2 1,398 GTGGACGGCTCCC 344 41.4 37.2
ISBj4 AP005952 Bradyrhizobium japonicum Chrom 6 (1,576) ATGGTCCGGCCGTGC 354 41.0 37.0
IS1111A M80806 Coxiella burnetii Chrom 20 1,374 ATGGACCCACCC 339 39.8 100.0
ISShsp1 AB091693 Sphingomonas sp. — 1 1,404 GTGGACGGCTCCC 347 39.8 37.8
ISSfr1 AF229441 Sinorhizobium fredii Plasmid 1 1,359 ATGTGGACGCCCCC 
343 
39.9 
39.8
ISCc4 AE005940 Caulobacter crescentus Chrom 1 	1,174 gtggacggcccc 340 39.6 37.3
ISMlo1 AP003008 Mesorhizobium loti GI 1 1,405 GTGGACGGCCTCC 347 38.0 37.8
IS1383 AF052750 P. putida pPGH1 4 1,419 ATGGACGCCTCCC 341 37.8 37.5
ISMlo2 AP003008 M. loti GI 2 1,402 GTGGACGGCCCCC 346 37.7 37.8
ISMlo3 AP003008 M. loti GI 1 (1,405) GTGGATGGCTCCC 342 37.5 37.3
ISAtu1 AF242881 Agrobacterium tumefaciens Ti plasmid 1 	1,092 atggacgcctccc 
343 
36.7 
40.1
ISKpn2 1919464A Klebsiella pneumoniae Plasmid 1 1,308 ATGGACTACCT 
338 
35.7 
42.1
ISSo14 AE015826 Shewanella oneidensis Chrom 2 (1,439) ATGGTCACCTCGG 344 34.2 37.9
ISPpu11 AE016775 P. putida Chrom 2 1,438 ATGGACTCGCCC 352 32.9 35.7
ISUnCu1 AY139602 Uncultured pSp7 1 1,381 ATGGACTCCCCC 
344 
30.5 
36.0
IS1618 AF074611 Yersinia pestis pMT1 1 1,365 AAGGGACTTCCCC 340 38.9 38.6
ISPsy16 AF141883 P. syringae pAV511 2 1,461 AAGGGACTTCCCC 344 37.9 38.3
IS5708 AJ010745 K. pneumoniae — 1 1,364 AAGGGACTTCCCC 340 37.8 39.2
ISSm1 AF389912 Serratia marcescens — 1 1,369 AAGGGACTTCCCC 340 37.7 38.3
IS1492 AJ288908 Pseudomonas fluorescens pL6.5 2 (1,459) AAGGGACTTCCCC 344 36.6 38.6

a Unnamed IS were assigned a name in consultation with the IS database (http://www-is.biotoul.fr/is.html). ISRsp4 is equivalent to y4pF in earlier compilations.
b Only one GenBank accession number is listed for IS when multiple sequences are available. For ISKpn2, a protein database number is given, and the nucleotide

sequence is given in reference 37.
c Plasmid names are given when possible; chrom, chromosomal location; GI, chromosomal genomic island; —, unknown location.
d Information on copy number was obtained from references named in the relevant database entry or from an analysis of complete genomes.
e Lengths in parentheses were calculated assuming that the terminal sequences total 10 bp or 9 bp for IS1492; a “greater-than” symbol indicates that the IS is

incomplete.
f IRr is identical to IRl except for the following: IRr was not found for sequences shown in lowercase type; in IRr of IS4321L and IS4321R of R751, the underlined

C is T; in ISPpu5, the first 6 nucleotides of IRl are missing due to insertion of ISPpu4 (36), and the equivalent sequence of IRr is shown in lowercase type; in IRr of
ISBj4_1 and ISBj4_5, the underlined T is C; in IRr of ISMlo2 and ISUnCu1, the underlined C is T; A residues in boldtype are missing from “lower case type;” the
corresponding IRr.

g Approximate values are due to the presence of frameshifts.
h See the legend to Fig. 1.
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pRMH777 was also analyzed with a pair of PCR primers flank-
ing the TIRtnp1696 in pRMH777 (Fig. 3A). In addition to a
fragment of 1.74 kb, corresponding to the TIR containing
IS4321, a faint band of the expected size (415 bp) following the
loss of IS4321 was seen. The sequence of this band (Fig. 3B)
revealed that IS4321, including the extra bases outside the IR,
had been excised precisely to recreate the 38-bp TIR.

