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Preface

Most genes are lined up on chromosomes like pearls on a string.
However, a certain class of genes differ by being highly mobile;
they are termed transposons. Their properties and the mecha-
nism of transposition will be described in this book.

Where uniformity is the rule, irregularities like a spot on a
plain-coloured surface strike the eye. Thus the phenomenon of
variegation among organisms has long been a source of fascina-
tion. In plants, variegation is most easily recognised as irregulari-
ties in pigment patterns on leaves, flowers and seeds, but other
characteristics such as leaf or flower form might also show
variegation. In 1588, such a variegation pattern was described in
kernels of Zea mays by Jacob Theodor of Bergzabern, a village
south of Strasbourg. The report by Theodor is so detailed that if
one counts the different kernel phenotypes described it be-
comes clear that the author is looking at a Mendelian segrega-
tion. It goes without saying that Latin-American Indians had
already bred such variegated material much earlier, but no
descriptions have yet been uncovered. Meanwhile, genetically
heritable variegation patterns have been described at many
different loci in more than 34 different plant species.

In the late 1940s, Barbara McClintock developed the con-
cept of what she termed "controlling elements” based on varie-
gation patterns. These "controlling elements” were genetic units
associated with a gene, for example one involved in kernel
pigmentation of Zea mays, thus controlling the expression of
that gene. This would result in colourless kernels which feature
many coloured spots due to the instability of the element,
a phenotype already described by Jacob Theodor in 1588.
Through her very through genetic analysis, for which
McClintock received the Nobel prize in 1983, the current picture
of transposable elements ultimately evolved.

The concept is that transposable elements are genetic
entities which can migrate through the genome of an organism.
However, a molecular understanding of this simple picture
required a long journey from early genetic to current molecular
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studies, which involved many diverse organisms and laborato-
ries. In the mid 1960s, revertible polar mutations in the galac-
tose operon of Escherichia coliwere under study in Cologne and
elsewhere. In 1968 these were shown to be due to DNA
insertion (IS) elements. Their relationship to “controlling ele-
ments" in corn soon became apparent. At about that time a
mutation of the white locus of Drosophila melanogaster was
described, which had similar properties to an IS1 mutation in the
gal operon of E. colj, i.e., both induced chromosomal deletions
flanking the mutation. However, it was not until 1973, when
heteroduplex studies with F and R DNA revealed the presence
of IS elements on these plasmids, that a larger group of scien-
tists became interested in DNA insertion elements, thus merg-
ing the field of medical bacteriology with molecular studies of
DNA insertion elements. It soon became clear that IS elements
could border other genes, in particular antibiotic resistance
genes, and cause them to transpose from one DNA molecule to
another. Subsequently it was found that many antibiotic resist-
ance genes were organized in such structures, thereby allowing
transposition.

In the 1980s, the field expanded further due to the isolation
of plant transposable elements. Molecular studies revealed that
McClintock's "controlling elements” were indeed DNA insertion
elements. The analysis of their structure and function prevailed
throughout the 1980s and the early 1990s. While in the bacterial
and fly worlds researchers had moved to the analysis of the
mechanism of transposition, in the plant world emphasis was
placed on the use of these elements as tools to isolate other
genes of interest. Transposon tagging soon became a powerful
technigue to isolate fly and plant genes even in heterologous
hosts.

Although our knowledge about transposons in various or-
ganisms such as bacteria, flies and plants is ever increasing,
their biological relevance remains obscure. In the current vol-
ume the state of research on transposons in various organisms
is reviewed, in the hope of attracting researchers from other
fields to enjoy and hopefully contribute to this fascinating field of
science.

Koln H. SAEDLER
P. STARLINGER
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1 Introduction

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
etal. 1968; Maamy 1966, 1970; SHapiro 1969) and in the early genes of
bacteriophage A (BracHeT et al. 1970). Many of these mutations were shown by

Institute of Molecular and Cellular Biosciences, The University of Tokyo, Bunkyo-ku, Yayoi 1-1-1, Tokyo
113, Japan



2 E. Ohtsubo and Y. Sekine

electron microscope heteroduplex analysis to be insertions of distinct segments
of DNA which are hence called insertion sequences (FianpT et al. 1972; HirscH
etal. 1972; MaLamy etal. 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 McCuintock {1956, 1965) (see
STARLINGER and SAEDLER 1976).

In addition to the IS elements found in early investigations (IS1, 1S2, 1S3, and
IS4), numerous others have been identified in the genomes, plasmids, 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 plasmids.

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 1S3, 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 grarﬁ-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 1S1 Family

IST (FianpT et al. 1972; HirscH et al. 1972; Mawamy et al. 1972) is present in
various copy numbers in chromosomes as well as in plasmids of bacteria be-
longing to Enterobacteriaceae (Nyman et al. 1981; Ramirez et al. 1992; LAWRENCE
et al. 1992; Bisercic and OcHman 1993; Matsutant and OxTtsuso 1993). IS1 is the
element that appears as spontaneous insertion mutations in various genes much
more freqguently than other ISs (for recent examples, see Tosa and HasHIMOTO
1992; Ropricuez et al. 1992; Ou etal. 1992; SkauTer etal. 1992). IS1 from
resistance plasmid R100 is 768 bp, the smallest known, and has imperfect IRs
(IRL and IRR) of about 30 bp at its termini (see Fig. 1) (OHTsuso and OHtsueo 1978).
The majority of sequenced IS1 insertions generate target duplication of 9 bp, as
previously identified (GrinoLEY 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). IST 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) (liba and Arser 1980; E. Ontsuso et al. 1980). The
co-integration event generates target duplication at the recombination junctions
(Fig. 2) (E. OnTsuso et al. 1980). Note that many IS elements including ISTOR
which transpose in a nonreplicative manner (see N. KLECKNER et al., this volume)
do not generate the co-integrate.

IST contains two open reading frames, called insA and insB, which are
essential for transposition (E. OxTsuso 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

IS1 IS1 (R100) or IS1R, ISTA~IS1G, IS1(SD), IS1(v€), IS1(SS), IST(SF), ISTSFO,
IS1s1~3, IS1Efe, IS1Ehe, IS1Sfl, 1S1Sso, IS1Sdy

1S3 1S2, 1S3, 1S21, 1S26, I1S51, 15120, 1S136, 1S150, 1S240, 15426, 1S476, 15481,
1S600, 1S629, 1S861, 1S904, 1S911, 15986, 1S3411, 1S6110, ISR1, ISL1, ISSTW,
[1S232, 15981, 15987, 1IS1076L, IS1076R, 1S1138, IS1533] (HTLV1, HTLVII, HIV1,
Human-D, HumERVKA, Visna, FIV, EIAV, BLV, RSV, Mouse IAP, MMTYV,
MoMuLV, BaEV, SNV, HSpuENV, Drosophila 412, Drosophila 17.6, Drosophila
1731, Gypsy, Copia, Bombyx Mag, Tobacco Tnt, Arabidopsis Ta1-3, Trichplusia
ni Ted, Ty1-17, Ty3-1, Ty3-2, S. pombe Tf1)

1S4 Group A: 1S4, IS10R, ISB0R, IS186A, 1S186B, 1S231A~IS231F, 1S231V, 1S231W,
1S421, 1S701, 15942, 1S11561, 1S6377, ISH26, ISH27-1~ISH27-3, ISH51-3,
[1S231G, 1S231H]
Group B: IS5, 1S102, 1S112, 1S402, 1S427, 1S493, 1S702, 1S869, 1S903, IS1031A,
1S1031C, 1S1031D, 1S1096, 1S1106, ISH1, ISH11, ISH28, ISRm4, ISTUB,
ISVM5-2, Tn4811 [I1S6501, 1S31831]

1S630-Tc1 1S630, 1S895, 1S1066, [1S870]
(Te1, IpTel, CbTe2, Te3, CbTc, Tec1, Tec2, TBE1, Mariner, CpMar, Tes1, Bari,
Minos, RSa, RIATL, DmUhu, DmHB1, DmHB2)

Unusual ISs [S110, 1S116, 1S117, 1S492, 1S900, 1S901, 1S902, 1S1000, 1S11114a, 1S1533

I1S1071 and Tn3

1S1071

Tn3 family transposons: ¥8, Tn3, Tn21, Tnb01, Tn917, Tn2501, Tn3926, Tn4430,
Tn4556

IS30 1S30, 1S1086, 1S4351, [ISAS2]

IS15 (or I1S6) IS15A, I1S15(P-21), IS15R, 1S26, 1S46, 1S176, 1S240A, 1S2408B, 1S257L, IS257R1,
IS257R2, 1S431L, IS431R, 15946, 1S6100, ISSTN, ISS1S, ISS1T, ISS1W, {I1S804]

1S91 1S91, 1S801

15256 [1S256, 15406, 1S905, 1S1081, 1S6120, IST2, ISRm3]

not classified

[1IS53, 1S66, 1S200, 15298, 15407, 15466, 1S511, 1S866, 1S891, 1S892, 15986,

IS1016, 1S1131, 1S1133, 1S1136, 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 IS1 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 etal. (1991), KULKOSKY et al. (1992) and RezsOHAZY et al. (1993a); for 1S4
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 etal. (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
etal. (1994) and REzsOHAZY et al. (1993a). Note that 1S4 family elements are separated into two
groups, A and B (see text). The other IS elements, including those which may or 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 (Sexine and OxTsueo 1989: LutHi et al. 1990; Escousas et al. 1991). The
frameshifting event in the —1 direction occurs at a run of six adenines present in the
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Fig. 1. Structure and gene expression of IS1

Simple insertion

Cointegration

—
a b I
O *

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 IS 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, ¢, and d indicate DNA sequences on donor and target plasmid

b

overlapping region between insA and B' and produces the InsA-B'-InsB 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 W3110, 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 (UmMeba and OxtsuBo 1989) and a possible seventh at
7 min (van.Hove et al. 1990) (IS1A-IS1G in Table 1). Recently, the eighth copy of
IS1 identified was mapped at 49.6 min (Zuger and ScHumANN 1993). BIRKENBIHL and
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VIELMETTER (1989) also found seven copies of I1ST and located six copies on the
physical map (although not to Kohara phages). Their nucleotide sequences
revealed that there are actually four kinds with a sequence difference of 1~10%
by base substitutions as compared with that of IS1 in plasmid R100 (Umepa and
OnTtsuso 1991). Only two kinds of sequences have been found to be identical to
the insertions in the E. coliK-12 genes (Umeba and OxTsuso 1991), such as the lac/
gene (Jonnsrub 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 Umepa and
OwnTsuso 1989, 1991).

IST 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) (OHTsuso et al. 1984; MiLLs et al. 1992; LAWRENCE
et al. 1992; Bisercic and OcHmMaN 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. OntsuBo 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. Ontsuso et al. 1981; Nyman et al. 1981; Ramirez et al. 1992; LawRrence et al.
1992; Bisercic and OcHmaN 1993; Matsutani and Oxtsuso 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
(SexiNe and OwxTsuso 1989; Lawrence et al. 1992). An IS1-like element of only
116 bp, with IRs and some internal regions of IS1, was found to be widespread
in Enterobacteriaceae (Goussap et al. 1991).

2.2 1S3 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; BirkensiHL and VIELMETTER 1989;
Umeba and Oxtsuo 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; TimmermanN and Tu 1985; YosHioka et al. 1987;
SpiELMANN-RYSER et al. 1991; LAWRENCE et al. 1992). Unlike 1S1, 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., 1S3 transposase, is produced by —1 translational
frameshifting at an AAAAG sequence present in the overlapping region between
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Fig. 3. Structure and gene expression of 1S3

the two orfs (Fig. 3; see next section). Unlike 1S1, 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 1S3 family (ScHwaRrTz et al.
1988), which are structurally related to 1S3. This is a large group (FaveT et al. 1990)
including 1S2, 1IS150, and IS911 (see Table 1). They are present not only in gram-
negative bacteria but also in gram-positive bacteria (see Gaias and CHANDLER
1989). Several copies of IS2 and 1S3 (BirkenBiHL and VIELMETTER 1989; UMEDA and
Ontsuso 1989) and one copy of 1IS150 (BirkensIiHL and VIELMETTER 1989) have been
mapped on the E. coli K-12 chromosomes. I1S2 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 (Umeba and Oxtsuso 1989). A particular pair of 1S3
is involved in inversion of a chromosomal segment (Komaba et al. 1991; Aibic
etal. 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 (ScHwagrTz et al.
1988; Faver et al. 1990; Prere et al. 1990). Transposases of 1IS911 and IS150 have
been shown to be produced from the two open reading frames by translational
frameshifting in the —1 direction (PoLarp 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 1S3, 1IS911, 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 1S3 transposase domain is shared by
retrovirus and retrotransposon integrases (Faver et al. 1990; KHan et al. 1991;
Kurkosky 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; Kutkosky. et al. 1992). The
same constellation is in the transposases of the 1S3 family elements. The invariant
acidic D and E residues in Rous sarcoma virus integrase (Kutkosky et al. 1992) and
human immunodeficiency virus integrase (Kuikosky et al. 1992; van GENT et al.
1992; EncELMAN and Craigie 1992; DreuicH 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
{(Mn?* or Mg?*) required for the catalytic activities of integrases. A metal-DNA
complex may be necessary to position both LTR 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 1S3 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 (Faver et al. 1990; Knan
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 (RApsTROM et al. 1994; see also N. Craig, this volume).

