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While DNA has a property of being fundamentally stable as invariable genetic 
information, studies on gene expression and gene organization have revealed that 
the genome is often subject to dynamic changes. Some of these changes are 
brought about by mobile genetic elements which have been found in prokaryotic 
and eukaryotic genomes so far studied. Insertion sequences (ISs) are bacterial 
mobile DNA elements which cause various kinds of genome rearrangements, 
such as deletions, inversions, duplications, and replicon fusions, by their ability to 
transpose, These were discovered during investigation of mutations that are 
highly polar in the galactose and lactose operons of Escherichia coli K-12 (JORDAN 
et al. 1968; MALAMY 1966, 1970; SHAPIRO 1969) and in the early genes of 
bacteriophage A (BRACHET et al. 1970). Many of these mutations were shown by 
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electron microscope heteroduplex analysis to be insertions of distinct segments 
of DNA which are hence called insertion sequences (FIANDT et al. 1972; HIRSCH 
et al. 1972; MALAMY et al. 1972). It was later shown that the transcription of 
flanking genes can originate from promoters located within an IS or from hybrid 
promoters created by the insertion event or by the IS-mediated genome re
arrangements. An important note here is that the finding of IS elements as 
mobile elements to new loci to turn genes either off or on would re-evaluate 
the controlling elements described in maize by MCCLINTOCK (1956, 1965) (see 
STARLINGER and SAEDLER 1976). 

In addition to the IS elements found in early investigations (IS1, IS2, IS3, and 
IS41. numerous others have been identified in the genomes, plasm ids, and 
bacteriophages of a wide range of bacterial genera and species. They range in 
length from 800 to 2500 base pairs (bp) and can be found in the genomes of many 
different bacteria at multiplicities between a few and a few hundred per genome. 
They are often associated with genes responsible for resistance to antibiotics, 
heavy metal ions, etc. as components of transposons that frequently appear on 
natural plasm ids. 

IS elements contain one or more open reading frames encoding an enzyme, 
transposase, which is required for transposition. The termini of the majority of 
known IS elements carry inverted repeats (IRs) of about 10-40 bp, which are also 
required for transposition. These terminal repeats serve as recognition sites for 
transposase during the transposition process. IS elements can move to new 
sites by mechanisms largely independent of the homology-dependent recombi
nation pathway. Upon insertion, these elements generate small, directly re
peated duplications of the target DNA at the insertion point. This is presumably 
due to the staggered cleavage of target DNA by transposases. Many elements 
appear to induce a duplication of a fixed number, ranging from 2 to 13 bp, but 
some show variations in target duplication length. In a variety of DNA re
arrangements, a target sequence at the illegitimate recombination junction is 
also duplicated. 

In this chapter, we describe various IS elements and their characteristics, 
focusing on two elements, IS1 and IS3, which we have been studying for the past 
few years. We will present in the first section the finding that the majority of IS 
elements found in gram-negative and gram-positive bacteria actually belong to 
several families, which are classified based on structures, mechanisms of trans
position and gene expression, and homologous genes encoding transposases. It 
is remarkable that the range of hosts for some families is found to be extremely 
broad, even including fungi, plants, invertebrate and vertebrate metazoa, and 
ciliated protozoa. It is particularly interesting that the most conserved transposase 
domain of several IS families is shared by retrovirus and retrotransposon 
integrases. Moreover, both prokaryotic and eukaryotic members of some families 
require translational frameshifting to produce the active transposase or integrase 
which apparently promotes the cleavage and integration of the elements. In the 
second and final sections, therefore, we will present a mechanism of the 
expression of transposases of several elements by translational frameshifting 
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and the generation of possible transposition intermediates by the action of 
transposases, to show that some IS elements use mechanisms in both gene 
expression and transposition similar to those used by retroelements. For the most 
comprehensive recent review, see GALAS and CHANDLER (1989), who have de
scribed the current understanding of the nature, occurrence, and genetic activi
ties of various IS elements in detail. 

2 Families of Insertion Sequences 

Until recently, IS elements were considered to be a heterogeneous class of 
bacterial mobile DNA elements, and affiliations were restricted to highly similar 
ISs originating from related hosts. With the increasing number of known ISs, 
more distant relationships were pointed out, leading to the emergence of families 
of elements with conserved transposase domains, common structural features of 
similar functional properties. The majority of the IS elements so far identified may 
belong to the following families (see Table 1). 

2.1 IS1 Family 

IS1 (FIANDT et al. 1972; HIRSCH et al. 1972; MALAMY et al. 1972) is present in 
various copy numbers in chromosomes as well as in plasm ids of bacteria be
longing to Enterobacteriaceae (NYMAN et al. 1981; RAMIREZ et al. 1992; LAWRENCE 
et al. 1992; BISERCIC and OCHMAN 1993; MATSUTANI and OHTSUBO 1993). IS1 is the 
element that appears as spontaneous insertion mutations in various genes much 
more frequently than other ISs (for recent examples, see TOBA and HASHIMOTO 
1992; RODRIGUEZ et al. 1992; Ou et al. 1992; SKALITER et al. 1992). IS1 from 
resistance plasmid R 100 is 768 bp, the smallest known, and has imperfect IRs 
(lRL and IRR) of about 30 bp at its termini (see Fig. 1) (OHTSUBO and OHTSUBO 1978). 
The majority of sequenced IS1 insertions generate target duplication of 9 bp, as 
previously identified (GRINDLEY 1978; CALOS et al. 1978). However, duplications of 
7,8, 10, 11, and 14 bp have been also observed (see GALAS and CHANDLER 1989 for 
references). IS1 is involved in various kinds of genomic rearrangements including 
co-integration between two replicons to form a characteristic co-integrate with 
two copies of IS1 (see Fig. 2) (IIDA and ARBER 1980; E. OHTSUBO et al. 1980). The 
co-integration event generates target duplication at the recombination junctions 
(Fig. 2) (E. OHTSUBO et al. 1980). Note that many IS elements including IS10R 
which transpose in a nonreplicative manner (see N. KLECKNER et aI., this volume) 
do not generate the co-integrate. 