P. aeruginosa ISPa11. The P. aeruginosa PAO1 chromosome
(31) contains six complete copies of a gene encoding a trans-
posase (open reading frames PA0445 in GenBank accession
no. AE004481-2, PA2319 in AE004658, PA2690 in AE004697,
PA3434 in AE004764, PA3993 in AE004817, and PA4797 in
AE004892-3) that is 42.6% identical to that of IS4321, but the
boundaries of the IS have not been reported. Analysis of the
DNA sequences of these six regions revealed that they are
identical over a stretch of about 1,380 bp that includes 13-bp
IR related to those of IS4321 (8 of 12 bp identical) and IS1383
(12 of 13 bp identical) but extends for several base pairs to the

left and right (Fig. 2C); these findings suggest that the IS also
may target a specific sequence. Searches with the flanking
sequence, reconstituted by assuming that the left- and right-
hand terminal sequences have lengths equivalent to those of
IS4321, IS5075, and IS1383, revealed over 50 uninterrupted
copies of the target sequence in the PAO1 chromosome, per-
mitting the ends to be deduced. The circular intermediate of
ISPa11 was detected by PCR with DNA from strain PAO222,
an auxotrophic derivative of PAO1 (11), and appropriate prim-
ers (Table 1). The sequence of the junction (Fig. 2D) con-
firmed that the IS does indeed include 6 or 7 bases beyond IRl
and 4 or 3 bases beyond IRr. It appears that the presence of at
least one residue of ambiguous origin (left or right) is a feature
of this family of IS, although the identity of the residue(s) is
not conserved.

Promoter in the circular intermediate. A promoter consist-
ing of a �35 region located just inside the right-hand end of
the IS and a �10 region created by the fusion of the right- and

FIG. 2. Boundaries of IS4321, IS5075, and ISPa11. (A and C) Extents of IS indicated by bars. The IR are boxed (thin lines); arrows indicate
the directions of the transposase genes. The base that may originate from either the left or the right end of the IS and the base in the target adjacent
to which the IS is inserted are shown in bold type. The 38-bp transposon TIR is boxed (thick lines), and residues that differ in the two common
alternate types are shown. (B and D) Sequences of circular intermediates. IRr and IRl are boxed, and potential �35 and �10 regions are
underlined. The sequence of the IS1383 circular intermediate (22) is shown for comparison.
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left-hand terminal sequences was detected in the circular form
of IS1383 (22). Equivalent �35 and �10 regions are present in
the circular intermediates of IS5075 and IS4321 and the P.
aeruginosa IS detected here (Fig. 2). Equivalent promoters are
also generated by fusion of the deduced ends of several addi-
tional IS1111 and IS4321 relatives (see below), indicating that
this promoter in the circular intermediate is also a character-
istic of this family. It is likely to play a role in the movement of
IS1111 family members, perhaps transiently increasing the ex-
pression of the transposase. As the expression of the trans-
posase presumably is required first to form the circular inter-
mediate, we searched for expression signals upstream of the
transposase gene but within the left end of the IS. A potential

promoter was found in IS4321, IS5075, and the related IS1328
and ISSfl8 but not in IS1383 and ISPa11, which may rely on
promoters in the adjacent sequence for the initial expression of
the transposase.