2.3 1S4 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 I1IST and 1S3, 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 1S4
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 1S231 is similar
to IS4 in overall structure and in fact shares homology in transposase of 1S4. They
further noticed that 1S231 is similar to not only IS4, but also other IS elements
such as IS10R, IS50R, 1S5, 1S903, and ISH1, thus defining a new family of IS
elements (see Table 1). 1S231 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 (IS231A~IS231F) display one long open
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reading frame encoding a 477/478-aa transposase. The other two (1IS231V and
S231W) show two slightly overlapping open reading frames (ORFA and ORFB)
on the same DNA strand. |t 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 [S231 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 1S4, IS10R, IS50R, and ISH1 transposases (MaHiLLON
etal. 1985).

This [S4 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 I1S231 transposases (RezsdHAzy et al. 1993a).
The pattern of sequence similarities within these conserved regions and their
relative location within the transposase define two groups within the 1S4 family,
the 1S4 and ISh 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 (RezséHazvy et al. 1993a). Interestingly, the N3 and C1
regions of the 1S4 family may correspond to the integrase domain shared by
retroelements and the IS3 family members (RezséHazy 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 al., this volume), whereas those in
group B include 1S102 and IS903, which can form co-integrates (H. Ontsuso 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 (BirkensiHL and VIELMETTER 1989; UmeDa and Ontsuso 1990a). They are
involved in rearrangements of the chromosome by inversion, tandem duplication,
etc. (Umeba and OntsuBo 1990a).

2.4 1S630-Tc1 Family

1S630 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). 1S630, 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, TTAA, and ATAT (Tenzen
et al. 1990), in which the CTAG sequences are used as hot spots for transposition
(Tenzen and Ontsuso 1991). 1SB30, like 1S3, 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
1S895 (ALam et al. 1991), and Agrobacterium 1S870 (FurNIER et al. 1993) were
identified to be related to 1S630. In eukaryotes, however, many transposable
elements are known to transpose into the dinucleotide TA. 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.H.A.
Plasterk, this volume), Tec1 and Tec?2 of the ciliate Euplotes crassus (JARACZEWSKI
and Jann 1993), and pogo of Drosophila (Tubor et al. 1992). Henikorr (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, 1S630,
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, TA, 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 (UmMepa 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 1S630-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 1S630-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 Grascow (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
clavuligerus (IS116), Mycobacterium paratuberculosis (1IS900), M. avium (1S901),
and M. avium subsp. silvaticum (1S902) (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: 1IS110 and IS117 from
Streptomyces coelicolor may be part of this subgroup though they have imperfect
terminal IRs, and it is uncertain whether 1IS110 generates target site duplica-
tions (Bruton and CHater 1987; Henperson et al. 1989). {S1000 from Thermus
thermophilis and 1S111 a from Coxiella burnetii also give no sequence duplica-
tions at the site of insertion, but they do have terminal IRs (AsHBY and BerauisT
1990; Hoover et al. 1992). 1S492 from Pseudomonas atlantica generates a 5-bp
repeat at its target sites but has no terminal IRs (BarTLETT and SiLvErmaN 1989).
IS1533 has imperfect terminal IRs and may generate a 2-bp duplication upon
insertion (ZUErRNER 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 1S1071, a Member of Tn3 Family

NakaTsu et al. {(1991) described the structure of a 17-kb transposon Tnb271,
which resides in the plasmids or chromosome of an Alcaligenes sp. strain. The
transposon is flanked by a directly repeated sequence of 3201 bp, designated
IS1071. 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
OntsuBo 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 SHERRATT 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 1S1071-
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 1IS30
encoding a single open reading frame for a protein {see Table 1). Locations of IS30
on the E. coliK-12 chromosome have been determined (BIRKENBIHL and VIELMETTER
1989; Umepa and OHTsuBo 1990b). RezsdHAzy et al. {1993a) noted that members of
this family display the conserved regions, which correspond to the integrase
domain shared by retroelements and the 1S3 family members. Interestingly, the
transposase domain found in these members has both the length feature of
amino acid spacer characteristic of the 1S3 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, 1S4, and
IS30 families. There is another family, called the IS15 (or IS6) family (see Table 1)
(MarTIN et 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, 1S431L., 1S946, and ISS1S), however, display
the conserved regions corresponding to the integrase domain but are distinct
from the 1S3 family elements. These suggest that the [S15 (IS6) 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 (MenpioLa and pe LA Cruz 1989). The related IS element to 1S91 is
Pseudomonas 1S801 (RomanTtscHUK et al. 1991; MenDioLa et al. 1992). 1S91/1S801
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 {MenbioLa and be 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 1S256 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 1S1 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) (Sexine and OnTsuBo 1989;
Escousas 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; Escousas et al. 1991); two I1S1 mutants
defective in insA and insB, respectively, do not complement each other in
restoring their co-integration ability; a b-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'-TTAAAAAACTC-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 (SexiNe and OnTsuso 1989; SEKINE et al.
1992). An IS1 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 OuTsuso 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 tRNAY® thus plays an important role in
frameshifting (Sexine 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 (SexiNe et al.
1992; Sexine and Ontsuso 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). IST 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 OxTsuso 1989; Escousas et al.
1991; SekINE et al. 1992).

The InsA protein has the carboxyl-terminal region containing an a-helix-turn-
o-helix motif (see Fig. 1) (ZereiB et al. 1987; SekiNne and Ontsuso 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 (Zersis et al. 1987, 1990b;
Sexino 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 Lesowitz 1982; C. MacHipa 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
(MacHipA and MacHDA 1989; Zersis et al. 1990a; Escousas etal. 1991). The
transposase (InsA-B'-InsB) 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 (Sexino 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 1S1. 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'-InsB. The frameshifting event
adds the latter domain to the former to give the transposase activity recognizing
IRs and the target sequence to initiate the transposition reaction.

3.2 IS3 Transposase

As described also in the previous section, 1S3 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 GIn-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 (SexiNE et al.
1994). This suggests that tRNAY 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) (Sexine et al.1994). A
mutant 1S3 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 (SexiNe and OHTsugo 1991).

The 1S3 family members 1IS150 and IS911 also produce their transposases by
-1 frameshifting at a motif AAAAAAG present in the overlapping region between
two open reading frames. In 1S150 (VoceLe etal. 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, AAA and AAG, for Lys in the 0-frame. This frameshifting requires a single
stem-loop structure in the region downstream of the frameshifting site (VOGELE
etal. 1991). In IS911 (PoLarD et al. 1991), the sequence 5'-TTAAAAAAGGC-3’ at
nt position 322-332 was preliminarily shown to encode Leu-Lys-Lys-Gly, indicat-
ing that a frameshifting occurs at either codon TTA for Leu or one of the
consecutive codons, AAA and AAG, for Lys in the O-frame.

Unlike 1S1, however, 1S3, I1S150, and 1IS911 encode two proteins, OrfA and
OrfB, in addition to the transposase protein, from two open reading frames unless
frameshifting occurs. In 1S3, 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
etal. 1994). IS150 and 1S911, 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 1S911, 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 o-helix-turn-o-helix DNA-binding motif in
the middle (PRreRe et al. 1990; SexiNe and Oxtsuso 1991). This motif is also present in
the transposase protein (see Fig. 3). Itis therefore possible that OrfA competes with
transposase to bind to the terminal |Rs (IRL and IRR) and could thus become a
transposition inhibitor. Since IRL contains a possible promoter sequence for tran-
scription of the 1S3-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 proteinsis 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
etal. 1988; Prere etal. 1990; Sekine and Outsuso 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 1 subunit of DNA poly-
merase Ill holoenzyme uses the -1 frameshifting to produce the transframe
protein that is y subunit (BLinkowa and WaLker 1990; FLower and McHenry 1990;
TsucHiHAsHI and Korngerg 1990). The sequence 5-GCAAAAAAGAG-3' in dnaX
encodes Ala-Lys-Lys-Glu (TsucHiHasH and KorngerG 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). Itis therefore likely that in IS150 and IS911, which use the same AAAAAAG
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 etal. 1987; Moore etal. 1987) identical to that of IS1 to produce its
transposase, such that the last codon in gag (0 frame) is codon AAC (Hizi et al.
1987), which is downstream by one codon compared with the site in IS1. This
difference between IST and MMTV [or other retroviruses which are suggested to
use the AAAAAAC motif for frameshifting (Rice et al. 1985; SHimMoToHNO 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 KornserG 1990), 30~40% in IS150 (VOGELE et al. 1991), about 15%
in1S911 (PoLarp et al. 1991), and about 6% in 1S3 (SexiNE et al. 1994). Pseudoknot
structures have been shown to have an important role in frameshifting in IBV
(BrierLey et al. 1989, 1991), MMTV (Chamorro et al.1992), the yeast double-
stranded RNA virus L-A (Dinman et al. 1991), and 1S3 (Sexine 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
Korneerc 1990) and 1S150 (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 1S231V and 1S231W 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 IST0R (see N. KLeckNER et al., 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
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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 Tn10 (IST0R) and conjugative
transposon Tn916. IS10R generates two types of circular molecules upon the
action of transposase (see N. Kleckner et al., 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 Scotr 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 (ScotT et al.
1988).

PoLarp et al. (1992) have reported that 1IS911, an IS3 family element, gener-
ates minicircles consisting of the entire sequence of 1IS911 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 1IS911 with the overhanging 3-bp sequence on the other side of
[S911. SekNE et al. (1994) have reported that the 1S3 mutant, which overproduces
transposase without frameshifting, efficiently generates 1S3 circles similar to the
I1S911 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
miniplasmid derivatives (see Fig. 4) (SEINE et al. 1994). Though it is not clear at
present whether the 1S3 circles participate as substrates in transposition or not,
PoLaRrD et al. (1992) have suggested that the 1IS911 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 1S21
(RemmanN et al. 1989), 1S3 (SpiELMANN-RYSER et al. 1991), and 1S30 (Ovasz et al.
1993). It should be noted that the active junction composed of two IRs in the
tandem repeats of IS elements resembles the 1S3 (IS911) circle junction. As will
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Fig. 4. Retrovirus integration and IS3 transposition

be described below, the IS3 transposase generates linear molecules with 3-nt
overhangs at the 5'ends of 1S3 which are possible intermediates of 1S3 transpo-
sition. Itis possible that the IS3 circles are converted to such linear molecules (see
Fig. 4).

Similarly to 1S911 and IS3, an IS1 mutant overproducing transposase gener-
ates characteristic circles consisting of the entire IS1 sequence and an interven-
ing sequence, mostly 6-9 bp in length, between the IS1 ends (Y. Sekine,
N. Eisaki, K. Kobayashi, E. Ohtsubo, unpublished results). The intervening se-
guences are derived from either one of the sequences flanking IS1 in the parental
plasmid. Such I1S1 circles may be formed during a process{es) of transposition or
co-integration mediated by [S1.

Retroviruses are known to generate circular DNAs with two LTR 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; Fuiwara and MizuucHi 1988}, but
can be converted to linear molecules by integrase, which introduces site-specific
staggered breaks at the junction between the two LTRs {see Fig. 4) (GRANDGENETT
etal. 1986; Terry et al. 1988).

In the eukaryotic transposable elements related to I1S630, circular forms of
the C. elegans Tc1 element and E. crassus Tec elements have been detected
(Rose and SnutcH 1984; Ruan and EmMmons 1984; Jaraczewski and Jann 1993). In
these circles, the inverted repeats of each element are joined in head-to-head
orientation (see R.H.A. 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 (Jaraczewskl and Jaxn 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 {ISTOR) 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 al., 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 1S3 transposition reaction. We
have, in fact, found linear molecules of 1S3 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 1S3 circles by staggered double-strand breaks at the end
regions of 1S3 (Fig. 4).