IS1 contains two open reading frames, called insA and insB, which are 
essential for transposition (E. OHTSUBO et al. 1981; Y. MACHIDA et al. 1982, 1984; 
JAKOWEC et al. 1988). insA and insB code for putative proteins of 91 and 125 amino 
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Table 1. A list of insertion sequences and related elements identified in each family 

Family ISs and related elements 

ISl 

IS3 

IS4 

IS630-Tcl 

Unusual ISs 

IS1071 and Tn3 

IS30 

IS15 (or IS6) 

IS91 

IS256 

not classified 

ISl (Rl00) or IS1R, IS1A-IS1G, IS1(SD), IS1(v~), IS1(SS), IS1(SF), IS1SFO, 
ISlsl-3, IS1Efe, IS1Ehe, IS1Sfl, IS1Sso, IS1Sdy 

IS2, IS3, IS21, IS26, IS51, IS120, IS136, IS150, IS240, IS426, IS476, IS481, 
IS600, IS629, IS861, IS904, IS911, IS986, IS3411, IS6110, ISR1, ISL1, ISS1W, 
[IS232,IS981,IS987,IS1076L,IS1076R,ISl138, IS1533] (HTLV1, HTLVII, HIV1, 
Human-D, HumERVKA, Visna, FIV, EIAV, BLV, RSV, Mouse lAP, MMTV, 
MoMuLV, BaEV, SNV, HSpuENV, Drosophila 412, Drosophila 17.6, Drosophila 
1731, Gypsy, Copia, Bombyx Mag, Tobacco Tnt, Arabidopsis Tal-3, Trichplusia 
niTed, Tyl-17, Ty3-1, Ty3-2, S. pombe Tfl) 

Group A: IS4,IS10R,IS50R,IS186A,IS186B,IS231A-IS231F,IS231V,IS231W, 
IS421, IS701, IS942, ISl151, IS5377, ISH26, ISH27-1-ISH27-3, ISH51-3, 
[lS231G,IS231H] 

Group B: IS5, IS102, IS112, IS402, IS427, IS493, IS702, IS869, IS903, IS1031A, 
IS1031C, IS1031D, IS1096, ISll06, ISH1, ISHll, ISH28, ISRm4, ISTUB, 
ISVM5-2, Tn4811 [IS6501, IS31831] 

IS630, IS895, IS1066, [lS870] 

(Tcl, IpTcl, CbTc2, Tc3, CbTc, Tecl, Tec2, TBE1, Mariner, CpMar, Tesl, Bari, 
Minos, RSa, RiATL, DmUhu, DmHB1, DmHB2) 

ISll0, ISl16, ISl17, IS492, IS900, IS901, IS902, IS1000, ISllll a, IS1533 

IS1071 

Tn3 family transposons: y'6, Tn3, Tn21, Tn501, Tn917, Tn2501, Tn3926, Tn4430, 
Tn4556 

IS30, IS1086, IS4351, [ISAS2] 

IS15Ll, IS15(P-21), IS15R, IS26, IS46, IS176, IS240A, IS240B, IS257L, IS257Rl, 
IS257R2,IS431L,IS431R,IS946,IS6100,ISS1N,ISS1S, ISSlT, ISS1W, [lS904] 

IS91, IS801 

[IS256, IS406, IS905, IS1081, IS6120, IST2, ISRm3] 

[lS53, IS66, IS200, IS298, IS407, IS466, IS511, IS866, IS891, IS892, IS986, 
IS1016, ISl131, ISl133,ISl136,ISC1217,ISAE1,ISAS1,IS-PA-4, IS-PA -5] 

ISs and related elements in eukaryotes (in parentheses) are listed whose transposase/integrase 
sequence relations have been studied. For ISl family members, see OHTSUBO et al. (1984), UMEDA 
and OHTSUBO (1991), MILLS et al. (1992) and LAWRENCE et al. (1992); for IS3 family members, see 
FAYET et al. (1990), KHAN et al. (1991), KULKOSKY et al. (1992) and REZSOHAZY et al. (1993a); for IS4 
family members, see REZSOHAZY et al. (1993a); for IS630-Tc family members, see HENIKOFF (1992) and 
DOAK et al. (1994); for unusual IS members, see LENICH and GLASGOW (1994); for IS1071 and Tn3 
family members, see NAKATSU et al. (1991) and MAEKAWA and OHTSUBO (1994); for IS30 family 
members, see DONG et al. (1992) REZSOHAZY et al. (1993a); for IS6 (IS15) family members, see KATO 
et al. (1994) and REZSOHAZY et al. (1993a). Note that IS4 family elements are separated into two 
groups, A and B (see text). The other IS elements, including those which mayor may not show 
homology with the family members, are shown in square brackets without references. 

acids (aa), respectively, and the two frames are 47 bp apart (see Fig. 1). There is an 
open reading frame of 126 bp, named B' frame, in the region extending from the 
5'-end of insB. This B' frame overlaps insA in the -1 reading frame (Fig. 1). As will 
be described in the next section in detail, IS1 uses translational frameshifting to 
produce a transframe protein from two out-of-phase reading frames, insA and 
B'-insB (SEKINE and OHTSUBO 1989; LUTHI et al. 1990; ESCOUBAS et al. 1991). The 
frameshifting event in the -1 direction occurs at a run of six adenines present in the 



AAAAAAC sequence IRL >,: 

f n9 frameshifting 

InsA 
(transposition inhibitor I 
transcriptional repressor) 

~ 

-1 translational 
frsmeshifting 
atAAAAAAC 

InsA-B'-lnsB (transposase) 

'---.J 

a helix-Iurn-ahelix 

Fig. 1. Structure and gene expression of IS1 

Simple insertion 

'0 0 
Cointegration --Ob 0- 1 

• 

Bacterial Insertion Sequences 5 

Fig. 2. Simple insertion and cointegration mediated by an IS element. Donor and target plasmids are 
indicated by thin and thick lines, respectively. Open boxes represent IS elements. Note that the co
integrate formed contains two copies of rs elements, whose orientations are shown by thin arrows. 
A dot on the target plasmid represents the target site which is duplicated upon simple insertion or co
integration. a, b, c, and d indicate DNA sequences on donor and target plasmid 

overlapping region between insA and B' and produces the InsA-B'-lnsB fusion 
protein, i.e., IS1 transposase (SEKINE et al. 1992). Unless frameshifting occurs, only 
the InsA protein is produced (see Fig. 1). 

E. coli K-12 strains contain various number of copies of IS1 in their chromo
somes. For W311 0, the reference strain of the Kohara phage library (KOHARA et al. 
1987), seven copies of IS1 were identified and six were mapped at 0.4,6.3,6.5, 
22.3, 75,6, and 87.5 min (UMEDA and OHTSUBO 1989) and a possible seventh at 
7 min (VAN,HoVE et al. 1990) (IS1 A-IS1 G in Table 1). Recently, the eighth copy of 
IS1 identified was mapped at 49.6 min (ZUBER and SCHUMANN 1993). BIRKENBIHL and 
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VIELMETTER (1989) also found seven copies of IS1 and located six copies on the 
physical map (although not to Kohara phages). Their nucleotide sequences 
revealed that there are actually four kinds wit.h a sequence difference of 1-10% 
by base substitutions as compared with that of IS1 in plasmid R100 (UMEDA and 
OHTSUBO 1991). Only two kinds of sequences have been found to be identical to 
the insertions in the E. coli K-12 genes (UMEDA and OHTSUBO 1991). such as the lac/ 
gene (JOHNSRUD 1979). the lacZ gene (MALAMY et al. 1985), and the unc gene 
cluster (KANAZAWA et al. 1984). The IS1-mediated rearrangements by deletion, 
tandem duplication, transposition, and amplification of a chromosomal DNA 
segment, are shown to have occurred in the E. coli chromosome (see UMEDA and 
OHTSUBO 1989, 1991). 