IS1111 subgroup of the IS1111 family. A small number of IS
with transposases related to that of IS1111 and with IR at or
near their ends were identified previously (3, 15, 29, 39).
Searches of DNA sequences in GenBank revealed many addi-
tional predicted proteins related to the IS1111 and IS4321
transposases. Those that are complete and exhibit more than
30% identity to the IS4321 and IS1111 transposases, together
with a few examples that include frameshifts in the transposase
gene (either errors or mutations) that can be tentatively cor-

FIG. 3. Movement of IS4321. (A) Substrates used to detect the movement of IS4321. Features of the IS, TIR, and adjacent regions are as
described in the legend to Fig. 1. pACYC184 and pRMH777 backbone sequences are indicated by broken and thin lines, respectively. The positions
and orientations of primers used are indicated by arrowheads with numbers to identify the RH primer (Table 1). The extents of PCR products are
indicated by bars; their lengths are shown below the bars. (B) Sequences of PCR products. PCR products are named by the primer pairs giving
rise to them. TIR, IR, and ambiguous bases are indicated as described in the legend to Fig. 2; the name of each region is shown above the sequence.
The plasmid backbone sequence is shown in lowercase type.
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rected by using the sequence of their next closest relative as a
guide, were selected for further analysis (Table 2). The pro-
teins range in length from 334 to 354 amino acids, and align-
ment of the sequences (Fig. 4) revealed a small number of
completely conserved amino acids and several more that are
conserved in all but a few of these proteins. At several addi-
tional positions, only one of two alternative amino acids (e.g.,
D or E, R or K, and S or T) is present. Searches of available
incomplete bacterial genome sequences revealed many more
IS1111 and IS4321 relatives (Table 3), and an alignment (data
not shown) of all 46 complete transposase sequences that did
not require frameshift correction revealed the same conserved
residues (residues conserved in 45 or 46 of these 46 sequences
are indicated by asterisks in Fig. 4). In the N-terminal domain,
the conserved amino acids include five acidic residues, D res-
idues at positions 15, 100, and 103 and E residues at positions
60 and 156, and four basic residues, K18, R41, R70, and K98.
The D15, E60, and D100 or D103 residues correspond to the
DDD residues in the Piv protein that are thought to corre-
spond to a transposase DDE motif (16). Additional blocks of
conserved residues are found in the C-terminal portions at
positions equivalent to stretches of conserved residues identi-
fied in previous alignments of Piv with IS110/IS1111 family
transposases (16).

As IR were identified previously for only a small number of
these IS (15, 29, 32, 36), the DNA sequences surrounding the
transposase genes were examined for the presence of IR,
which were found in all but five that appear to lack one end
(Tables 2 and 3). Most of the IR were 11 to 13 bp long, and the
left- and right-hand copies were, with a few exceptions, iden-
tical. The sequences were related to the IR of IS4321, ISPa11,
and IS1383; variants of 5�-ATGGACGCCCCC(C)-3�, with oc-
casional T residues in the run of C residues, were most com-
mon. A number of subgroups could be identified based on the
variation in the first eight residues of the IR. For example, the
IS1328 group, to which IS4321 belongs, begins with ATGGT
CAC/G, and all of the IS with transposases closely related to
the IS4321 transposase (	50% identity) belong to this group
(Tables 2 and 3). However, the IR are not completely predic-
tive, as the IR of ISSo14 also belong in the IS1328 group,
whereas the transposase does not. The groups that have IR
beginning with GTGGACGG or ATGAACGC also include
mostly, but not exclusively, IS whose transposases are most
closely related to one another. An additional group, typified by
IS1618, had distinctive IR with AAGGGACTTCCCC on the
left and a shorter sequence lacking the A residue in bold type
on the right (Tables 2 and 3). Six IS fell into this group, and
their transposases are also closely related (	70% identity) and
include characteristic differences, an insertion of 3 amino acids
at positions 91 to 93 and a deletion of 5 amino acids at posi-
tions 168 to 172 (Fig. 4). One IS, ISSfr1, had unusual IR that
included the sequence GTGGACGG preceded by AT.