IS3 generates both circular and linear molecules, while ISTOR (Tn10) 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 1S3 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; Ka1z et al. 1990;
Katzman et al. 1989; SuermanN and Fyre 1990), and the 3' ends of the linear
molecules are subsequently joined to the 5' ends generated at a target site
(Fig. 4) (Fusiwara 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-ntgap
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 1S3 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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1 Introduction

Most transposable elements move at low frequencies and insert into many
different target sites, displaying only modest or little target site-selectivity. The
bacterial transposon Tn7 (BarTH et al. 1976) is distinguished by its ability to insert
at high frequency into a specific site called an "attachment” site, or attTn7, in the
chromosomes of many bacteria, including Escherichia coli (reviewed by Craic
1989, 1991). In the absence of attTn7, for example when Tn7 inserts into
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plasmids, Tn7 resembles other elements and transposes to many sites at low
frequency. Through both genetic and biochemical studies, it is now known that
Tn7 can recognize and transpose to two different types of target sites through the
action of two distinct but overlapping sets of Tn7-encoded transposition proteins.

Dissection in vitro of Tn7 insertion into attTn7 has led to reconstitution of this
reaction with purified proteins and allowed molecular analysis of the reaction
mechanism. Tn7 transposition appears to occur within a multiprotein nucleo-
protein complex containing the transposon ends and the target DNA and uses a
nonreplicative, cut-and-paste mechanism in which the transposon is first excised
from the donor site and then inserted into the target site. There is considerable
mechanistic similarity between the transposition of Tn7 and that of other mobile
elements, including bacteriophage Mu and retroviruses.

2 The Tn7 Transposition Machinery
and Antibiotic Resistance Genes

Tn7 is a relatively large bacterial transposon, some 14kb in length. This element
encodes an elaborate array of transposition genes (tns ABCDE), cis-acting sites at
the transposon termini which are the substrates for recombination, and antibiotic
resistance genes.

2.1 The tns Genes

The tns genes were identified by analysis of Tn7 mutants (Hauer and SHAPIRO
1984; Rocers et al . 1986; WabppeLL and Craig 1988). The sequences of tns genes
have been determined (SmiTH and JoNes 1986; FLores et al. 1990; OrLe and CRraIG
1991) and their protein products identified (SmiTH and Jones 1986; ORLE and CRAIG
1991; Fig. 1). It is notable that the sum of the molecular weights of the Tns
proteins approaches 300 kD; thus, considerable information is devoted to Tn7
transposition. Overlapping sets of these genes mediate two distinct transposition
pathways (see below).

The tns genes are all oriented in the same direction in Tn7, with their
N-termini closest to the right end of Tn7, Tn7R (SmimH and Jones 1986; WADDELL
and Craic 1988; FLogres et al. 1990; OrLe and Craic 1991). Little is known about
how expression of these genes is controlled or how their level of expression may
affect transposition. It is known that tnsA and tnsB form an operon whose
promoter is located about 100 bp from the tip of Tn7R (Gay et al. 1986; ROGERS
et al. 1986; McKown et al. 1987; WabpeLL and Craig 1988). Transcription from this
tnsAB promoter appears to be repressed by TnsB, so that these tns genes are
under autoregulation (Rogers et al. 1986; McKown et al. 1987); OrLe and CraiG
1991; Arciszewska et al. 1991; Tang et al. 1991). Genetic analysis of the effects on
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Fig. 1. Map of Tn7. The Tn7-encoded transposition genes, tnsABCDE, and the sizes of the Tns
proteins they encode are shown; all the tns genes are oriented in the same direction with their amino
termini adjacent to Tn7R. The Tn7-encoded antibiotic resistance genes dhfr (trimethoprim resistance),
sat (streptothricin resistance) and aadA (streptomycin/spectinomycin resistance) are shown. Also
indicated is putative integrase ORF (int) which, when functional, may mediate rearrangements of the
drug resistance cassettes

transposition of polar insertions in the tns genes has revealed that, although tnsA
and tnsB do form an operon, expression of the other tns genes is not entirely
dependent on the tnsAB promoter (WabpeLL and Craic 1988), suggesting that the
tns genes are not contained within a single operon. Also, other promoters within
the tns genes have been detected by transcriptional fusion (SmitH and JonEs,
1986; RoGERs et al. 1986). A more direct analysis of tns gene expression is now
possible using direct mRNA characterization and anti-Tns antibodies; it seems
likely that control of the expression of these genes will occur at many levels
(KLECKNER 1990).

2.2 Different Sets of tns Genes Direct Tn7 to Different Types
of Target Sites

Analysis of Tn7 transposition in the presence of the various combinations of tns
genes revealed that different subsets of the tnsgenes promote recombination to
different classes of target sites (Hauer and SHapiro 1984; Rogers et al. 1986;
WoaopeLL and Craic 1988; Kuso and Craic 1990). All Tn7 recombination reactions
require tnsABC, but these genes alone are insufficient to promote transposition to
any target site; no recombination is observed in the presence of only tnsABC. In
the presence of thsABC+D, transposition to attTn7 is observed, whereas in the
presence of tnsABC+E transposition to many non-attTn7 sites is observed. The
frequency of tnsD-dependent insertion intoattTn7is high, whereas the frequency
of tnsE-dependent insertion is 100- to 1000-fold less.

The high frequency of Tn7 insertion into the E. coli chromosome at attTn7 is
notable (BarTH et al. 1976; Barth and Datta 1977). This high frequency is revealed
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by the fact that when a plasmid containing Tn7 is introduced into cells lacking Tn7,
the bacterial chromosome acquires Tn7 inatt Tn7 at high frequency in the absence
of selection. Examination of the chromosomal DNA in such cells reveals that
1-10% of the chromosomes contain Tn7 in attTn7 (BARTH and Datta 1977;
LicHTENSTEIN and BReNNER 1981; Hauer and SHariro 1984; R. DeBoy and N.L. Craig,
unpublished observations). E. coli attTn7 is located at min. 84, about 15 kb
leftwards (counterclockwise) of the bacterial origin of replication (LicHTENSTEIN and
BRreNNER 1982; WALKER et al. 1984, Gay et al. 1986). In attTn7, Tn7 insertion occurs
about 20 bp downstream of the bacterial gImS gene, an essential gene involved in
cell wall metabolism, in the transcription terminator of this gene (Gay et al. 1986;
GrinGAuz et al. 1988; Fig. 2). Tn7 insertion into attTn7 is not accompanied by any
obvious deleterious effect upon the host. An interesting but unanswered question
is whether Tn7 transposition is influenced by expression of gImS (Gay et al. 1986;
GriNGgauz et al. 1988; McKown etal. 1988); such a connection could provide a
coupling between transposition and cell growth.

When attTn7 is unavailable, tnsABC+D can also promote low-frequency
insertion into a limited set of other sites in the E. coli genome (Kuso and CraiG
1990). The frequency of insertion into these other tnsD sites is 100- to 1000-fold
less than that into attTn7 and is thus about the same as the frequency of
tnsABC+E insertion. Sequence analysis of these secondary insertion sites re-
veals that they have significant homology with attTn7; they are termed pseudo-
attTn7 sites. Thus tnsD activates the tnsABC machinery to mediate target
sequence-selective transposition, i.e., all sites have a common sequence deter-
minant. As described below, TnsD is a sequence-specific DNA-binding protein
that interacts specifically with attTn7.

Site-specific insertion of Tn7 has also been observed in many different
bacteria (reviewed in Craic 1989, 1991), but only a few of these insertion events
have been examined at the nucleotide sequence level. The site-specific insertion
of Tn7 in many bacteria likely reflects broad conservation of gimS and Tn7
insertion downstream of this gene in other bacteria.

Tn7 insertion via tnsABC+E occurs at a frequency 100- to 1000-fold lower
than insertion into attTn7 and thus is comparable to the frequencies observed

[{Tn7L Tn7R)
' oriC
—
, - glmS
COOH
722777
| 1 [ | | | | | Essential
-20 0 +20 +40 +60 for attTn7

Fig. 2. E. coli attTn7. The attTn7 region of the E. coli chromosome is shown. Tn7 (not to scale) inserts
into the chromosome in site- and orientation-specific fashion downstream of bacterial g/mS (glucos-
amine synthetase). Duplication of 5 bp of chromosomal sequence (black box) accompanies Tn7
insertion. The centre base pair of the duplication is designated "0"; base pairs to the right (towards

glmS) are "+", those leftwards are "-". The nucleotides required for attTn7 target activity, i.e., to
promote high-frequency site- and orientation-specific insertion, are indicated by the cross-hatched box
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with other well-studied transposons. Examination of tnsABC+E target sites
reveals that this pathway has little target site-selectivity: insertion can occur into
many different sites, and multiple insertions into a single site have not been
observed (Rocers et at. 1986; WabppeLL and Craic 1988; Kuso and Craic 1990).
There is no obvious sequence similarity among tnsE sites or between tnsD and
tnsE sites other than that a b-bp target duplication occurs in each pathway. It is
notable thatattTn7is ignored by tnsABC+E; thus, targeting specificity does not lie
in the common tnsABC machinery.

2.3 Why Does Tn7 Encode Two Distinct
Transposition Pathways?

Tn7 is unusual in its ability to transpose to two classes of target sites, one class
of particular sequence and the other class of many different sequences. Insertion
into attTn7 is not deleterious to the bacterial host, so that even high frequency
insertion can be tolerated. Thus insertion into attTn7 provides Tn7 with a "safe
haven" in the bacterial genome, much as does site-specific insertion of bacterio-
phages into particular sites during lysogeny, and provides a stable association
between the transposon and its host (CampseLL 1992).

An attractive idea is that Tn7 has an additional pathway that can use many
different target sites to facilitate its horizontal transmission between bacteria via
plasmids. The low target site-selectivity of the tnsk pathway allows Tn7 ready
access to plasmids, which can then be transmitted between bacteria. The target
site-selectivity of the tnsD pathway is considerable, and the number of pseudo-
attTn7 sites that can be efficiently recognized are also limited; for example, no
tnsD-dependent transposition to endogenous pseudo-attTn7 sites on the F
plasmid can be detected (WabpeLL and Craic 1988). Thus, the tnsE pathway
allows Tn7 access to a wide variety of target DNAs.

2.4 Transposition Substrates: the Ends of Tn7

The ends of Tn7 provide the cis-acting DNA sequences that are the substrates for
transposition; these are the cognate sites recognized and acted upon by the Tn7
recombination enzymes (Fig. 3). Analysis in vivo of mini-Tn7 elements contain-
ing various end segments revealed that recombination requires considerable
information at each end of Tn7: about 150 bp at the end of Tn7L and about 100 bp
at the end of Tn7R (Hauer and SHariro 1984; Arciszewska et al. 1989; R. DeBoy
and N.L. Craig unpublished observations). These end segments each contain
multiple binding sites for TnsB, a protein required for all Tn7 transposition
reactions (McKown et al. 1987; Arciszewska et al. 1991; Arciszewska and Craig
1991; TanG et al. 1991); thus TnsB plays a key role in recognizing the ends of Tn7.

The arrays of TnsB sites are different in each end; in Tn7R there are four
contiguous TnsB sites and three separated sites in Tn7L. Within each end, the
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TnsB sites are oriented as direct repeats, but the Tn7L and Tn7R sites are inverted
with respect to each other. It seems likely that the differential array of TnsB sites
in the ends underlies the functional asymmetry of Tn7L and Tn7R. This asymme-
try is revealed by the fact that while mini-Tn7 elements containing two TnR ends
can transpose, elements containing two Tn7L ends cannot (Arciszewska et al.
1989). Also, insertion into attTn7 is orientation-specific as well as site-specific,
with Tn7R always inserting adjacent to gimS (LicHTEnsTEIN and Brenner 1982;
McKown et al. 1988).