IS1 elements have been isolated also from the chromosomes of natural 
strains of E. coli, Shigella strains, Salmonella typhimurium, and other related 
enteric bacteria (see Table 1) (OHTSUBO et al. 1984; MILLS et al. 1992; LAWRENCE 
et al. 1992; BISERCIC and OCHMAN 1993). Their nucleotide sequences were very 
similar to those identified in E. coli K-12, except for one in S. dysenteriae, called 
IS1 (v~) (H. OHTSUBO et al. 1981), which shows sequence difference of about 45% 
as compared with that of IS1 in R100. The similarity of the IS1 sequences 
suggests that they have been transferred horizontally among Enterobacteriaceae 
(H. OHTSUBO et al. 1981; NYMAN et al. 1981; RAMIREZ et al. 1992; LAWRENCE et al. 
1992; BISERCIC and OCHMAN 1993; MATSUTANI and OHTSUBO 1993). Almost all the IS1 
family elements contain open reading frames corresponding to insA and B'-insB, 
suggesting that they produce their transposases by translational frameshifting 
(SEKINE and OHTSUBO 1989; LAWRENCE etal. 1992). An IS1-like element of only 
116 bp, with IRs and some internal regions of IS1, was found to be widespread 
in Enterobacteriaceae (GOUSSAD et al. 1991). 

2.2 153 Family 

IS3 (FIANDT et al. 1972; MALAMY et al. 1972) is an insertion element present in the 
E. coli K-12 chromosome (DEONIER et al. 1979; BIRKENBIHL and VIELMETTER 1989; 
UMEDA and OHTSUBO 1989) and in plasmid F (Hu et al. 1975; YOSHIOKA et al. 1990). 
IS3 is also present in various copy numbers in chromosomes of bacteria belong
ing to .Enterobacteriaceae (MATSUTANI et al. 1987; LAWRENCE et al. 1992; see GALAS 
and CHANDLER 1989). This element (1258 bp in length) has imperfect terminal IRs 
(IRL and IRR) of 39 bp (see Fig. 3) and generates target duplication of 3 bp upon 
insertion (SOMMER et al. 1979; TIMMERMAN and Tu 1985; YOSHIOKA et al. 1987; 
SPIELMANN-RYSER et al. 1991; LAWRENCE et al. 1992). Unlike IS1, IS3 does not 
mediate co-integration and is thus supposed to transpose in a nonreplicative 
manner (SPIELMANN-RYSER et al. 1991; SEKINE et al. 1994). IS3 codes for two open 
reading frames, orfA and orfB. A reading frame (B') extending upstream from the 
initiation codon ATG of orfB overlaps orfA in the -1 frame (Fig. 3). Like IS1, a 
transframe protein of 317 aa, i.e., IS3 transposase, is produced by -1 translational 
frameshifting at an AAAAG sequence present in the overlapping region between 
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the two orfs (Fig. 3; see next section). Unlike IS1, however, both OrfA (99 aa) and 
OrfB (288 aa) proteins are produced from orfA and orfB, respectively, unless 
frameshifting occurs (Fig. 3; SEKINE et al. 1994). 

There exists a group of IS elements, called the IS3 family (SCHWARTZ et al. 
1988), which are structurally related to IS3. This is a large group (FAYET et al. 1990) 
including IS2, IS150, and IS911 (see Table 1). They are present not only in gram
negative bacteria but also in gram-positive bacteria (see GALAS and CHANDLER 
1989). Several copies of IS2 and IS3 (BIRKENBIHL and VIELMETIER 1989; UMEDA and 
OHTSUBO 1989) and one copy of IS150 (BIRKENBIHL and VIELMETIER 1989) have been 
mapped on the E. coli K-12 chromosomes. IS2 and IS3 are importantly involved 
in both integration of plasmid F to form Hfr strains and excision from the Hfr 
strains to form F-prime factors (UMEDA and OHTSUBO 1989). A particular pair of IS3 
is involved in inversion of a chromosomal segment (KOMADA et al. 1991; AJDIC 
et al. 1991) . Almost all members of this group have two open reading frames 
corresponding to those in IS3. Although the predicted amino acid sequences of 
orfAs show little similarity, those of orfBs are significantly related (SCHWARTZ et al. 
1988; FAYET et al. 1990; PRERE et al. 1990). Transposases of IS911 and IS150 have 
been shown to be produced from the two open reading frames by translational 
frameshifting in the -1 direction (POLARD et al. 1991; VOGELE et al. 1991), as will be 
described below in detail. The other IS3 family elements have frameshifting 
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signals similar to those of IS3, IS911, and IS150, suggesting that they also employ 
frameshifting during expression of their transposase genes (SEKINE and OHTSUBO 
1991; LAWRENCE et al. 1992; CHANDLER and FAYET 1993). 

Interestingly, the most conserved IS3 transposase domain is shared by 
retrovirus and retrotransposon integrases (FAYET et al. 1990; KHAN et al. 1991; 
KULKOSKY et al. 1992; REZSOHAZY et al. 1993a). In retroviral/retrotransposon inte
grase proteins of several organisms (see Table 1), sequence comparison of their 
deduced aa sequences reveals strong conservation of a constellation of aa 
characterized by two invariant Asp (D) residues and a Glu (E) residue, which is 
referred to as the D, D(35)E region (KHAN et al. 1991; KULKOSKY et al. 1992). The 
same constellation is in the transposases of the IS3 family elements. The invariant 
acidic D and E residues in Rous sarcoma virus integrase (KULKOSKY et al. 1992) and 
human immunodeficiency virus integrase (KULKOSKY et al. 1992; VAN GENT et al. 
1992; ENGELMAN and CRAIGIE 1992; DRELIcH et al. 1992) are actually shown to be 
important in site-specific cleavage and integration of viral DNA. The invariant D 
and E residues are proposed to participate in coordination of the metal cofactor 
(Mn2+ or Mg2+) required for the catalytic activities of integrases. A metal-DNA 
complex may be necessary to position both L TR and target DNA substrates for 
nucleophilic attack during the cleavage and joining reactions. The conservation of 
this region suggests that the component residues are involved in DNA recogni
tion, cutting, and joining, which are properties shared among integrases of 
divergent origin. It is interesting that a comparison of terminal IRs of IS3 family 
elements shows a high frequency at the tips of these elements of the sequence 
5'-TG ... CA-3'; the same sequence is found at the proviral DNA ends of retroviruses 
and is part of the cis-acting region required for integration (FAYET et al. 1990; KHAN 
et al. 1991). It should be noted here that transposons such as Tn7, Tn552, Tn5090, 
and Mu, with the ends beginning by 5'-TG, also produce transposases with the D, 
D(35)E region (RADSTROM et al. 1994; see also N. Craig, this volume). 