It was previously assumed that, by analogy with the majority
of IS, the IR represent the termini, and similarities noted
between the sequences flanking the IR for IS4321 and IS1328
(32) and for several IS belonging to the IS1111 group (15, 38,
39) were believed to indicate an element of target site speci-
ficity. As the terminal sequences could account for part of
these regions, we sought evidence for their presence in addi-
tional IS. Where both IR could be identified, the flanking

sequences (up to 100 bp from each side) were joined, assuming
that 10 extra bases are part of the IS and that there is no
duplication of the target sequence. The resulting sequence was
used to search for copies of the uninterrupted target sequence
that would allow deduction of the ends of the IS. Sufficiently
closely related sequences were found in many cases, and in all
of them it appeared that terminal sequences were present. The
sequence of the junction in each of the predicted circular
intermediates is shown in Fig. 5, with the base(s) that could be
derived from either the right- or the left-hand side indicated in
bold type. The terminal sequences are related and, when
joined, most include a potential �10 region at a suitable dis-
tance (16 to 18 bp) from a �35 region in the right-hand end.
An additional feature of the left-hand terminal sequence is
that it includes a tetranucleotide similar to the outer 4 bp of
the IR. This tetranucleotide is ATGG or ATGA in most ex-
amples but TTGG for the group with IR beginning with
GTGG. All but a few of the examples found include at least 1
bp that could have originated from either the right- or the
left-hand end (bold type in Fig. 5), confirming that this feature
is a general property of IS1111 family members.

The exceptions included two IS, ISYen1 and ISEch3, where
multiple copies of the IS and of the uninterrupted target se-
quence were found in the same organism. For these IS, the
seventh base to the left of IRl was not always identical to the
fourth base to the right of IRr. ISYen1 has T on the left and T,
C, or G on the right (T shown in Fig. 5), and the three copies
of ISEch3 have T with T, C with C (shown in Fig. 5), and T with
C. In both examples, the residue found at the equivalent po-
sition in the target sequence is also variable. In the IS of
GenBank accession no. AY139602, the T shown is found to the
left and the C found to the right is identical to a residue in the
target sequence. For a second group, ISAzvi4 and ISPsy7,
multiple copies of the target sequence or more than one target
sequence was found, and individual comparisons predicted a
total of either 10 bp (shown in Fig. 5) or 9 bp (the T shown in
bold type in Fig. 5 was missing) of terminal sequences. A �10
region was not found in the latter.

The length of the left-hand terminal sequence was not ab-
solutely conserved. Some IS included 7 or 6 bp on the left and
3 or 4 bp on the right, as was found experimentally for IS4321,
ISPa11, and IS1383; others included 6 or 5 bp on the left and
3 or 4 bp on the right. The latter group would have 9 bp
separating the IR in the circular intermediate and would in-
clude four members of the IS1618 group described above (Fig.
5). Alignment of the circular junctions reveals that, for the
IS1618 group, the first residue of IRl (which is 1 bp longer than
IRr) may be equivalent to the 10th base of the 10-bp spacer
sequence, raising the possibility that the two IR may be rec-
ognized in slightly different manners. Additional IS with pre-
dicted terminal sequences totaling 9 bp fell into two groups.
For ISPpu11 and ISSfr1, a �10 promoter region was formed,
and there was at least 1 base of ambiguous origin. For IS1328
and ISAzvi2, these features were not apparent, and indeed
close relatives have terminal sequences totaling 10 bp. It is
possible that in these IS, there is an error in one of the se-
quences compared. This notion is supported by the fact that
the terminal sequences of the closest relative are very similar
but include an additional base at the position normally occu-
pied by the one that could be derived from either end. Fur-
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thermore, if a 10-bp spacer is assumed, a �10 region is ex-
pected. For the remaining IS listed in Tables 2 and 3, an
uninterrupted target sequence was not found, and the length of
the element was calculated assuming that the terminal se-
quences total 10 bp or, for the IS1618 group, 9 bp. Generally,
the sequences of the termini of these IS were conserved, and a
base of ambiguous origin was found in most of them.