Although each end of Tn7 contains multiple TnsB binding sites, DNA break-
age and joining occurs only at the extreme termini of Tn7, adjacent to the terminal
TnsB binding site. What distinguishes these terminal TnsB sites from the internal
TnsB sites that are not the sites of DNA breakage and joining? Inspection of the
sequences of the ends reveals that the very tips of Tn7 are markedly different
from the similarly positioned nucleotides in other TnsB sites (Fig. 3); it is tempting
to speculate that at least some of these terminal nucleotides are critical in defining
the active termini at the ends of Tn7. Analysis of the ends of other elements has
revealed that they are bipartite, with one region providing information for trans-

o p ¥ o X Vv ®
| [ [ [ [ | |
A Tn7L1 L150 R100 Tn7R1

Fig. 3A, B. The ends of Tn7. A The Tn7 end regions that contain the cis-acting sequences essential
for transposition are shown; the recombination sequences in Tn7L are included in a DNA segment
about 150 bp long; the recombination sequences in Tn7R are about 100 bp. Both Tn7L and Tn7R
contain specific binding sites for TnsB, whose position and orientation are indicated by the boxed
arrows. B The sequences of the TnsB binding sites in each end of Tn7 are shown. The top two sites
are those at the very tips of Tn7; the 3' terminal As, where breakage and joining occur, are marked by
asterisks. The most conserved sequences are underlined; the sequences of the 3' 8 bp are divergent
and distinct between the terminal o and o sites, where breakage and joining occur, and the other
internal sites
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posase binding and another involved in a subsequent step, likely breakage and
joining (DEerBYSHIRE et al. 1987; Huisman etal. 1989; Jik etal. 1993). The 3'
terminal nucleotides of Tn7L and Tn7R are -CA3'; this 3' terminal A is of particular
interest, because during transposition this nucleotide is exposed by DNA break-
age and is the site at which the initial covalent linkage of Tn7 to the target DNA
occurs (Bainton et al. 1991). The identity of these terminal nucleotides is important
to Tn7 recombination: changing the terminal -CA3' blocks both breakage and joining
at the 3'end (Bainton 1992; P. Gary and N.L. Craig, unpublished observations).

2.5 Transposition Substrates: Target Selection
and Transposition Immunity

As described above, Tn7 can recognize and insert into either of two types of
targets site: TnsD directs Tn7 to insertion sites of particular sequence, and Tnsk
can direct Tn7 to many non-attTn7 insertion sites. There is, however, an additional
feature of a potential target DNA which can strongly influence its susceptibility to
Tn7 insertion: Tn7 exhibits transposition or target immunity; that is, the presence
of Tn7 in a target molecule much reduces the frequency of insertion of a second
copy of Tn7 into that target (HAUER and SHAPIRO 1984; ARCISZEWSKA et al. 1989).
Transposition immunity is a cis-acting inhibition acting only on the DNA which
contains the Tn7 copy, not a global inhibition of transposition. Although the
presence of Tn7 in a particular potential target DNA greatly reduces the frequency
of Tn7 insertion into that DNA, transposition to other targets lacking Tn7 is not
inhibited. Transposition immunity is effective in both the tnsD- and tnsE-depend-
ent transposition reactions. Transposition immunity is fundamentally related
to transposition itself: the ends of Tn7, i.e., the DNA segments that are the
transposition substrates, are the features of Tn7 which provide immunity
(Arciszewska et al. 1989). The bacterial transposons Tn3 (Lee etal. 1983) and
bacteriophage Mu (Reves et al. 1987; Darzins et al. 1988) also display transposi-
tion immunity (reviewed MizuucHi 1992).

An especially intriguing aspect of transposition immunity is its ability to be
effective over large distances. For example, the presence of a copy of Tn7 in a
large (>50 kb) derivative of the conjugable F plasmid can reduce the frequency of
Tn7 insertion at any position in that plasmid (Arciszewska et al. 1989). Thus,
transposition immunity does not reflect prior occupancy of a preferred target site;
rather, it is the ability of the ends of Tn7 at one position to influence insertion into
adjacent DNA, where "adjacent” means anywhere on the target plasmid. More
recent experiments have revealed that Tn7 target immunity can also be effective
over more than 150 kb in the E. coli chromosome (R. DeBoy and N.L. Craig,
unpublished observations).

The ability of a particular DNA site (for example, a transposon end} to
influence a reaction (for example, transposon insertion) on DNA at another
position is a fundamental problem common to many DNA transactions. Thus
understanding the molecular basis of transposition immunity is of general
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interest. Transposition immunity is effective in in vitro transposition systems
for Mu (Abzuma and MizuucH 1988) and Tn7 (Bainton et al. 1993); dissection of
the Mu system has provided a molecular model for this interesting process (see
below).

How is target immunity useful to the transposon? Although transposition
immunity is described above as a phenomenon affecting intermolecular transpo-
sition, its most important role may be to decrease the possibility of intramolecular
transposition, a potentially lethal event. Especially for elements which can insert
into many target sequences, the potential target DNA closest to the transposon
ends is actually the donor backbone. Transposition immunity, i.e., inhibition of
insertion into a DNA containing the transposon, may thus discourage intra-
molecular recombination, promoting intermolecular events which have less
possibility of lethality.

2.6 Tn7 Antibiotic Resistance Genes

Like many bacterial transposons, Tn7 encodes antibiotic resistance determinants
in addition to its transposition functions: cells containing Tn7 are resistant to
antifolates such as trimethoprim and to the aminoglycosides streptothricin,
streptromycin, and spectinomycin. Trimethoprim resistance is provided by the
Tn7 dhfr gene, which encodes a novel dihydrofolate reductase resistant to this
inhibitor (FLNG and RicHarDs 1983; SIMONSEN et al. 1983). Streptothricin resistance
is provided by the sat gene, which encodes a transacetylase that inactivates this
aminoglycoside (SunpstroM et al. 1991; Tietze and Brever 1991). Resistance to
streptomycin and spectinomycin is provided by the aadA gene, which encodes an
adenylyl transferase that inactivates these compounds (FLNG et al. 1985).

The antibiotic resistance genes of Tn7 are clustered towards the left end of
Tn7, Tn7L (Fig. 1). The drug resistance genes appear to be encoded on gene
cassettes which can undergo rearrangement through excision and reintegration
(SunpsTroMm et al. 1991; HaLL et al. 1991). Some other transposons such as Tn1825
and Tn1826 (TiETze et al. 1987), which are similar to Tn7 in their transposition
functions but have distinct antibiotic resistances, may reflect such rearrangements.
To the left of the dhfr gene in Tn7 there is an ORF which has homology to a
lambdoid-like integrase; this is the presumed recombinase of such resistance
cassette rearrangements (SunpsTrRoM et al. 1991; HaLL et al. 1991). This integrase
region is not required for Tn7 transposition (WabppeLL and Craic 1988).

3 The Mechanism of Tn7 Transposition

A cell-free system for tnsD-dependent transposition has been developed (BAINTON
et al. 1991). The site-specific insertion of Tn7 into attTn7 has been reconstituted
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with purified proteins: recombination requires four Tn7-encoded proteins, TnsA,
TnsB, TnsC, and TnsD, and two essential cofactors, Mg®* and ATP (BainTon et al.
1993). Recombination is efficient, and insertion into attTn7 in vitro recapitulates
insertion in vivo; i.e., insertion into attTn7 is site and orientation specific. The
requirement for these four Tns proteins for transposition in vitro accounts for the
genetic requirément for their respective genes for transposition in vivo (RoGers
et al. 1986; WappeLL and Craig 1988). Dissection of this in vitro system has allowed
analysis of Tn7 transposition at the molecular level (Bainton et al. 1991, 1993).

3.1 Tn7 Is Excised from the Donor Backbovne
by Double-strand Breaks

When the recombination substrates are a donor plasmid containing a Tn7
element and a target plasmid containingattTn7,the reaction products are a simple
insertion of Tn7 into attTn7 and the donor backbone from which Tn7 has been
excised (Fig. 4A). Therefore, Tn7 transposition occurs by a nonreplicative cut-
and-paste mechanism; i.e., Tn7 is not copied by DNA replication during the act of
transposition. Thus replication is limited to repair of the joints between the newly
inserted transposon and the target DNA.

The transposon is broken away from the donor backbone by double-strand
breaks; donor molecules with a double-strand break at either Tn7L or Tn7R can
also be readily observed early in the reaction. It is notable that, although these
double-strand break species are transposition intermediates and are generated
prior to the covalent involvement of attTn7, the presence of attTn7 is required to
provoke the double-strand breaks. Another feature of the reaction is that such
intermediates also are not observed when any protein is omitted. An attractive
explanation for the highly concerted nature of Tn7 transposition is that recombina-
tion actually occurs in a multiprotein complex that also contains the recombination
substrates, i.e., the two transposon ends and attTn7. It seems likely that the
correct assembly of this elaborate nucleoprotein complex plays a key role in
regulating the initiation of recombination (see below).

3.2 Insertion of Excised Tn7 into the Target DNA

The excised transposon is then joined to the target DNA. The predominate
products of in vitro transposition are simple insertions; i.e., both transposon ends
of a single element are joined to the target DNA. Other species can also be
observed, however, in particular, joint molecules with only one end of the
transposon joined to the target DNA (BainTon et al. 1993; P. Gary and N.L. Craig,
unpublished observations). Such single-end join species are observed with both
the double-strand break intermediates and excised linear transposons. Once
formed, however, these single-end join species appear to be only inefficiently
converted to simple insertions, suggesting that they are aberrant by-products and
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that the reaction proceeds in a standard manner, through concerted joining of the
two ends of an excised linear transposon to the target DNA.

3.3 The Chemistry of DNA Breakage and Joining

The double-strand breaks that excise Tn7 from the donor backbone cleanly
expose the 3' ends of the transposon but are staggered, such that 3 nucleotides
of flanking donor DNA remain attached to the 5' transposon ends (BainTon et al.
1991; P. Gary and N.L. Craig, unpublished; Fig. 4B). This contrasts with the
excision of the bacterial transposon Tn10, which also transposes via an excised
linear transposon where the 5' strands are also cut at the transposon termini
(Benuamin and KLECkNER 1989, 1992). Tn7 is inserted into the target DNA by the
joining of the exposed 3' transposon ends to staggered positions on the top and
bottom strands of attTn7; these positions are separated by 5 bp (BainTon et al.
1991). The joining of the 3' transposon ends to 5' positions in the target DNA
results in the concomitant generation of exposed 3' ends in the target DNA. Thus
the newly inserted Tn7 transposon is covalently linked to the target DNA through
its 3' ends and is flanked by short gaps at its 5' ends, reflecting the staggered
positions of end joining; the intact strands of the flanking gaps are the top and
bottom strand of the target DNA between the positions of end joining. The repair
of these gaps by the host DNA repair machinery results in the characteristic 5-bp
duplications that flank Tn7 insertions; this repair process is also presumed to
remove the few nucleotides of donor DNA attached to the 5' transposon ends in
the initial recombination product.

The same chemistry of DNA breakage and joining, i.e., breakage to expose the
3' ends of the transposon and subsequent covalent linkage of these ends to 5' ends
of target DNA, has been determined for all other elements that have been
investigated at the biochemical level including Mu, retroviruses and retrotrans-
posons, and other bacterial elements such as Tn10 {reviewed in MizuucHi 1992).

It should be noted that although it appears as if the excised transposon has
joined to the target DNA by joining of the transposon ends of a staggered double-
strand break at the insertion site, there is no evidence to support the view that Tn7
transposition proceeds through such a mechanism. No such double-strand

-

‘Fig. 4A, B. The pathway of transposition. A Transposition substrates, intermediates, and products
are shown. On the left are the substrates, a donor plasmid containing Tn7 (white box) and a target
plasmid containing attTn7 (black box). Recombination initiates with double-strand breaks at either
transposon end; pairs of breaks on the same substrate generate an excised linear transposon which
inserts into the target DNA. The transposition products are a simple insertion and a gapped donor
backbone. B The chemistry of breakage and joining during Tn7 transposition is shown. Recombination
begins with staggered double-strand breaks at the ends of Tn7 which cleanly expose the 3' terminal-
CAs and leave several nucleotides of donor DNA (d) attached to the 5' ends of the transposon. Tn7
joins to the displaced 5' positions on the target DNA though its terminal 3' As. The simple insertion
transposition product has covalent linkages between the 3' ends of the transposon and 5' ends of
target DNA. The 5' transposon ends are flanked by short gaps; repair of these gaps by the host repair
machinery generates 5-bp duplications of target sequences
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breaks have been observed at the target site; moreover, in single-end join
species, one transposon end is joined to one strand of the target DNA and the
other target strand is intact (P. Gary and N.L. Craig, unpublished). These observa-
tions support the view that each Tn7 end joins independently to a single target
DNA strand. Investigation of the mechanism of DNA strand breakage and joining
of the bacteriophage Mu and of retroviruses has revealed that both DNA strand
breakage and strand joining appear to occur through a one-step transesterification
(Mizuuchi and Abzuma 1991; ENGLEMANN et al. 1991 reviewed in MizuucHl 1992). In
the first stage of transposition, DNA cleavage (hydrolysis) at the 3' end occurs
using H,0 as a nucleophile; in the second step, the exposed 3' OH ends of the
transposon can be viewed as the attacking nucleophiles in a reaction fundamen-
tally similar to end cleavage. Notably, this transposition reaction mechanism does
not require the formation of a protein-DNA intermediate to preserve phos-
phodiester bond energy. This proposed mechanism of DNA breakage and joining
during transposition is in many ways similar to another nucleic acid processing
reaction, RNA splicing (Cect 1990), and is distinct from other site-specific recom-
bination systems that have been analyzed, such as the integration/excision cycie
of bacteriophage lambda, which proceeds through a topoisomerase-like mecha-
nism involving covalent protein-DNA intermediates (Craic 1988). The detailed
mechanism of Tn7 strand breakage and joining has not yet been investigated,
however, since Tn7, like retroviruses and bacteriophage Mu, executes breakage
and joining through its terminal -CA3' and has protein sequence similarity with
retroviral integrases (see below), it is not unreasonable to suspect that Tn7 will
also use a one-step transesterification mechanism.