2.3 154 Family 

IS4 (FIANDT et al. 1972), which is 1426 bp with IRs of 18 bp, generates direct 
repeats of the target sequence of 11-13 bp upon insertion (KLAER et al. 1981). 
Unlike IS1 and IS3, IS4 displays one long open reading frame encoding a putative 
transposase of 442 aa and, in fact, produces it (TRINKS et al. 1981). A unique IS4 
copy has been mapped at about 97 min in the E. coli K-12 chromosome (KLAER 
and STARLINGER 1980). MAHILLON et al. (1985) have described that IS231 is similar 
to IS4 in overall structure and in fact shares homology in transposase of IS4. They 
further noticed that IS231 is similar to not only IS4, but also other IS elements 
such as IS10R, IS50R, IS5, IS903, and ISH1, thus defining a new family of IS 
elements (see Table 1). IS231 itself defines a family of eight ISs, 1.7-2.0 kb in 
length, originating from the gram-positive entomopathogen Bacillus thuringiensis 
(MAHILLON et al. 1985, 1987; REZSOHAZY et al. 1992, 1993a). These elements are 
delimited by 20-bp IRs. Six of them (IS231 A-IS231 F) display one long open 
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reading frame encoding a 477/478-aa transposase. The other two (IS231V and 
IS231W) show two slightly overlapping open reading frames (ORFA and ORFB) 
on the same DNA strand. It was speculated that in these two elements + 1 (or +2) 
translational frameshifting could lead to the synthesis of a single 472 aa trans
posase (REZSOHAZY et al. 1993b). Altogether, the eight IS231 transposases share 
40% sequence identity, with five regions displaying more than 60% identity. One 
of these regions, designated C1, corresponds to a conserved 60 aa C-terminal 
box, which is shared by IS4, IS10R, IS50R, and ISH1 transposases (MAHILLON 
et al. 1985). 

This IS4 family now comprises more than 40 ISs from widely different origins 
(REZSOHAZY et al. 1993a). Members of this family all display the conserved C1 
region. Moreover, they also share a second region (designated N3) highly con
served in the N-terminal half of the IS231 transposases (REZSOHAZY et al. 1993a). 
The pattern of sequence similarities within these conserved regions and their 
relative location within the transposase define two groups within the IS4 family, 
the IS4 and IS5 groups (see groups A and B in Table 1). These relationships are 
reinforced by sequence conservation found within the IR sequences of these 
elements, in which the three external nucleotides, defining the limits of the 
elements, are rather group specific, 5'-CAT... for group A and either 5'-GGC ... or 
5'-GAG ... for group B (REZSOHAZY et al. 1993a). Interestingly, the N3 and C1 
regions of the IS4 family may correspond to the integrase domain shared by 
retroelements and the IS3 family members (REZSOHAZY et al. 1993a). This relation
ship might indicate a common step in the transposition mechanism of these 
otherwise unrelated mobile genetic elements. It is interesting to point out that the 
IS elements in group A include IS10R and IS50R, which transpose in a non
replicative manner (see N. Kleckner et aI., this volume), whereas those in 
group B include IS1 02 and IS903, which can form co-integrates (H. OHTSUBO et al. 
1980b; GRINDLEY and JOYCE 1981). IS5 in group B is present in the E. coli K-12 
chromosome in more copies than the others, and their locations have been 
determined (BIRKENBIHL and VIELMETTER 1989; UMEDA and OHTSUBO 1990a). They are 
involved in rearrangements of the chromosome by inversion, tandem duplication, 
etc. (UMEDA and OHTSUBO 1990a). 

2.4 IS630-Tc1 Family 

IS630 is a 1153-bp element with terminal IRs of 28 bp and has an open reading 
frame encoding a putative 343-aa protein (MATsuTANI et al. 1987; TENzEN et al. 
1990). IS630, which was identified in Shigella sonnei, has been shown to 
transpose in E. coli K-12 specifically to the dinucleotide 5'-TA-3' in the core of 
at least 4-bp palindromic sequences, such as CTAG, TIAA, and ATAT (TENzEN 
et al. 1990), in which the CT AG sequences are used as hot spots for transposition 
(TENzEN and OHTSUBO 1991). IS630, like IS3, does not mediate co-integration, 
indicating that it transposes in a nonreplicative manner. 
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In prokaryotes, Pseudomonas IS1066 (VAN DER MEER et al. 1991), Anabaena 
IS895 (ALAM et al. 1991), and Agrobacterium IS870 (FURNIER et al. 1993) were 
identified to be related to IS630. In eukaryotes, however, many transposable 
elements are known to transpose into the dinucleotide T A. Examples are trans
posable elements, Tc1 and Tc3 of Caenorhabditis elegans, Tc2 and Tc6 of 
C. elegans, Tc1-like elements found in arthropods and vertebrates (see R.HA 
Plasterk, this volume), Tec1 and Tec2 of the ciliate Euplotes crassus (JARACZEWSKI 
and JAHN 1993)' and pogo of Drosophila (TUDOR et al. 1992). HENIKOFF (1992) used 
blocks of aligned protein segments derived from the Tc1 family members to 
search a nucleotide sequence databank and detected the relatives of Tc1, IS630, 
and Tc1-like elements in arthropods and vertebrates. DOAK et al. (1994) have 
reported that the transposable elements TBE1, Tec1, and Tec2 of hypotrichous 
ciliated protozoa appear to encode a protein that belongs to the IS630-Tc1 family 
of transposases (see Table 1). DOAK et al. (1994) noted that most family members 
transpose into the dinucleotide target, T A. and that members with eukaryotic 
hosts have a tendency for somatic excision that is carried to an extreme by the 
ciliate elements. Alignments including the additional members, and also mariner 
elements, show that transposases of this family share strongly conserved 
residues in a large C-terminal portion, including a fully conserved dipeptide, DE, 
and a block consisting of a fully conserved D residue and highly conserved 
E residue, separated by 35 (or 34) residues (D35E). This D35E motif likely is 
homologous to the D35E motif of the family of retroviral-retrotransposon integra
ses and IS3-like transposases. The homologous relations suggest that the two 
families share homologous catalytic transposase domains and that members of 
both families may share a common transposition mechanism. 

Recently, an element named Tnr1 (235 bp in length) with terminal inverted 
repeats of 75 bp has been identified in rice (UMEDA et al. 1991; TENZEN et al. 1994). 
Because of its small size, Tnr1 is supposed to be a defective form of an 
autonomous element capable of transposing by itself. Comparison of nucleotide 
sequences of the regions with or without a Tnr1 member revealed that Tnr1 
transposes to 5'-PuTAPy-3' duplicating TA (TENZEN et al. 1994), suggesting that 
Tnr1 may be a member of the IS630-Tc1 family. A family of elements named 
stowaway, homologous to Tnr1, are associated with the genes of both mono
cotyledonous and dicotyledonous plants (BUREAU and WESSLER 1994). The finding 
of these elements suggests that the range of hosts for the aggregate IS630-Tc1 
family is extremely broad, including bacteria, fungi, plants, invertebrate and 
vertebrate metazoa, and ciliated protozoa. 