Target site specificity. A few IS1111 family members are
known to have a preferred target site into which they insert in
a preferred orientation. IS1111 is found at one end of related
stem-loop structures that were originally thought to form part
of the IS (14), and all of the copies in the Coxiella burnetii
genome (30) were found to be similarly located (Fig. 6A). Over
50 additional copies of this target sequence were identified in
the C. burnetii genome. IS1383 targets the 12-bp TIR of IS1384
(22), and preferred targets for IS4321 or IS5075 and ISPa11
were also identified in this study (Fig. 2). However, there is no
obvious relationship among the sequences of the targets for
these IS, indicating that each group of closely related IS selects

a different target. For all of the remaining IS for which multiple
copies have been sequenced, when the sequences adjacent to
their ends were aligned, a potential target site sequence was
found; for some, however, sequence identity extended for only
a few base pairs on either side of the IS (Fig. 6C). For ISPpu11,
ISPsy7, ISAzvi2, ISEch3, and ISYen1, the targets were longer,
and multiple copies of them were found in the genome of the
organism where the IS was found; these results indicate that
genomic repeat sequences were used as targets. For four mem-
bers of the IS1618 group, the targets were a set of three 38-bp
TIR that are closely related to one another and to the TIR of
Tn6901 (GenBank accession no. AP004237) and that are re-
lated to but distinct from the TIR of Tn21 (Fig. 6B). The IS
inserts at a position different from that recognized by IS4321
and IS5075. Short regions of similarity to the target site region
of the TIR were found adjacent to two additional members of
the IS1618 group (Fig. 6B). These findings suggest that pre-
ferred targets may be a general feature of the IS1111 family but

TABLE 3. IS related to IS1111 in genome sequencing projects

Namea Species No. of
copiesb

Length
(bp)c IRl sequenced

Protein

SourceeLength
(amino
acids)

% Identity to:

IS4321L IS1111A

ISAfe1 Acidithiobacillus ferrooxidans 2 (1,424) ATGGATGCCTCC 342 41.5 41.6 TIGR
ISAzvi4 Azotobacter vinelandii 1 1,351 ATGGTCACCCCC 341 62.3 38.4 JGI
ISAzvi2 1 1,396 ATGGACTCCCCCC 338 42.3 47.3
ISAzvi3 1 (1,424) ATGGACGCCTCCC 341 37.8 41.6
ISBcen1 Burkholderia cenocepacia 1 (1,357) ATGGTCACCCCC 341 65.3 41.1 SI
ISBcen2 1 (1,363) ATGGTCAGCCCGAT 341 57.8 41.1
ISBcen3 2 1,413 ATGGACGCCCCCG 344 44.0 43.0
ISBcen4 1 	1,085 atggacgcctcc 341 39.1 39.2
ISBcen5 3 (1,426) ATGAACGCGTCCC 339 37.7 39.6
ISBfun1 Burkholderia fungorum 1 (1,466) AAGGGACTTCCCC 341 37.8 38.6 JGI
ISBfun2 1 	1,125 atgaacgcgtccc 332 36.6 39.2
ISCps1 Colwellia psychroerythraea 1 (1,347) ATGGACTCCTCC 342 33.2 36.6 TIGR
ISEch4 Erwinia chrysanthemi 4 (1,354) ATGGTCACCCCC 334 65.6 37.4 TIGR
ISEch3 3 1,363 ATGGACGCTCC 339 40.4 41.2
ISMmg1 Magnetospirillum magnetotacticum 1 1,359 ATGGCCCGCCCC 342 42.3 41.1 JGI
ISMmg2 1 (1,381) GTGGATGGCTCCCGC 342 37.7 41.7
ISPfl1 Pseudomonas fluorescens 1 1,342 ATGGTCAGCCCA 340 48.5 39.9 JGI
ISRle1 Rhizobium leguminosarum 1 (1,409) ATGGCGCCC 349 38.9 39.2 SI
ISSaen1 Salmonella enterica serovar Enteritidis 1 1,294 ATGGACTACTTCC 340 35.4 42.3 UIUC
ISSdy1 Shigella dysenteriae 1 	1,120 aagggacatc 338 35.7 39.5 SI
ISSso1 Shigella sonnei 2 1,443 ATGAACGCATCCC 339 37.8 38.7 SI
ISSpo1 Silicibacter pomeroyi 1 (1,363) ATGTACCGGCTGCT 352 39.8 36.9 TIGR
ISYen1 Yersinia enterocolitica 7 1,376 ATGGACGCTCC 339 40.4 40.1 SI