4 The Fate of the Donor Site

Tn7 transposes in vitro through a cut-and-paste mechanism in which the trans-
poson is excised from the donor backbone by double-strand breaks, and is
inserted into the target DNA (BainTon et al. 1991, 1993). Several in vivo observa-
tions support the view that Tn7 transposition in vivo also occurs through a cut-
and-paste mechanism. Both strands of the transposon can be recovered in the
same insertion product, indicating that the element is not copied by semi-
conservative DNA replication during translocation (M. Lopata, K. Orle, R Gallagher,
and N.L. Craig, unpublished observations). Also, induction of the SOS system
which can result from double-strand breaks in DNA is observed to accompany Tn7
transposition in vivo (A. Stellwagen and N.L. Craig, unpublished observat.ons).
Such a cut-and-paste transposition mechanism generates a broken donor back-
bone with a gap resulting from transposon excision. What is the in vivo fate of
this broken donor molecule?

It has been observed that Tn7 transposition stimulates homologous recombi-
nation at the transposon donor.site, an observation consistent with the hypo-
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thesis that the broken donor backbone undergoes recombinational repair
(Hagemann and Craig 1993). This stimulation of recombination was evaluated with
lacZ heteroalleles, one copy containing a mobile Tn7 element and the other a non-
overlapping deletion. A stimulation of lacZ recombination was observed when
Tn7 was able to undergo high-frequency transposition to attTn7; moreover, there
was preferential conversion of the Tn7 donor site, consistent with transposition
introducing a double-strand break to stimulate homologous recombination.

These observations support the view that the act of transposition creates a
double-strand break in the donor DNA that creates a hot spot for homologous
recombination (SzosTak et al. 1983), using an intact, homologous template to
repair the broken donor (Fig. 5). In the above experiment, recombination was
detected through the use of a heteroallele; the usual (and likely preferred)
template for such repair is the homologous sister chromosome. When the sister
chromosome is used as the template, the repair will be genetically invisible; i.e.,
after repair, the donor broken and gapped by the transposition reaction will appear
identical to the donor site before transposon excision. A similar association
between transposition and homologous recombination has been observed with
the P element of Drosophila (EnceLs et al. 1990) and with Tc1 of C. elegans
(PLasTeRk and GROENEN 1992).

A consequence of repairing the donor site through such double-strand gap
repair is to make Tn7 transposition, itself a cut-and-paste, nonreplicative reaction,
effectively replicative within the cell. Thatis, Tn7 appears at a new insertion site
through the act of transposition, and another copy of the transposon is generated
at the donor site through the stimulation of double-strand gap repair by the break
in the donor DNA generated by transposition. It is unknown what role, if any, Tn7-
encoded functions may play in stimulating repair at the donor site.

Fig. 5. Repair of the donor site from which Tn7 transposes. Transposition of Tn7 from the donor site
results in a broken and gapped DNA. If transposition of Tn7 follows replication, a sister chromosome
will contain an intact, unbroken donot site. This intact site can serve as a template for the repair of the
gapped donor site through recombinational double-strand gap repair. Note that although Tn7 trans-
position per se is nonreplicative, i.e., Tn7 is excised from the donor site and inserted into the target
site, this overall scheme is effectively replicative because the repair process generates another copy
of the transposon
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5 Roles of the Tns Proteins in Transposition

Reconstitution of Tn7 insertion into attTn7 invitro with purified proteins
TnsABC+D revealed that these proteins participate directly in recombination
(BainTon et al. 1993). Analysis of the partial activities of these proteins individually
and in combination has revealed the principal activities of each of these proteins
and has provided some insight into their roles in recombination. Briefly, TnsB
specifically recognizes the ends of Tn7, TnsB + TnsA appear to execute DNA
breakage and joining, TnsD identifies and selects attTn7, and TnsC is a regulator
that mediates communication between the transposon ends and the target DNA.

5.1 TnsB + TnsA Mediate DNA Breakage and Joining

Recognition of the transposon ends is a key step in transposition, as it identifies
the mobile DNA segment. This function is provided in Tn7 transposition by TnsB,
a sequence-specific DNA-binding protein which binds to multiple positions within
the regions of Tn7L and Tn7R required for recombination (McKown et al. 1987;
ARcIszEwsKA et al. 1991; Arciszewska and Craic 1991; Tang et al. 1991).

TnsBand TnsA in combination form the heart of the recombination machinery
which executes DNA strand breakage and joining. In support of this view, TnsB+A
can, under variant recombination conditions, mediate distinctive intramolecular
breakage and joining events (M. Biery, M. Lopata, and N.L. Craig, unpublished
observations). Notably, these events occur in the absence of ATP, indicating that
ATP does not play a direct role in recombination chemistry, but rather a regulatory
role. Examination of the behavior of certain TnsB and TnsA mutant proteins
in vitro has revealed that TnsB mediates the DNA breakage and joining events
involving the 3' ends of Tn7, whereas TnsA mediates breakage of the 5' ends of
Tn7 (R. Sarmovsky, E. May, and N.L. Craig, unpublished observations).

Inspection of the TnsA and TnsB amino acid sequences reveals that they
share a region of modest sequence similarity, and that this region contains
sequences related to the D, D;E sequence motif that has been identified in a
wide variety of transposases including the integrases of retroviruses and retro-
transposons and the transposases some other bacterial elements (FAveT et al.
1990; Rowtanp and Dyke 1990; Kuikosky et al. 1992; Figs. 6, 7). The presence of
the D, D,,E motif in TnsB has also been noted by Rezsonazy et al. (1993) and by
Rabpstrom et al. (1994). The conseqguences of alteration of many of these amino
acids in TnsA (E. May and N.L. Craig, unpublished observations) and TnsB
(R. Sarnovsky and N.L. Craig, unpublished observations) is consistent with the
hypothesis that these motifs play a key role in Tn7 transposition. Another
observation supporting a fundamental relationship between Tn7 transposition
and that of retroviruses is that both reactions proceed with the same chemistry;
thatis, the critical event is the joining of the 3' end of the transposon to target DNA
(Bainton et al. 1991; reviewed in MizuucHi 1992). Also, the extreme termini of all
of these elements are highly conserved, ending in -CA3".
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Fig. 6. The Tn7 transposition machinery. The nucleoprotein complex which executes Tn7 trans-
position is shown. The complex contains the DNA substrates for transposition: a donor DNA
containing Tn7 with its ends arrowheads closely apposed and an attTn7 target containing the
sequences required for attTn7 target activity (cross-hatched box) and the point of Tn7 insertion (black
box). Note that the point of insertion is not included in the sequences essential for attTn7 target
activity. Multiple Tns proteins are involved in transposition; the stoichiometry of the proteins in the
complex is not known. TnsB mediates end recognition by binding specifically to multiple sites in the
ends of Tn7; TnsB + TnsA likely mediate synapsis of the ends and also likely interact with the target
DNA to carry out DNA breakage and joining. TnsC is the site of action of the essential ATP cofactor in
transposition and is a linker between TnsA+B bound to the ends of Tn7 and TnsD bound specifically
to attn7. We have proposed that assembly of this complex is required for the initiation of recombi-
nation (BAINTON et al. 1993)

TnsA ghgkdY¥ipwlTvqE-- -vpssgrshriyshktgrvhhllS8dlelavflslewessvldireqgfpllpsdtrg
TnsB gpgsrYeibDaTiadiylvdhhdrgkiigrptLyIvidvESrmItGfyigfenpsyvvamgafvnacsdktai
p480 rpneiWgaDhTlldiyildgkgn---inrpwLtIiMddySraIaGyfisfdapnagntaltlhgaiwnknnt
HIV1l cspgiWglDcThlegk--~----------—- vIlvVavhvaSgyIeAevipaetggetayfllklagrwpvk--
RSV gplgiWgtDfTleprmaprsw--—~----—~-— LavtvdtaSsaIvvtghgrvtsvavghhwataiavlgrpk-
MoMLV rpgthWeibDfTeikpgl------~-- vygykyLlVErdt f8gwIeAfptkketakvvtkklleei-~------
Is3 gpngkWagDiTylrtpe-~----—--- gwlyLaVvIdlwSraViGwsmsprmtaglacdalemal~------

TnsA iaidsgikh----pvrgvdgvMsTDflvdckdgpfe-gfaigvkpaaalgdertlekleLErrywqq
TnsB caghdieisssdwpcvglpdvLlaDrG-elmshqgvealvssfnVrvesapprrgdakGivVEstfrtL
p480 ~-v----—--- nwpvcgipekfyTDhGsdftshhmeqvaidlkInlmfskvgvprgrGkIErffqtv
tIhTDnGsnftsttvkaacwwagIkgefgipynpgsgGuVEsmnkel
aIkTDnGscftskstrewlarwgIahttgipgnsqggAmVEranrlL
vLgTDnGpafvskvsgtvadllgIdwklhcayrpgssGgVErmnrtI
iVhTDrGgqgycsadygaglkrhnLrgsmsakgccydnAcVEsffhsI

Fig. 7. Comparison of the amino acid sequences of TnsA and TnsB with transposases from
retroviruses and other bacterial elements. Amino acids in particular regions of TnsA, TnsB, the
integrases of retroviruses (HIV1, RSV, MoMLV), and the transposases of bacterial elements (p480 of
Tn552, IS3 transposase); highly conserved amino acids are in boldface. The D, DyE motifs in the
retroviruses 1S3 and p480 were originally identified by others (FAYET et al. 1990; ROWLAND and DYKE
1990; KULKOSKY et al. 1992). The D, D,E motif in TnsB has been noted by REZSOHAZY et al. (1993) and
by RADSTROM et al. (1994)
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Although donor processing in Tn7 transposition and that of retroviruses and
bacteriophage Mu may seem at first to be fundamentally distinct (i.e., Tn7 end
processing involves double-strand breaks and the others involve single-strand
breaks to expose only the 3' element ends), analysis of Tn7 derivatives with
mutations at their extreme termini has revealed that the cleavages to expose the
3' and 5' ends of Tn7 are separable events (P. Gary and N.L. Craig, unpublished
observations). Moreover, mutations that block 3' end-processing events also
block the joining of such ends to target DNA (BainTon 1992; P. Gary and N.L. Craig,
unpublished observations). This suggests, that several protein-active sites likely
mediate Tn7 breakage and joining, one involved in processing of the 5" ends and
one involved in both processing and joining of the 3' ends. Thus, our view is that
TnsB+A form the core recombination machinery which executes DNA strand
breakage and joining.

With TnsA+B as the machinery that does breakage and joining, the other
proteins required for transposition, TnsC and TnsD (and likely TnsE), are regula-
tors of transposition that modulate the activity of TnsA+B and also mediate target
site selectivity.

5.2 TnsD Mediates Selection of attTn7 as a Target Site

During insertion into attTn7, TnsD, the protein uniquely and specifically required
for insertion into attTn7, identifies and selects this insertion site as a target. TnsD
is a sequence-specific DNA-binding protein that interacts with the nucleotide
sequences in attTn7 essential for its activity (WabpeLL and Craig 1989; BaINTON
etal. 1993).