2.5 A Family of Unusual IS Elements 

LENICH and GLASGOW (1994) reported that the predicted amino acid sequence of 
Piv, an essential protein in site-specific DNA inversion of the pilin segment in 
Moraxella lacunata, shows significant homology with the transposases of a family 
of IS elements (see Table 1) which were previously proposed to be a group 
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(HOOVER et al. 1992; KUNZE et al. 1991; LESKIW et al. 1990; Moss et al. 1992; STARK 
et al. 1992). These proteins contain four regions where highly conserved aa are 
clustered, representing aa motifs or domains that are important for transposition. 
Many of the IS elements in this family are unusual in structure and behavior, 
and can be subgrouped on the basis of the absence or presence of terminal IRs 
and of whether insertion results in target site duplications. One subgroup is 
composed of IS elements found in the gram-positive species Streptomyces 
cJavuligerus (lS116), Mycobacterium paratuberculosis (lS900), M. avium (lS901), 
and M. avium subsp. silvaticum (lS902) (KUNZE et al. 1991; LESKIW et al. 1990; 
Moss et al. 1992; GREEN et al. 1989). These IS elements do not have terminal IRs 
and do not generate a short repeat at the site of insertion: IS11 0 and IS117 from 
Streptomyces coelicolormay be part of this subgroup though they have imperfect 
terminal I Rs, and it is uncertain whether IS 110 generates target site duplica
tions (BRUTON and CHATER 1987; HENDERSON et al. 1989). IS1000 from Thermus 
thermophilis and IS111 a from Coxiella burnetii also. give no sequence duplica
tions at the site of insertion, but they do have terminal IRs (ASHBY and BERQUIST 
1990; HOOVER et al. 1992). IS492 from Pseudomonas atlantica generates a 5-bp 
repeat at its target sites but has no terminal IRs (BARTLETI and SILVERMAN 1989). 
IS1533 has imperfect terminal IRs and may generate a 2-bp duplication upon 
insertion (ZUERNER 1994). No common features in the ends of the IS elements or 
in their target sites have been noted for this family of transposable elements. 

2.6 151071, a Member of Tn3 Family 

NAKATSU et al. (1991) described the structure of a 17-kb transposon Tn5271, 
which resides in the plasm ids or chromosome of an Alcaligenes sp. strain. The 
transposon is flanked by a directly repeated sequence of 3201 bp, designated 
IS1 071. The IRs of IS1071 and the derived aa sequence of the single open 
reading frame within IS1071 are related to the IRs and transposase proteins of 
the Tn3 family transposons (see Table 1) (NAKATSU et al. 1991; MAEKAWA and 
OHTSUBO 1994). Tn3 family transposons generally code for two genes (tnpA and 
tnpR) that are necessary for its transposition: tnpA encodes the transposase, 
which catalyzes the first step of transposition that is the formation of a co
integrate; tnpR encodes the resolvase/repressor, which acts at the res sites to 
resolve the co-integrate molecule with two copies of Tn3 into two products, 
each with a single copy of Tn3 (for a recent review, see SHERRATI 1989). The 
absence of tnpR within IS1071 suggests that this element is capable of deter
mining the first step only. This was confirmed by observations on the IS1071-
dependent formation of stable co-integrates in a recombination-deficient E. coli 
K-12 strain (NAKATSU et al. 1991). The existence of IS1071 may support an 
evolutionary scheme in which the Tn3 family transposons descended from 
simpler insertion sequences. 
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2.7 Others 

DONG et al. (1992) reported that there is a family of IS elements related to IS30 
encoding a single open reading frame for a protein (see Table 1). Locations of IS30 
on the E. coli K-12 chromosome have been determined (BIRKENBIHL and VIELMETTER 
1989; UMEDA and OHTSUBO 1990b). REZSOHAZY et al. (1993a) noted that members of 
this family display the conserved regions, which correspond to the integrase 
domain shared by retroelements and the IS3 family members. Interestingly, the 
transposase domain found in these members has both the length feature of 
amino acid spacer characteristic of the IS3 family and the amino acid conservation 
specific of the C1 domain of the IS4-related elements, indicating a common step 
in the transposition mechanism of the IS elements belonging to the IS3, IS4, and 
IS30 families. There is another family, called the IS15 (or IS6) family (see Table 1) 
(MARTIN at al. 1990; KATO et al. 1994). Some members of this family have been 
identified as those of the IS3 family (see Table 1). REZSOHAZY et al. (1993a) noted 
that five members (IS15A, IS240A, IS431 L, IS946, and ISS1 S), however, display 
the conserved regions corresponding to the integrase domain but are distinct 
from the IS3 family elements. These suggest that the IS15 (lS6) family members 
may be divided into at least two groups. 

There exist IS elements which seem not to belong to any of the families 
described above. The most interesting of them is E. coli IS91, which specifically 
inserts at CAAG or GAAC of target and does not duplicate any sequence upon 
insertion (MENDIOLA and DE LA CRUZ 1989). The related IS element to IS91 is 
Pseudomonas IS801 (ROMANTSCHUK et al. 1991; MENDIOLA et al. 1992). IS91/IS801 
transposase is interestingly related to the rolling-circle-type replication proteins of 
the pUB110 family of plasmids which produce a single-strand nick in a specific 
site, suggesting that transposition of IS91/IS801 involves single-strand nicking by 
the transposases (MENDIOLA and DE LA CRUZ 1992). The other elements, which may 
or may not show homology with the IS elements described above, are listed 
without references in Table 1. These include IS256 and its relatives, forming a 
family (see Table 1). It is not our aim to describe characteristics of all of the 
unclassified elements in detail here. With the increasing number of new ISs, 
distant relationships will be further pointed out, leading to more or fewer families 
of elements. 

3 Translational Frameshifting in Production 
of Transposases Encoded by IS Elements 

IS1 and IS3 family elements use translational frameshifting in the -1 direction to 
produce their transposases. In this section we will describe this event in some 
detail and compare it with the frameshifting event well known in retroelements as 
producing a transframe polyprotein from which integrase is derived by processing. 
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3.1 IS1 Transposase 

As described in the previous section, translational frameshifting occurs in the -1 
direction from the 3'-end region of insA to B'-insB in IS1 to produce the InsA-B'
InsB transframe protein, i.e., transposase (see Fig. 1) (SEKINE and OHTSUBO 1989; 
ESCOUBAS et al. 1991). This finding could explain many things that cannot be 
readily accounted for in the expression of insA and the (B')-insB frame: The 
protein product from insB or B'-insB was not detected, but the insA product was 
(ARMSTRONG et al. 1986; ZERBIB et al. 1987; ESCOUBAS et al. 1991); two IS1 mutants 
defective in insA and insB, respectively, do not complement each other in 
restoring their co-integration ability; a 5-bp insertion in the B' frame results in loss 
of the ability of IS1 to mediate co-integration (MACHIDA et al. 1982). 