a IS were assigned names as in Table 2.
b When contigs have not yet been assembled, the number of copies is not definite.
c Lengths in parentheses were calculated assuming that the terminal sequences total 10 bp or 9 bp for ISBfun1; a “greater-than” symbol indicates that the IS is

incomplete.
d IRr is identical to IRl except for the following: IRr was not found for sequences shown in lowercase type; in IRr of ISBfun1, the A in boldtype is missing; in IRr

of ISSaen1, the underlined T is C.
e Preliminary sequence data were produced by the following: TIGR, The Institute for Genomic Research (can be obtained at http://www.tigr.org); JGI, U.S.

Department of Energy Joint Genome Institute (can be obtained at http://www.jgi.doe.gov/JGI_microbial/html/); SI, Welcome Trust Sanger Institute (can be obtained
at http://www.sanger.ac.uk/Projects/Microbes/); and UIUC, Department of Microbiology at the University of Illinois (can be obtained at http://www.salmonella.org).

FIG. 4. Alignment of IS1111 family transposases. Twenty transposases from the IS shown in Table 2 are aligned. Only one example was
included for pairs of proteins that were 	90% identical (IS4321L and IS5075, IS1618 and ISSm1, and IS1492 and ISPsy16). An alignment of all
46 transposases without frameshifts from Tables 2 and 3 was used to define conserved amino acids. Residues conserved in all or all but 1 of the
46 sequences are indicated by asterisks above the sequence. Residues differing in 6 or fewer of the 46 sequences are shown as white on black and
are indicated by uppercase letters below the sequence. Where only two alternative amino acids in 45 or 46 sequences are found, the two alternatives
are indicated by lowercase letters below the sequence. The sequences used are from translations of nucleotide sequences identified by the GenBank
accession numbers listed in Table 2.
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FIG. 5. Sequences of predicted circular forms of IS1111 family elements. The sequences shown are deduced from comparisons of sequences
flanking the IS and uninterrupted target sequences. Features are indicated as described in the legend to Fig. 2B. The distances to the initiation
codons of the transposase genes are also shown. Where the comparison predicts the origins of all central bases, a vertical arrow indicates the
junction of the left and right ends.
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that a variety of different sequences are used as targets for
individual IS.

DISCUSSION

IS4321 and IS5075 were found to differ from members of
other IS families in that they include short extensions beyond
the IR and do not create a direct duplication of the target site.
The terminal sequences, an additional 7 or 6 bp on the left end
and 3 or 4 bp on the right end, clearly are an intrinsic part of
the IS and move with it. The ambiguity in assigning 1 bp to the
left- or right-hand end of the IS arises from the fact that this
nucleotide is the same as the one targeted by the IS in the
sequence that it enters. When the ends are brought together to
form the circular intermediate (Fig. 2D), a �10 region is

formed and, as it is separated by 17 bp from a �35 region
found near the right-hand end of the IS, a promoter that may
be important for the expression of the transposase is formed.
Sequenced copies of IS4321 and IS5075 are always at the same
position in the TIR of Tn21 family transposons, and transpo-
sition into this location was detected. We conclude that the IS
targets part or all of the TIR sequence. A possible conse-
quence of disruption of the TIR caused by IS4321 or IS5075 is
that the transposon is inactivated; consistent with this notion,
the movement of Tn5705 could not be detected (6).