Interestingly, TnsD does not bind to the point of Tn7 insertion in attTn7.
Rather, the sequences required for attTn7 activity and TnsD binding are dis-
placed asymmetrically from the insertion site and span a segment between
about 25 and 60 bp to the right of the insertion site (McKown et al. 1988;
GriNGAUZ et al. 1988; WappeLL and Craic 1989; Qapri et al. 1989; BainToN et al.
1993). Thus the sequence information at the point of insertion is not apparently
involved in target selection. It is interesting to note that the sequence infor-
mation required for attTn7 activity is actually in the COOH terminal coding
sequence of the gImS gene and thus is likely to be highly conserved among
bacteria. Thus Tn7 cleverly exploits information within a gene to direct its
insertion but does not destroy that gene upon insertion; rather, it inserts
downstream of the gene.

5.3 TnsC Mediates Communication Between the Target DNA
and the Transposon Ends

TnsC can bind and hydrolyze ATP and is also an ATP-dependent non-sequence-
specific DNA-binding protein (Gamas and Craic 1992; A. Stellwagen and
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N.L. Craig, unpublished observations). It is the site of action of the ATP cofactor
in transposition (BainTon et al. 1993). ATP appears to play a regulatory role in Tn7
transposition and has not been directly implicated in DNA breakage and joining.
We have proposed that TnsC acts as a linker protein that mediates communica-
tion between TnsB+A at the transposon ends and TnsD at attTn7 (BainTon et al.
1993).

A key step during transposition in vitro is the formation of an ATP-dependent
TnsC-TnsD complex at attTn7 (Banton et al. 1993). We imagine that TnsC is
recruited to attTn7 by a specific interaction with TnsD, although this point has not
been directly established. Thus the interaction of TnsC with TnsD positions TnsC
at attTn7; interactions between TnsA+B and TnsC can then juxtapose the
transposon ends to attTn7/ and initiate strand breakage and joining. The observa-
tion that, in the presence of the alternative ATP cofactor AMP-PNP, TnsC can
stimulate both DNA strand breakage and joining provides evidence that TnsC
interacts with TnsA+B (BainTon et al. 1993).

Because TnsC can both stimulate DNA breakage at the transposon ends and
provoke joining of the transposon ends to the target DNA, it is suspected that this
protein has multiple activities, including the ability to interact with and activate
TnsA+B and the ability to interact with the target DNA. TnsC appears to act as a
focal point for the regulation of transposition, in particular in evaluating potential
target DNAs (see below).

5.4 Possible Roles of TnsE

In vivo analysis revealed that tnsABC can also be activated by tnsE and directed
to random target sites (Rogers et al. 1986; WappeLL and Craic 1988; Kuso and
Craic 1990). However, no biochemical information is yet available about
TnsABC+E transposition, as a cell-free system for this reaction has not yet been
established. It is reasonable to expect that TnsABC will have similar roles in
TnsE-dependent transposition as in TnsD-dependent recombination, i.e., that
TnsA+B mediate the DNA breakage and joining reactions and that TnsC medi-
ates communication between the transposon ends and the target DNA. Several
roles can be imagined for TnsE. One possibility is that TnsE, like TnsD, is a DNA-
binding protein, likely with low sequence specificity, that interacts with the
target DNA and TnsC, thereby recruiting the ends and TnsABC to an insertion
site. Another interesting possibility is that TnsE does not interact directly with
the target DNA but rather modulates transposition through protein-protein
interactions with another components. Perhaps TnsE interacts with a host
protein which interacts with target DNA; alternatively, TnsE may be an allosteric
effector of the DNA-binding activity of TnsC and thus modulate TnsC binding to
a target DNA and its recruitment of the ends of Tn7 bound by TnsA+B.
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6 Regulation of Transposition and Transposition Immunity

Tn7 uses an elaborate ensemble of proteins to mediate insertion into attTn7:
TnsA+B are likely to provide the DNA breakage and joining activities, TnsC is
apparently required to activate these functions, and TnsC and TnsD are required
to efficiently engage the target DNA. By analogy, it is reasonable to imagine that
TnsE is also involved in promoting target acquisition. This Tn7 system is in some
ways reminiscent of bacteriophage Mu recombination, in which one protein, MuA,
recognizes the transposon ends and executes breakage and joining and another
protein, MuB, which, like TnsC, is an ATP-utilizing protein, modulates the activity
of MuA and mediates target selection (reviewed in MizuucHi 1992). The ability of
Tn7 to use two different kinds of target sites can account for the Tn7 system
having multiple specialized targeting proteins (TnsD and TnsE); information from
these target selectors is likely transduced through another protein used in both
pathways (TnsC). The fact that Tn7 transposition proceeds through double-strand
breaks in the donor DNA rather than through single-strand breaks, as does Mu,
seems to be reflected in the involvement of two Tn7 proteins, TnsA+B, in
breakage and joining. Moreover, the central chemical events for both elements is
the joining of the 3' transposon ends to the target DNA. Elegant biochemical
studies have revealed that Mu recombination involves a variety of specialized
nucleoprotein complexes, and that transitions between these complexes are
critical control points in transposition which can evaluate and respond to a variety
of regulatory signals (reviewed in MizuucHi 1992). We imagine the choreography of
Tn7 transposition will be similarly elaborate.

A key regulator of both Tn7 and Mu transposition is the nature of the target
DNA. One reflection of this in Tn7 transposition is that in TnsD-dependent
transposition, the presence of the attTn7 target is required to initiate recombina-
tion, i.e., to provoke the double-strand breaks in the donor DNA which expose the
transposon ends. How can the nature of the target DNA be communicated to the
transposon ends? As described above, we have suggested that a key step in Tn7
transposition is the assembly of a nucleoprotein complex containing the substrate
DNAs and multiple recombination proteins (Bainton et al. 1993). The initiation of
recombination can be coupled to target inspection through the strategy of
requiring the assembly of this complex with the target to initiate recombination.

A notable feature of both Tn7 and Mu transposition is that they employ an
ATP-utilizing protein to regulate the activity of other proteins which mediate
breakage and joining of DNA. This ATP cofactor plays a key role in target
evaluation. Biochemical dissection of Mu transposition has revealed that MuB,
the ATP protein in Mu transposition, plays a central role in mediating transposition
immunity, that is, in discouraging Mu insertion into target DNAs that already
contain Mu (Abzuma and Mizuuchi 1988, 1989; reviewed in'Mizuuchi 1992). A target
DNA already containing the ends of Mu discourages thé interaction of that target
DNA with MuB by promoting MuB dissociation from that target DNA; MuB
dissociation is facilitated by MuB ATP hydrolysis, which is provoked by the
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interaction of MuB with MuA bound to the Mu ends. Thus ATP provides a critical
regulatory switch.

TnsC, the ATP-utilizing protein of Tn7, also plays a central role in controlling
Tn7 target immunity, as in Mu transposition; for example, when a nonhydro-
lyzable ATP analog is used in Tn7 transposition in vitro, Tn7 target immunity is no
longer effective (Bainton et al. 1993). Further biochemical dissection of Tn7 target
immunity is required to reveal this process in molecular detail.

7 Tricks with Tn7

Transposable elements provide powerful tools for genetic analysis. Like many
other elements, Tn7 has been used as an insertional mutagen; attractive features
of Tn7 are its broad host range and it distinctive array of antibiotic resistances.
However, the site-specific insertion of Tn7 observed in many organisms had
limited its utility as an insertional mutagen (reviewed in Craic 1989, 1991). As itis
now known that TnsD directs Tn7 to specific insertion sites and TnsE can direct
Tn7 to many apparently random sites, it would now be appropriate to use tnsD—-
derivatives for successful random insertional mutagenesis.

The ability of Tn7 to insert into a specific site can also be exploited for genetic
analysis. Insertion of a Tn7 derivative lacking its own tns functions by comple-
mentation with these functions in trans is an effective way of stably derivatizing
atarget DNA at a defined location (GriNTER 1983; Barry 1986; Bao et al. 1991). The
Tn7 element could encode a selectable marker, a gene whose presence in high
copy is deleterious, or gene fusions which could then be analyzed in single copy
in the chromosome (SHeN et al. 1992). An interesting variation on this theme is to
use Tn7 to site-specifically introduce cloned genes into an expression vector
(Lucknow et al. 1993).

As the components of Tn7 transposition have been identified and defined,
i.e., the tnsgenes and the cis-acting recombination sequences at the ends of Tn7
and at attTn7, and are becoming increasingly well understood, there are many
tools available for the construction of Tn7 systems for specialized applications.

8 Concluding Remarks

The bacterial transposon Tn7 provides a rich arena for the study of many
aspects of transposition, including the modulation of transposition frequency,
target site selection, and the involvement of host-encoded functions in recombi-
nation. The dissection of Tn7 transposition at the molecular level has revealed that
this reaction is executed by an elaborate multiprotein nucleoprotein complex.
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Elucidation of the macromolecular interactions that underlie the structure and
function of this complex not only will contribute to a deeper understanding of
transposition, but will also provide insight into other protein-nucleic acid transac-
tions which occur in such complexes. The finding that the fundamental chemistry
of Tn7 transposition is similar to that of retroviruses, and that recombination of
these elements may be executed by related proteins, offers the possibility that
dissection of Tn7 transposition will provide insight into the control of recombina-
tion by such related elements.
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1 Introduction and Biology

Tn10 is a composite transposon. It comprises a pair of IS10 insertion sequences
located in opposite orientation flanking ~6.7 kb of unique sequences; these
unique sequences encode a tetracycline resistance determinant and other deter-
minants whose functions remain to be identified (Fig. 1A; KLeckner 1989). One of
Tn10's two IS10 elements, 1S10-Right, is structurally and functionally intact and is
considered to be the "wild type" 1S10. 1IS10 encodes a single transposase protein
which mediates transposition by interacting with specific sequences at two
oppositely oriented IS10 (or Tn10) termini. The termini of IS10 are subtly different
and are referred to as the "outside" and "inside" end, respectively, by virtue of their
position in Tn10. IS10-Left is structurally intact but encodes a substantially defec-
tive transposase.

Tn10 is found in a number of enterobacteria, usually on a conjugative
resistance transfer factor; it is also common in Haemophilus (KLEckner 1989). A

Fig. 1. A Structures of Tn10 and 1S10. B Chromosome rearrangements promoted by Tn10. Any
composite IS-based transposon will generate both deletions and inversions as alternative reaction
products. Each inversion event generates a new composite transposon, e.g., Tn-dcba
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second IS10-based composite transposon has also been described: Tn2921
comprises 1S10 elements in direct repeat flanking a fosfomycin resistance
determinant (Navas et al. 1985).

Transposition has been observed, not only of Tn10, but also of genetically
derived composite elements that contain the IS10 elements either in direct repeat
(TnGal; RaLeicH and KLEckner 1984) or in the inverted orientation opposite to that
foundin Tn10 (FosTer et al. 1981a). Transposition has also been observed for both
|S10-Left and 1S10-Right individually in a cell containing Tn10 and for an isolated
IS10 (-Right) element acting entirely on its own {CHao et al. 1983; RoserTs et al.
1985). Tn10 transposition is rare, about 107 cell per generation for achromosomal
element (Foster et al. 1981b). Transposition of 1S10 is much more frequent,
10°-10™ cell per generation (SHen et al. 1987). The lower frequency of Tn10
transposition may be attributable largely to "transposition length dependence’
(MorisaTo et al. 1983; see below).

Tn10 and IS10 are also capable of promoting chromosome rearrangements.
Tn10 (and the other IS10-based composite transposons) can promote either inver-
sion or a deletion of a segment that includes chromosomal sequences adjacent to
one end of the transposon plus the proximal IS element (Fig. 1B). Inversion
events are of particular interest since they yield new composite transposable
elements that contain the inverted segment (KLEckNER et al. 1979a; Ross et al.
1979; Fig. 1B). Tn10-promoted rearrangements occur at a frequency of about
10%/element per cell per generation (KLECKNER et al. 1979a).

A single 1S10 element existing by itself in the genome is also capable of
promoting the deletion of adjacent material in which the element remains intact
and a continuous set of sequences extending from one end of the element to an
adjacent target site is removed (RoserTs et al. 1991; WEINERT et al. 1984). 1S10-
promoted adjacent deletions are about 2% as frequent as simple 1S10 transposi-
tion (RoBerTs et al. 1991). IS-promoted adjacent deletions were one of the original
genetic hallmarks of an IS element (STARLINGER and SAEDLER 1976; REiF and SAEDLER
1977).

IS10 does not promote co-integrate formation in a RecA™ host (Haravama
et al. 1984; WEeINERT et al. 1984). Co-integrates may be formed at a low frequency
in a RecA* host (HArRAavAMA et al. 1984; see below).