The frameshifting in the -1 direction occurs within the run of six adenines in 
the sequence 5'-TIAAAAAACTC-3' at nucleotide (nt) position 305-315 in the 
overlapping region (Fig. 1) and produces transposase with a polypeptide seg
ment Leu-Lys-Lys-Leu at residues 84-87 (SEKINE and OHTSUBO 1989; SEKINE et al. 
1992). An IS 1 mutant with a single base insertion in the run of adenines which 
produces the transframe protein with the segment Leu-Lys-Lys(or Arg)-Leu 
without frameshifting could efficiently mediate co-integration and adjacent dele
tion (SEKINE and OHTSUBO 1989; SEKINE et al. 1992). Substitution mutations at each 
of three (2nd, 3rd and 4th) adenine residues, which comprise a codon for Lys in 
insA, caused serious negative effects in frameshifting, but those introduced in the 
region flanking the run of adenines did not. These indicate that the AAA codon for 
Lys is the site of frameshifting and that tRNNvs thus plays an important role in 
frameshifting (SEKINE and OHTSUBO 1992). 

In many genetic systems to be described below, secondary structures 
downstream of the frameshift site are supposed to elevate opportunities for a 
change of reading frames. Several possible secondary structures in the region 
downstream of the run of adenines are, however, not required for frameshifting 
in IS1, but the termination codon of insA located at 17 bp downstream of the run 
of adenines plays an important role in enhancement of frameshifting (SEKINE et al. 
1992; SEKINE and OHTSUBO 1992). Enhancement of -1 frameshifting by a termina
tion codon immediately downstream of the frameshift site has been reported also 
in an artificial context (WEISS et al. 1987). The efficiency of frameshifting in IS1 is 
only 0.2-0.3%, however, which is very low compared with that of other genetic 
systems (see below). IS1 may adopt the low level of frameshifting, which results 
in production of a low amount of transposase, to avoid deleterious rearrangement 
of the host chromosome containing IS1 (SEKINE and OHTSUBO 1989; ESCOUBAS et al. 
1991; SEKINE et al. 1992). 

The InsA protein has the carboxyl-terminal region containing an a-helix-turn
a-helix motif (see Fig. 1) (ZERBIB et al. 1987; SEKINE and OHTSUBO 1991), which is 
observed in many DNA binding proteins (PABO and SAUER 1984). It has in fact been 
shown that InsA specifically binds to both IRL and IRR (ZERBIB et al. 1987, 1990b; 
SEKINO et al. 1995). IRL contains a promoter for the transcript coding for InsA and 
transposase, whereas IRR contains a promoter used for synthesizing RNA being 
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oriented opposite to insA and insB (CHAN and LEBOWITZ 1982; C. MACHIDA et al. 
1984). Since the InsA-binding regions overlap the -35 region of the promoters, 
InsA could inhibit the transcription by interacting with RNA polymerase at IRL and 
IRR. Inhibition of transcription from IRL by InsA has actually been shown in vivo 
(MACHIDA and MACHIDA 1989; ZERBIB et al. 1990a; ESCOUBAS et al. 1991). The 
transposase (lnsA-B'-lnsB) protein, which includes the same DNA-binding motif, 
binds to the DNA segment with or without the IR sequence but preferentially to 
that with IR (SEKINO et al. 1995). The nonspecific DNA-binding ability of trans
posase may be involved in recognition of the target DNA, an important process of 
transposition of IS1. It is speculated that IS1 transposase consists of at least two 
domains, the N-terminal half, which almost entirely overlaps InsA, and the 
C-terminal half, which almost entirely overlaps B'-lnsB. The frameshifting event 
adds the latter domain to the former to give the transposase activity recognizing 
IRs and the target sequence tb initiate the transposition reaction. 

3.2 183 Transposase 

As described also in the previous section, IS3 produces its transposase by -1 
frameshifting at an AAAAG sequence present in the overlapping region between 
orfA and B'-orfB (see Fig. 3). Amino acid sequencing analysis has shown that the 
sequence 5 '-CAAAAGGC-3 , at nt position 327-334 in the overlapping region 
encodes the transframe polypeptide segment Gln-Lys-Gly, suggesting that 
frameshifting occurs at either codon CAA or codon AAG (SEKINE et al. 1994). 
Mutational analysis indicates that AAG is the site of frameshifting (SEKINE et al. 
1994). This suggests that tRNNys recognizing this codon plays an important role 
in -1 frameshifting. This frameshifting requires a pseudoknot structure in the 
region downstream of the AAAAG sequence (see Fig. 3) (SEKINE et aI.1994). A 
mutant IS3 with a single base insertion in the sequence, which results in in-frame 
alignment of orfA and B'-orfB, mediated adjacent deletion to produce various 
miniplasmids at a very high frequency (SEKINE and OHTSUBO 1991). 

The IS3 family members IS150 and IS911 also produce their transposases by 
-1 frameshifting at a motif AAAAAAG present in the overlapping region between 
two open reading frames. In IS150 (VOGELE et al. 1991), the sequence 5'
CUAAAAAAGCU-3' at nt position 528-538 encodes Leu-Lys-Lys-Ala, indicating 
that a frameshifting occurs at either codon CUA for Leu or one of the consecutive 
codons, AM and AAG, for Lys in the O-frame. This frameshifting requires a single 
stem-loop structure in the region downstream of the frameshifting site (VOGELE 
et al. 1991). In IS911 (POLARD et al. 1991), the sequence 5'-ITAAAAAAGGC-3' at 
nt position 322-332 was preliminarily shown to encode Leu-Lys-Lys-Gly, indicat
ing that a frameshifting occurs at either codon ITA for Leu or one of the 
consecutive codons, AAA and AAG, for Lys in the O-frame. 

Unlike IS1, however, IS3, IS150, and IS911 encode two proteins, OrfA and 
OrfB, in addition to the transposase protein, from two open reading frames unless 
frameshifting occurs. In IS3, OrfB is produced in a manner dependent on 
translation of orfA, whose termination codon overlaps the ATG codon of orfB. In 
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other words, OrfB is produced due to translational coupling between orfA 
and orfB (see Fig. 3). The pseudoknot structure required for frameshifting is 
important also for translational coupling in production of OrfB. Presumably, the 
initiation codon for orfB and its upstream sequence within the pseudoknot 
structure are occluded, unless ribosomes proceed toward the termination codon 
of orfA, allowing exposure of the region essential for translation of orfB (SEKINE 
et al. 1994). IS150 and IS911, however, produce OrfB using the mechanism 
different from that in IS3: In IS150, the OrfB protein, whose coding region begins 
from an ATG codon which is in phase with orfA and is located upstream of the 
AAAAAAG motif, is produced in a manner absolutely dependent on frameshifting 
at the motif (VOGELE et al. 1991); in IS911, OrfB is produced by utilizing an unusual 
initiation codon AUU in phase with orfB located upstream of the AAAAAAG motif 
(POLARD et al. 1991). 