Most of the properties of IS4321 and IS5075 appear to be
general features of IS1111 family members, as many additional
family members were found to include short IR, usually 11 to
13 bp, and terminal sequences (Tables 2 and 3 and Fig. 5). The
IR sequences fall into a number of distinguishable groups but

FIG. 6. Targets for additional IS. The IS is inserted to the right or left of the base in bold type. (A) Stem-loop structures targeted by IS1111. (B) The
38-bp TIR and related sequences recognized by members of the IS1618 group are compared to the 38-bp TIR recognized by Tn4321 and Tn5075. Dots
indicate unknown sequences. (C) Sequences targeted by additional family members. Bases in lowercase letters are not completely conserved.
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clearly are related. In most of them, the sequence at the outer
ends of the IR is related to the consensus sequence 5�-ATGG
ACGC-3� and is followed by a short tract of predominantly C
residues. Evidence for terminal sequences comes from the
sequence of the circular intermediate of ISPa11 and from
comparisons to uninterrupted target sequences, which were
identified in many examples. The terminal sequences generally
total 10 bp, although in a few examples they appear to be 1 bp
shorter. For members of the IS1618 group, where 9 bp sepa-
rate the IR in the predicted circular intermediate, other dis-
tinguishing features are shared: a characteristic 3-amino-acid
insertion and a 5-amino-acid deletion are present in the trans-
posase, the outer ends of the IR are distinctive (5�-AAGGG
and CCCTT-3�), and IRl includes 1 bp more than IRr. The
latter feature may be related to the apparent 9-bp spacer if IRl
is recognized in a manner different from that of IRr, i.e., as
AGGG or as AAGG. A comparison of the 9-bp sequence to
the 10-bp consensus sequence seen in other circular interme-
diates reveals that the 10th base is missing and that the 1st base
of IRl may be equivalent to it. For some of the remaining
examples where a 9-bp spacer was predicted, the 4th base to
the right (or the 7th base to the left) is missing, and close
relatives have 10-bp spacers. Here, it is possible that the pre-
diction has missed 1 bp. An examination of the sequences of
the appropriate circular intermediates should clarify this mat-
ter.

An additional general feature of the IS1111 family members
examined here is that a �10 promoter region is formed when
the ends are brought together in the circular intermediate (Fig.
2 and 5). This �10 region is generally separated by an appro-
priate distance from a �35 region found at the right-hand end
of the IS, and this promoter may be important for expression
of the transposase, as has been shown for IS911 (34, 35). The
�35 region is also likely to influence the expression of adjacent
genes if a �10 region at an appropriate distance, i.e., at the
boundary of the IS, is formed. A potential promoter was also
found completely within the left-hand end of the IS in a frac-
tion of examples. The overall organization of these IS is also
conserved, with 50 to 100 bp separating IRl from the beginning
of the transposase gene and 200 to 300 bp between the termi-
nation codon and IRr. It seems unlikely that such a long down-
stream region would be retained if it had no function, but a
short open reading frame was found in only some examples
and the features it contains thus remain to be established.

A number of IS1111 family members clearly have a pre-
ferred target site. These targets include short sequences of up
to 16 bp as well as the TIR of other IS or transposons and
various sequences found in multiple copies in the genome of a
particular organism. In some of the examples evaluated here,
the genomic repeats are comprised of IR that can fold to form
a stem-loop structure. How these targets are recognized and
recruited remains to be established, but it is possible that some
structural feature of the DNA rather than the sequence itself is
important, as has been proposed for IS231, which also targets
a 38-bp TIR sequence (12).

IS families are based on similarities in organization, trans-
posases, and IR (3, 20). The analysis presented here supports
the proposal of Lauf et al. (15) that the IS1111 group repre-
sents a family. IS that were previously designated as belonging
to the IS1111 subgroup of the IS110 family (3), and the addi-

tional ones that were examined here have transposases that are
generally more closely related to one another (	30% identity)
than to the transposases of the IS110 family (generally less
than 20% identity). Members of the IS1111 family also differ
from members of the IS110 family in that they include short,
11- to 13-bp IR. This separation will greatly simplify the anal-
ysis of this burgeoning IS type.