For previous reviews of Tn10 and 1S10, see KLeckner (1989, 1990 a, b).

2 Tn10 Transposition In Vivo

2.1 Transposition per se Is Nonreplicative

The vast majority of Tn10 transposition events occur without replication of the
element as an integral part of the process (BEnDER and KLEckner 1986). A Tn10/
IS10 element is excised from its donor site by a pair of double-strand cleavages at
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the ends of the element and subsequently inserts itself into a new target DNA
site; a double-strand gap is left behind at the donor site (MorisaTo and KLECKNER
1984; Roserts and KLeckner 1988; Bensamin and KLECKNER 1989; HaniForp et al.
1991; CHaMERS and KLECKNER 1994).

Insertion of Tn10 at a new target site is accompanied by duplication of 9 bp
(KLecknER 1979). From the structure of the primary strand transfer product it can be
inferred that the 3' transposon ends have become joined to target DNA se-
guences that are separated by 9 bp on the two strands; host DNA repair functions
presumably fill in the resultant 9-bp single-stranded gaps (Fig. 2).

2.2 Biological Features Ensure Retention
of the Transposon at the Donor Site

Although Tn10 transposition is mechanistically nonreplicative, the process as a
whole, as it occurs in vivo, is essentially replicative in nature: because of the way
in which the host deals with the gapped donor molecule, every transposition
event results in an increase in the frequency of transposons relative to host
chromosomes. Genetic observations demonstrate that every cell in which I1S10
has become inserted at a new site retains, in addition, a genetically unaltered
copy of the transposon at the donor site (BENDER, et al. 1991).

The precise fate of the donor site remains to be established. The double-
strand gap resulting from excision of the transposon elicits induction of a cellular
SOS response. Probably, in some events, the transposon has inserted into a
second chromosome in the cell and the donor chromosome has been completely
degraded, and in other events, the donor chromosomes have undergone double-
strand gap repair, which reconstitutes the original transposon-containing seg-
ment by repair off of a sibling chromosome. The relative contributions of these
two processes are not established. Double-strand gap repair may be relatively
rare in a wild type E. coli, strain, however (THALER et al. 1987). Using a permissive

Non-replicative (Tn10/1S10) Replicative (Mu)
...... D D

gap repair % - repllcatlon

o =S

Fig. 2. Nonreplicative vs. replicative transposition
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(recD-) mutant host, double-strand gap repair has been observed after Tn7
excision (HAagemManN and Craic 1993).

3 Biochemistry of Transposition

3.1 Chemical Events

The double strand cleavages that occur at each end of the transposon yield flush
ends that correspond precisely to the terminal base pairs of the transposon with
3'OH and 5'PO4 strand termini (BensamiN and Kieckner 1992). Strand transfer is
presumed to occur via a single-step transesterification reaction in which the 3'OH
groups at the two ends of the element directly attack the target DNA (Fig. 2), as
is known to be the case for Mu and retroviruses (MizuucHi and Aozuma 1991;
ENGELMAN et al. 1991); strong analogies between Tn10 and Mu support this view
(HaNnIFoRD et al. 1991; BeNJamiN and KLECKNER 1992; see below).

Transposase has recently been purified to homogeneity in a highly active
form. Transposition with this preparation requires only transposase protein, an
appropriate buffer, and Mg** (CHaLvers and KLeckner 1994). IS10 thus resembles
other site-specific recombination and transposition reactions, none of which
require a high energy cofactor for the chemical steps of the reaction.

Incubation of such transposase with a supercoiled plasmid substrate contain-
ing an appropriately oriented pair of transposon ends yields the excision and strand-
transfer products expected from in vivo analysis. Excision yields the "excised
transposon fragment (ETF)" and "backbone" fragments. Strand-transfer products
comprise a complex array that includes both intermolecular events (i.e., insertion of
the transposon into a second molecule) and intratransposon events (i.e., insertion
into a target site that is located within the transposon segment itself) (Figs. 3, 4). The
latter products are topologically complex and comprise a mixture of knotted and
unknotted inversion circles and catenated and free deletion circles. These are all
products expected if a pair of transposon ends encounters its target DNA by a
random collision process (Fig. 4). These efficient in vitro reactions also reveal a
complicated array of interesting secondary products (see below).

3.2 Synaptic Complex(es)

For Tn10, as for other well-studied transposons, the chemical steps in transposi-
tion all occur within the context of a stable transposase-mediated synaptic
complex between the transposon ends. In vivo, interaction of the transposon
ends is required prior to and prerequisite to cleavage at either end (HaniForp and
KLeckner 1994), and a corresponding stable precleavage synaptic complex has
been identified in vitro {Sakal et al. 1995). The stability of the synaptic complex
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Fig. 3. Transposition reaction in vitro. Reactions were carried out as described in CHALMERS and
KLECKNER (1994). Substrate was supercoiled plasmid containing two "inside” ends in appropriate
inverted orientation. Cleavage yields the excised transposon and the donor backbone. Intratransposon
strand transfer produces inversion circles and the topologically complex products (see Fig. 4).
Intermolecular strand transfer produces a gapped circle (intermolecular insertion) (see Fig. 2). A wild-
type transposon end may interact with a pseudo-end that fortuitously exists on the substrate. Products
of this reaction are the excised cryptic transposon and the cryptic backbone. Linear dimer and linear
trimer result from bimolecular synapses (text)
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Fig. 4. Progression of the transposition reaction

increases as the reaction progresses. The complex containing the excised
transposon is more stable than the precleavage complex, and the strand-transfer
complex is the most stable of all (HaniFORD et al. 1991; Sakal et al. 1995). Thus for
Tn10 as for Mu, the transposition reaction is thermodynamically downhill, and
progression through the various chemical steps is limited only by a series of
kinetic barriers (SureTTe et al. 1987; MizuucHi et al. 1992).

In vitro, the formation and progression of synaptic complexes, as well as
certain particular kinetic features of the reaction, have been elucidated using an
"abbreviated" substrate, a short linear fragment of 136 bp encoding the outside
end of IS10 plus some additional DNA on either side. Incubation of such a
fragment with both transposase and the host factor IHF results in the formation of
protein/DNA complexes that are detectable by gel retardation analysis. Pre-
cleavage complexes are formed and subsequently undergo all of the chemical
steps of transposition (Fig. 5). IHF is probably required specifically in this assay to
compensate for the absence of substrate DNA supercoiling (below).

3.3 Target Capture

Analysis of complexes formed on short linear fragments has revealed an addi-
tional step in the transposition reaction, the occurrence of a stable, noncovalent
interaction between the "double end cleaved" complex and target DNA (J. Sakai
and N. Kleckner, manuscript in preparation). This interaction is not only subse-
quent to but is also dependent upon double-strand cleavage at both transposon
ends within the complex. For intermolecular transposition, this is the first point at
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Fig. 5. Transposase-mediated synaptic complexes with transposon ends. A A radiolabeled short
linear fragment containing one transposon end was incubated with transposase and IHF in the
presence of Mg** and electrophoresed in a native acrylamide gel. Free fragment is completely bound
by IHF (IHF + end). 1S10 transposase promotes the formation of a precleavage complex containing
two paired ends (PEC). During the course of the reaction, sequences included in the complex are
cleaved, giving rise to a single-end break complex (SEB) and a double-end break complex (DEB).
Cleaved flanking sequences get separated from the complex. B The presence of nonspecific (ns) DNA
titrates off IHF and promotes the formation of the "unfolded" synaptic complex

which target DNA enters the reaction in a meaningful way; it is this interaction
which commits the synaptic complex to undergoing strand transfer with a
particular target DNA; furthermore, this is the first step at which the presence of
target DNA is observed to affect the rate of strand transfer.

3.4 Timing

Completion of the entire sequence of events involved in transposition requires
about 1 h. Both in vivo and in vitro, in synchronously initiated reactions, ~50% of
the final level of strand-transfer product has been generated after 60-90 min
(Figs. 3-5; HaniForp et al. 1991; HaniForp and KLECKNER 1994; Sakal et al. 1995;
R. Chalmers and N. Kleckner, manuscript in preparation). The interval between
stages increases as the reaction progresses. Assembly of the synaptic complex
is very fast, requiring less than 2 min; the excision step is completed about 15 min
later and strand transfer is not complete until another 45 min have passed.
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3.5 Coordination Between the Two Transposon Ends

Transposon ends and target DNA sequences are all tightly held within the
synaptic complex. Most or all of the supercoils present within the transposon
segment prior to cleavage are retained following excision (inferred from BENJAMIN
and KLeckner 1989). Similarly, supercoils present within the target DNA segment
are retained even after formation, at the DNA level, of the gapped strand-transfer
product; in contrast, donor sequences flanking the transposon are released
immediately upon cleavage (Sakai et al. 1995).

Although the two transposon ends are tightly held within the synaptic
complex, events at the two ends are closely coordinated but not absolutely
interdependent. Cleavages at the first and second end are easily resolved
temporally (Fig. bA); the same is true for strand transfers at the two ends,
although the temporal separation is less than at the cleavage stage. It is not yet
clear, however, whether events at the " first" end influence the rate or nature of
events at the "second” end, or whether events at the two ends are effectively
independent.

3.6 Two Interconvertible Types of Synaptic Complexes
Reflect the Pathway for Synaptic Complex Assembly

The precleavage synaptic complex formed in the short linear fragment assay can
exist in two different forms, "folded" and "unfolded" {J. Sakai and N. Kleckner,
manuscript in preparation; Fig. 5B). The form that predominates depends upon
the concentration of IHF. At high IHF levels, only the folded form occurs: at low
IHF levels, both forms are present.

Initial DNase protection analysis suggests that the folded form of the synaptic
complex involves not only specific contacts between transposase and sequences
within the inverted repeat, but also an IHF-induced bend adjacent to the trans-
posase interaction site and nonspecific contacts with transposase internal to the
bend. The open form, instead, involves contacts between transposase and DNA
that are limited to the terminal inverted repeat region.

Moreover, once formed, the unfolded form can be converted to the folded
form by addition of either IHF or HU, and the folded form can be converted to the
unfolded form by titration of IHF or certain other manipulations. Thus, the
difference between the two forms may simply be the presence or absence of
wrapping of internal transposon sequences around a core of transposase protein,
as determined primarily by the presence or absence of IHF (or HU) within the
complex.

Several lines of evidence suggest that the more compact form is likely to be
precursor to the more open form. Moreover, while both forms can undergo
cleavage, only the open form is capable of intermolecular target capture and
strand transfer. It is attractive to suppose that a constellation of weak interactions
is used to bring the relevant components together, with subsequent release of
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the more accessory interactions once the complex has formed. In this sense,
formation of the folded Tn10/1S10 complex is functionally analogous to formation
of the IAS-mediated complex that precedes stable synaptic complex formation
during Mu transposition (LEunG et al. 1989; MizuucHi and MizuucHi 1989; SURETTE
and CHaconas 1992).

3.7 The Two Strands at a Single Transposon End
Are Cleaved in a Specific Order

The two single-strand cleavages at each end of Tn10/IS10 occur in a specific
order, with cleavage of the transferred strand followed by cleavage of the
nontransferred strand (BoLLanp and KLeckner 1995). (a) In a wild-type reaction,
nicking of the transferred strand occurs at observable levels, while nicking of the
nontransferred strand does not. Moreover, the level of nicking on the transferred
strand can be accentuated either by substitution of Mn** for Mg** in an otherwise
wild-type reaction, or by certain mutant transposases, or by a change in the
terminal nucleotide of the transposon. The last two effects both appear to mimic
the Mn** effect exactly, as addition of Mn** to the mutant reactions has no further
effect. (b) The nicking in the wild-type reaction exhibits the kinetics expected for
a reaction intermediate. The level of such nicking is quite low, however, which
suggests that cleavage of the second strand follows rapidly upon cleavage of the
first. The functional interdependency between the two cleavages is not known;
for example, cleavage of the first strand may be required for cleavage of the
second strand.