Both OrfA and OrfB proteins are not required for transposition of IS3 (SEKINE 
et al. 1994). The OrfA protein contains an a-helix-turn-a-helix DNA-binding motif in 
the middle (PRERE et al. 1990; SEKINE and OHTSUBO 1991). This motif is also present in 
the transposase protein (see Fig. 3). It is therefore possible that OrfA competes with 
transposase to bind to the terminal IRs (lRL and IRR) and could thus become a 
transposition inhibitor. Since IRL contains a possible promoter sequence for tran
scription of the IS3-coded genes, OrfA could also inhibit transcription from this 
promoter, as has been shown in IS1. In fact, our recent results indicate that OrfA 
inhibits IS3-mediated deletion and that OrfB enhances the inhibitory effect by OrfA. 
while OrfB alone has no effect (Y. Sekine, K. Izumi, E. Ohtsubo, unpublished results). 
It has been reported that OrfA encoded by IS911 is, however, not a transposition 
inhibitor but stimulates intermolecular transposition (POLARD et al. 1992). 

As described in the first section, the orfB frame of IS3 family members contains 
a conserved aa sequence motif found in retroviral integrase. The actual function of 
the OrfB proteins is not known at present. In the transframe proteins, the conserved 
region may function in catalysis of the transposition reaction and be directed to its 
site of action at the IS ends using the N-terminal portion encoded by orfA (SCHWARTZ 
et al. 1988; PRERE et al. 1990; SEKINE and OHTSUBO 1991). The occurrence of 
frameshifting suggests the two-domain structure in the transposase proteins. 

3.3 Other Transframe Proteins Including Retroviral Polyproteins 

In prokaryote, a chromosomal gene dnaX encoding the 't subunit of DNA poly
merase III holoenzyme uses the -1 frameshifting to produce the transframe 
protein that is y subunit (BUNKOWA and WALKER 1990; FLOWER and McHENRY 1990; 
TsucHIHAsHI and KORNBERG 1990). The sequence 5'-GCAAAAAAGAG-3' in dnaX 
encodes Ala-Lys-Lys-Glu (TsucHIHAsHI and KORNBERG 1990)' indicating that a frame
shifting occurs at GCA for Ala or one of the consecutive codons, AAA and AAG, 
for Lys in the O-frame. Mutational analysis of the region containing the AAAAAAG 
motif indicates that codon AAG is the site of frameshifting (TsucHIHAsHI and BROWN 
1992). It is therefore likelythatin IS150and IS911, which use the sameAAAAAAG 
motif for frameshifting, codon AAG is the site of frameshifting. 
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Translational frameshifting in the -1 direction has been reported in retroviruses 
(for a review, see VARMUS and BROWN 1989) and other eukaryotic viruses (BRIERLEY 
et al. 1989; DINMAN et al. 1991). These viruses have a conserved heptanucleotide 
motif at which frameshifting occurs as proposed in the simultaneous slippage 
model (JACKS et al. 1988). In mouse mammary tumor virus (MMTV), a -1 frame
shifting occurs at the gag-pro overlapping region with the sequence AAAAAAC 
(JACKS et al. 1987; MOORE et al. 1987) identical to that of IS1 to produce its 
transposase, such that the last codon in gag (0 frame) is codon MC (Hlzl et al. 
1987), which is downstream by one codon compared with the site in IS1. This 
difference between IS1 and MMTV [or other retroviruses which are suggested to 
use the AAAAAAC motif for frameshifting (RICE et al. 1985; SHIMOTOHNO et al. 
1985)] might be due to the structural or functional differences between prokaryotic 
molecules participating in the translational process and those of eukaryotes. 

The efficiency of frameshifting is 5-25% in retroviruses (for a review, 
see VARMUS and BROWN 1989), 40-50% in dnaX (FLOWER and McHENRY 1990; 
TsucHIHAsHI and KORNBERG 1990), 30-40% in IS150 (VOGELE et al. 1991), about 15% 
in IS911 (POLARD et al. 1991), and about 6% in IS3 (SEKINE et al. 1994). Pseudo knot 
structures have been shown to have an important role in frameshifting in IBV 
(BRIERLEY et al. 1989, 1991), MMTV (CHAMORRO et aI.1992), the yeast double
stranded RNA virus L-A (DINMAN et al. 1991), and IS3 (SEKINE et al. 1994). A single 
stem-loop structure(s) downstream of the frameshift site has been demonstrated 
to stimulate frameshifting in dnaX (FLOWER and McHENRY 1990; TsucHIHAsHI and 
KORNBERG 1990) and IS150 (VOGELE et al. 1991). Such structures in mRNA are 
supposed to cause translating ribosomes to pause at the frameshift site, thereby 
providing tRNA on the ribosomes with elevated opportunities for a change of 
reading frames (JACKS et al. 1988; BRIERLEY et al. 1989). 

As described here, frameshifting is the event that allows synthesis of several 
different proteins from a single template, and this leads to the merit of storing as 
much information as possible in a limited amount of DNA and RNA. It is also 
conceivable that frameshifting may be an exquisite strategy by which some fine 
regulations are carried out. Some IS elements, including IS231V and IS231W in 
the IS4 family, which have a set of smaller ORFs assumed to encode transposase 
may also employ frameshifting as translation trickery during expression of 
transposase genes. 

4 Possible Intermediate Molecules 
of Transposition of IS Elements 

The transposition reaction has not been reproduced in vitro in any IS elements 
except IS1 OR (see N. KLECKNER et aI., this volume). Transposases from only a few 
IS elements have been isolated but not characterized for their enzymatic proper
ties other than DNA binding to the terminal IRs. Therefore, the molecular 



Bacterial Insertion Sequences 17 

mechanism of transposition of the IS element is not yet well understood. Some 
IS elements or their related elements in eukaryotes, however, have been ob
served to generate characteristic circular and linear molecules, whose structures 
are similar to those identified as intermediates of transposition in the trans
posons, including those described in the chapters by N. KLECKNER et al. and 
N. CRAIG, this volume, and retroviruses. Here, we will describe IS elements which 
produce possible transposition intermediates and discuss the possibility that the 
IS3 family elements and retroelements may share a common transposition 
mechanism. 