It is possible that additional subgroups of the IS1111 family
will be found in the future as further detailed analyses are
undertaken. For example, IS1533, which is found in multiple
copies in the chromosome of several Leptospira species, has
been grouped with IS1111 (3, 15). IS1533 was one of the first
IS110/IS1111 family members sequenced, and IR flanked on
both sides by additional conserved residues were identified (38,
39). Although in one example the N-terminal portion of the
predicted transposase sequence showed similarities to the se-
quences of a group of IS110-related transposases, including
IS1111 (39), the other predicted product was not the same, and
both sequences appear to include multiple frameshifts in the
transposase gene. An additional IS1533 sequence (GenBank
accession no. X77623) found in our searches predicts a trans-
posase that is about 24% identical to the IS4321 and IS1111
transposases and aligns over its full length with those in Fig. 4,
making it a member of the broader IS1111 family. Searches
with this sequence revealed a small number of IS1533 relatives
(	30% identity), and their alignment revealed clusters of con-
served residues at positions similar to those in the IS1111
subgroup (Fig. 4), with several completely conserved residues
common to both groups. However, there were significant dif-
ferences. In particular, only three of the four possible acidic
residues that form the DED motif in the IS1111 subgroup were
also completely conserved in the IS1533 subgroup. The G-
D--K and EA motifs were conserved, but the K-D--DA motif
in the IS1111 subgroup was K-D/N--DA in the IS1533 sub-
group, indicating that the critical D residue is likely to be the
second one. A fifth conserved E residue lying to the right of the
DED motif was present in IS1533 relatives, but it was closer to
the K-D-DA motif than E156 in Fig. 4. For most members of
this IS1533 subgroup, IR and possible terminal sequences
could be found. However, the IR were shorter and, with the
exception of IS1533, usually more closely related to one an-
other than to those of the IS1111 subgroup. Although a more
detailed analysis of this group is needed to resolve the precise
relationships, the members of the IS1533 subgroup are most
closely related to those of the IS1111 subgroup and belong to
the IS1111 family.

Members of the IS110 family share features with the IS1111
family in addition to the similarity in their transposase se-
quences, which all include a small number of completely con-
served residues. A comparison of the sequences of integrated
copies with the target sequence allowed their boundaries to be
identified and led to the conclusion that these IS were inte-
grated conservatively, i.e., without the creation of a short du-
plication of the target site. Although for IS492 a 5-bp duplica-
tion was proposed (28), one copy of this sequence was found in
a circular intermediate and the data would be equally well
explained if one copy were part of the IS and the other copy
were present in the target but fortuitously or necessarily iden-
tical. IS4321 and IS5075 also changed locations without dupli-
cating any residues in the target. Circular forms of IS117 (13)
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and IS492 (28) have been reported and, for IS492, the forma-
tion of a strong promoter at the circle junction has been dem-
onstrated. A number of other IS which belong to the IS110
subgroup of the IS110 family appear to have preferred targets
(3, 5).

A number of questions about the IS1111 family and its
relationship to the IS110 family remain to be answered. First,
we have not extended our bioinformatic analysis exhaustively,
and it is possible that additional subgroups of the IS1111 family
beyond the IS1111 and IS1533 subgroups will be found among
the IS whose transposases were less than 30% identical to that
of IS1111, the value which was used as the cutoff in our anal-
ysis. Examination of a small number of examples revealed the
presence of IR and, although the IR that we found are shorter
than those reported here for the IS1111 family, they were
related to the outer 8 bp. Second, whether other IS presently
classified as IS110 family members have IR has not always
been examined. Imperfect IR have been noted near the bound-
aries of IS492, as deduced from the sequence of the circular
form (28), and we found the configuration CCAT-10 bp-
ATGG in that sequence. It is possible that very short IR are
also present in other IS. Third, the way in which these IS
recognize their preferred target and the features of the target
that are recognized remain to be elucidated. In vitro analysis to
identify the regions in the IS and in the target bound by
individual transposases should assist in clarifying some of these
issues. It also remains to be established whether the conserved
DDD motif in the IS110 family and the DED motif in the
IS1111 family are indeed equivalent to the DDE motifs of
classical IS or whether the mechanism of movement of IS110
and IS1111 family members is indeed more akin to site-specif-
ic-recombination.
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