4.1 IS Circles 

Circular forms of excised DNA have been found in several sequence-specific DNA 
rearrangement processes as either an intermediate or an end product. In trans
posons, circular products have been observed for Tn1 0 (lS1 OR) and conjugative 
transposon Tn916. IS10R generates two types of circular molecules upon the 
action of transposase (see N. Kleckner et aI., this volume). One is a circle, a 
possible end product, formed by transposition of the element into itself. The 
second structure is a noncovalently closed structure that consists of a protein
DNA complex formed between the transposase and the ends of the element and 
can thus be converted to a linear form. Tn916 generates a covalently closed 
circular intermediate (CAPARON and Scon 1989). The junction of the transposon 
termini in the Tn916 circular intermediates is a heteroduplex that contains extra 
nucleotides derived from adjacent chromosomal sequences from each end of the 
integration site. This circular product is capable of reintegration (Scon et al. 
1988). 

POLARD et al. (1992) have reported that IS911, an IS3 family element, gener
ates minicircles consisting of the entire sequence of IS911 and a 3-bp sequence 
intervening between the IRs. The 3-bp sequence is the same as the direct repeats 
of a target sequence flanking IS911 . The minicircles are assumed to be formed by 
joining one end of IS911 with the overhanging 3-bp sequence on the other side of 
IS911. SEKINE et al. (1994) have reported that the IS3 mutant, which overproduces 
transposase without frameshifting, efficiently generates IS3 circles similar to the 
IS911 circles, in addition to miniplasmids formed by the IS3-mediated deletion 
from the parental plasmid. The IS3 circles have the intervening 3-bp sequence 
identical to either one of the sequences flanking IS3 in the parental plasmid or its 
mini plasmid derivatives (see Fig. 4) (SEKINE et al. 1994). Though it is not clear at 
present whether the IS3 circles participate as substrates in transposition or not, 
POLARD et al. (1992) have suggested that the IS911 circles are not the obligatory 
transposition intermediates. It has been reported, however, that two copies of IS 
elements separated by a few base pairs are active in transposition of IS21 
(REIMMANN et al. 1989), IS3 (SPIELMANN-RYSER et al. 1991), and IS30 (OLASZ et al. 
1993). It should be noted that the active junction composed of two IRs in the 
tandem repeats of IS elements resembles the IS3 (IS911) circle junction. As will 
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be described below, the IS3 transposase generates linear molecules with 3-nt 
overhangs at the 5'ends of IS3 which are possible intermediates of IS3 transpo
sition. It is possible that the IS3 circles are converted to such linear molecules (see 
Fig. 4). 

Similarly to IS911 and IS3, an ISl mutant overproducing transposase gener
ates characteristic circles consisting of the entire IS 1 sequence and an interven
ing sequence, mostly 6-9 bp in length, between the ISl ends (Y. Sekine, 
N. Eisaki, K. Kobayashi, E. Ohtsubo, unpublished results). The intervening se
quences are derived from either one of the sequences flanking ISl in the parental 
plasmid . Such ISl circles may be formed during a process(es) of t ransposition or 
co-integration mediated by IS1 . 

Retroviruses are known to generate circular DNAs with two L TR sequences 
after reverse transcription from viral RNA (see Fig . 4). The circular molecules of 
retroviruses are considered not to be the transposition intermediates during 
integration of viral DNA (see BROWN et al. 1987; FUJIWARA and MiZUUCHI 1988), but 
can be converted to linear molecules by integrase, which introduces site-specific 
staggered breaks at the junction between the two L TRs (see Fig. 4) (GRANDGENETI 
et al. 1986; TERRY et al. 1988). 

In the eukaryotic transposable elements related to IS630, circular forms of 
the C. e/egans Tcl element and E. crass us Tec elements have been detected 
(ROSE and SNUTCH 1984; RUAN and EMMONS 1984; JARACZEWSKI and JAHN 1993). In 
these circles, the inverted repeats of each element are joined in head-to-head 
orientation (see R.HA Plasterk, this volume). In Tec circles, the inverted repeat 
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junctions consist of both copies of the target site duplication surrounding ten 
additional bases. An unusual nuclease-sensitive conformation exists at a circular 
junction that may be the result of the heteroduplex DNA like that seen in Tn916 
circles (JARACZEWSKI and JAHN 1993). To date, there is no direct evidence for 
reinsertion of the circular molecules, although the frequency of transposition 
correlates with the presence of circular forms. 

4.2 IS Linears 

In transposons Tn10 (lS10R) and Tn7, which transpose in a nonreplicative 
manner, double-strand breaks occur at both end regions of the elements to 
given an intermediate linear molecule, which is subsequently inserted into the 
target site (see N. Kleckner et aI., this volume). IS3 does not mediate co
integration and is thus supposed to transpose in a nonreplicative manner (SEKINE 
et al. 1994). This leads us to propose that the IS3 transposase may excise the 
IS3 sequence from the donor molecules in the IS3 transposition reaction. We 
have, in fact, found linear molecules of IS3 with 3-nt overhangs at its 5'ends 
which were generated in addition to the IS3 circles from the plasmid carrying 
the IS3 mutant overproducing transposase (SEKINE et al. 1995). The nucleotide 
sequences of the overhangs are the same as those flanking IS3 in the parental 
plasmid, implying that the linear IS3 molecules are excised from the parental 
plasmid DNA or from IS3 circles by staggered double-strand breaks at the end 
regions of IS3 (Fig. 4). 

IS3 generates both circular and linear molecules, while IS1 OR (Tn1 0) and Tn7 
generate linear molecules but not circles. Retroviruses are, however, known to 
generate double-stranded linear DNA molecules in addition to circular DNAs (see 
Fig. 4). In this respect, IS3 resembles retroviruses. Note here that, as described 
in the earlier section, the most conserved IS3 transposase domain is shared by 
retrotransposon and retrovirus integrases. The conservation of this region sug
gests that the component residues are involved in DNA recognition, cutting, and 
joining, since these properties are shared among these proteins of divergent 
origin. In retroviruses, 2 nt from each 3' end of the linear viral DNA are removed 
by integrase to produce 5'-protruding ends (CRAIGIE et al. 1990; KATZ et al. 1990; 
KATZMAN et al. 1989; SHERMAN and FYFE 1990), and the 3' ends of the linear 
molecules are subsequently joined to the 5' ends generated at a target site 
(Fig. 4) (FUJIWARA and MiZUUCHI 1988; BROWN et al. 1989). Thus in IS3, the 3'-OH of 
the linear IS3 molecule is likely to be joined to 5'-P of the target DNA, which is 
supposed to be exposed by 3-bp staggered breaks, and subsequently the 3-nt gap 
on the opposite strand is repaired to convert the gap to a duplex form and to 
remove the 3-nt donor sequence attached to the 5' end of the linear IS3 molecule 
(see Fig. 4). 

As described in this section, the molecular mechanism of transposition of the 
IS elements including IS3 is poorly understood compared with those of some 
transposons and retroviruses. Further investigation by reproducing in vitro the 
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transposition reaction of a representative IS element(s) in each family and by 
purification and characterization of its transposase is needed. 
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