3.8 One Monomer Cleaves Both Strands

During cleavage at one end of the element, how is the DNA recognized in a
specific but asymmetric way so as to mediate cleavage of two strands of opposite
polarity? A simple possibility would be that a pair of symmetrically disposed
monomers cleaves the two strands in identical fashion. Recent observations
suggest, however, that a single monomer of transposase is responsible for
cleaving both strands (S. Bolland and N. Kleckner, manuscript in preparation). In
reactions carried out by mixtures of wild-type transposase and a catalytically inert
transposase, nicked termini are never observed. If two monomers were required
to cleave two strands, a significant fraction of synaptic complexes should have
exhibited such a nick, because they would contain at least one end loaded with
one mutant and one wild-type monomer suitably positioned such that the wild-
type monomer would nick the transferred strand. Furthermore, the proportions of
complexes that undergo double-strand cleavage at 0, 1, or both ends are incom-
patible with the possibility that four identical monomers are required and corre-
spond closely to those expected if only two are required; thatis, one monomer for
each end.
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Three models can account for these results. (a) Transposase may contain two
different and independent active sites, one for the cleavage of each strand at the
end of the element. This is probably not the case: single mutations (catalysis-
minus phenotype, see below) abolish all chemical activity of transposase; no
cleavage of any of the strands or strand transfer using previously cleaved ends is
shown. Such mutations would not occur if the two active sites were independent.
(b) Transposase may contain two active sites whose actions are highly coordi-
nated, with cleavage of the second strand dependent upon cleavage of the
transferred strand. (c) Transposase may contain only a single active site which
mediates cleavage first of the transferred strand and then, after some type of
structural rearrangement, of the nontransferred strand. In support of this possibil-
ity, two mutations that confer higher than normal levels of nicking (i.e., mutations
largely defective in cleavage of the second, nontransferred strand) lie at amino
acid residues that are immediately adjacent to mutations that render transposase
unable to carry out any of the chemical steps, including cleavage of the first,
transferred strand. It is particularly intriguing that a single active site might have
the capacity to cleave strands of opposite polarities.

A protein monomer has been postulated to mediate cleavage of both strands
of DNA in two other cases: pancreatic DNasel (Suck et al. 1988) and restriction
endonuclease Fokl (WauaH and Sauer 1993). In neither case is it known whether
the cleavages involve one or two active site(s).

The nonreplicative transposon Tn7 also makes double-strand cleavages at
the two transposon ends (Bainton et al. 1991). This element, which encodes five
different genes involved in transposition, appears to use two different proteins to
cleave the two strands at each end. Catalysis-minus mutants of TnsB and TnsA
are defective in cleavage of the transferred and nontransferred strands, respec-
tively, and accumulate the appropriate corresponding nicked species (N. Craig,
personal communication).

3.9 Two Monomers of Transposase Appear to Carry Out All
of the Chemical Steps in Tn10 Transposition

Reactions carried out by mixtures of a wild-type transposase and a catalytically
inert transposase further suggest that the same two monomers which mediate
double-strand cleavage also mediate subsequent strand transfer of cleaved ends
to target DNA (S. Bolland and N. Kleckner, manuscript in preparation). In such
mixed reactions, all of the synaptic complexes that have undergone cleavage at
both ends subsequently go on to carry out strand transfer. If cleavage and strand
transfer were promoted different monomers, only a fraction of the complexes
containing doubly cleaved ends would also have contained wild-type monomers
suitably positioned for the next step.

The notion that a single active site could accommodate both strand nicking
and strand transfer has been proposed to account for integration of both Mu and
HIV (MizuucH! and Apzuma 1991; ENGELMAN et al. 1991). In both reactions the bond
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to be cleaved must be labilized; for nicking, the nucleophile is water, while for
strand transfer, the nucleophile is the 3'OH group generated by nicking. Similarly,
in DNA polymerases, the mechanisms of phosphoryl transfer during 3' to &'
exonuclease action and polymerization are thought to be closely analogous (Joyce
and Steimz 1994).

The results obtained for Tn10 appear to imply that a single monomer must
carry out three successive reactions: nicking of the transferred strand, nicking of
the nontransferred strand, and finally, following target DNA capture by the
synaptic complex, transfer of 3'0OH terminus to the target. If these reactions are
all mediated by a single active site, nicking of the first strand would be followed
by a structural transition that moves the transferred strand out of the active site
and moves the nontransferred strand into that site. Then, following the next
cleavage, the nontransferred strand terminus would also move. Finally, after
dissociation of flanking donor DNA, the active site would be occupied by target
DNA. If uncleaved ends and target DNA successively occupy the same trans-
posase active site, it would be easy to understand why stable noncovalent
association of the synaptic complex with target DNA absolutely requires cleavage
of both strands at both ends (above).

3.10 Two Roles for Divalent Metal lons

Divalent cations have two distinguishable effects on the transposition process
(S. Bolland, R. Chalmers, J. Sakai and N. Kleckner, manuscripts in preparation).
First, Mg** is specifically required for the catalytic steps of the reaction; Mn** is
tolerated but inhibits events subsequent to nicking of the first strand; Ca** does
not support any chemical events. Second, the presence of a divalent cation
stabilizes the synaptic complex, particularly at the precleavage and target capture
stages; any of the three metals will suffice. Also, several mutant phenotypes of
IS10 transposase that show stability defects are affected by variations in the
divalent metal ion, in a way that suggests a structural role for the metal ion
(D. Haniford, personal communication; see below). A crucial role for the active
site, and for metal binding at that site, in assembly of transposase synaptic
complexes has been proposed for Mu (MizuucHi et al. 1992).

3.11 Mechanistic Basis for Nonreplicative Transposition

Many features of nonreplicative Tn10 transposition are closely analogous to those
described for bacteriophage Mu, which transposes by a replicative process. In the
case of Mu, replicative transposition is possible because the nontransferred
strand maintains its connection to flanking donor DNA, and because the polarity
of the strand transfer reaction is such as to leave a 3'OH target strand end suitably
positioned to prime DNA replication across the transposon (Fig. 2). For Tn10, the
chemistry of the strand transfer reaction appears to be the same as for Mu; thus
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it is the fact that the element undergoes efficient double-strand cleavage at the
two ends of the element that precludes replicative transposition (Benyamin and
KLECKNER 1989).

In this regard, it is interesting that for Tn10, nicking of the transferred strand
precedes nicking of the nontransferred strand. Had the order of these steps been
reversed, Tn10-promoted co-integrate formation would have been precluded as
an intrinsic consequence of the reaction order: the 3'OH termini required for
strand transfer would have been generated in the same step that cleaved the
second strand. Instead, as the reaction actually occurs, the intermediate formed
after the first nicking step is chemically identical to the nicked intermediate that
undergoes strand transfer in the Mu reaction and yet does not undergo strand
transfer at any reasonable level, either in vivo or in vitro.

We favor the view that strand transfer is precluded by the nature of the
transitions that occur within the synaptic complex—specifically, that the synaptic
complex becomes competent for strand transfer only by undergoing an ordered
series of transitions that are tightly coupled to the normal progression of chemical
events. The dependence of target capture on double-end cleavage suggests that
strand transfer does require changes in the synaptic complex; it is not yet known,
however, whether double-end nicking is sufficient to permit target capture. An
alternative view is that the absence of strand transfer could be a simple kinetic
effect: nicked complexes might be structurally competent for target capture and
strand transfer but simply fail to do so because cleavage of the second strand is
faster.

In the case of Tn7, catalysis-minus TnsA mutants that specifically block cleav-
age of the nontransferred strand are still capable of giving co-integrates, both
in vivo and in vitro (N. Craig, personal communication). In this case, apparently,
progression to the strand transfer stage is not dependent upon completion of the
second chemical step (i.e., nicking).

3.12 Important Differences Between the Tn10
and Mu Reactions

Although Tn10 and Mu transposition exhibit many fundamental similarities, they
also exhibit important differences:

Assembly of a precleavage synaptic complex and strand transfer are simpler
processes in the case of Tn10/1S10 than in the case of Mu. For Tn10, these events
require only transposase and sequences in the immediate vicinity of the trans-
poson end as befits a small, modular transposable element. For Mu, instead,
assembly of the synaptic complex requires multiple transposase-binding sites at
the end plus a specific "enhancer” site located some distance from one Mu end.
This enhancer requirement places the Mu transposition reaction under the control
of Mu repressor, which competes with transposase for binding at the site
(HArsHEY et al. 1985; MizuucHl 1992a).
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Mu transposition is subject to "target immunity": Mu will not insert into itself
or into a second molecule containing a Mu end (Abzuma and MizuucH 1989). This
feature is essential, because Mu uses transposition for genomic replication
during its lytic growth cycle. Target immunity is conferred via a second Mu
protein, Mu B, which brings the target DNA into association with the synaptic
complex. Target immunity is conferred by specific exclusion of Mu B from regions
of DNA that are within striking distance of a transposase-bound Mu end.

Tn10 and I1S10 do not exhibit target immunity in vivo or in vitro (BENNETT et al.
1977: R. Chalmers and N. Kleckner, manuscript in preparation; Fig. 3). The ab-
sence of these features reflects the fact that for any composite transposon such
as Tn10, insertion of the element into itself is actually a crucially important
biological activity: the Tn-promoted inversion events that generate new compos-
ite 1S-based transposons are in effect attacks of the "inside" ends of the element
on sequences within a transposon that comprises the entire bacterial chromo-
some (Fig. 1B). Indeed, a host-factor-mediated regulatory process actually pro-
motes the formation of intratransposon events of this type for Tn10 (below).

The Mu reaction has two additional features that permit the effective func-
tioning of target immunity, both of which are absent in the Tn10 reaction. First, for
Mu, assembly of the precleavage synaptic complex is a very slow step; this
kinetic feature provides adequate time for elimination of Mu B from regions near
Mu ends. For Tn10, assembly of the precleavage complex is very rapid. Second,
interaction of target DNA-bound Mu B with the precleavage complex dramatically
increases the rate of cleavage and strand transfer, reducing the time required for
cleavage from 15 min to less than 1 min; this effect ensures that Mu will not
undergo even the first chemical steps of the transposition reaction until it is
committed to interacting with an appropriate (nonimmune) target DNA. For Tn10,
instead, there is no stable or effective interaction between the Tn10/1S10 synaptic
complex and the target DNA until after double-strand cleavage is complete.

The above differences between Tn10 and Mu apply to transposon Tn7 as
well. Although the Tn7 transposition process is nonreplicative in nature, it
resembles that of bacteriophage Mu with respect to target interactions. Tn7
exhibits target immunity, mediated by a protein, TnsC, that is probably analogous
to Mu B (Arciszewska et al. 1989). Furthermore, the dependence of chemical
steps on interaction with target DNA is even stronger than in the case of Mu: in
the case of Tn7, no cleavage is ever observed in the absence of target DNA and
the proteins specifically devoted to target DNA interactions (Bainton et al. 1993).

For Tn10, available evidence suggests that two monomers of transposase
carry out all chemical steps. For Mu, instead, it appears that the nicking and
strand-transfer reactions are carried out by different specific molecules within the
synaptic complex, two monomers of transposase mediating nicking and two
different monomers mediating strand transfer (Baker et al. 1993, 1994). It seems
possible that the two-monomer configuration of Tn10is present in order to ensure
that transposition is nonreplicative (above).
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3.13 Minority Products Generated
During Tn10 Transposition In Vitro

3.13.1 Unconstrained Synapses

During normal transposition, the two transposon ends that interact are presentin
inverted orientation on the same piece of DNA. For bacteriophage Mu, this
orientation is highly preferred, and orientation dependence arises as a conse-
quence of substrate molecule supercoiling (Craigie and Mizuuchi 1986). Unexpect-
edly, Tn10 transposition in vitro exhibits substantial levels of "unconstrained"
synapses. Both bimolecular synapses (between ends on two different molecules)
and synapses between directly repeated ends constitute important products,
even in the absence of stabilizing agents such as glycerol (R. Chalmers and
N. Kleckner, manuscript in preparation; Fig. 3).

3.13.2 Pseudo-End Events

Occasionally, transposition products arise by interaction between one wild-type
end and a fortuitously positioned sequence that accidentally resembles a trans-
poson end. Pseudo-end events have been described for Tn3 (ArTHUR et al. 1984)
from in vivo analysis of transposition products generated by substrates contain-
ing only a single wild-type end.

3.13.3 Possible Non-replicative Mechanisms for the Formation
of Co-integrates and Adjacent Deletions

For the replicative transposons identified thus far, co-integrates represent the
primary intermolecular transposition product. Co-integration into a target site
located on the same molecule as the transposon directly yields an adjacent
deletion or the companion event, replicative inversion (Srapiro 1979; ARTHUR and
SHerraTT 1979). 1S10 also promotes the formation of adjacent deletions (RoBERTS
etal. 1991) and, in a RecA* host, co-integrates (WEINERT et al. 1984; HaRAYAMA
et al. 1984). The same is true for IS10's closest relative, S50, which in addition
gives detectable levels of co-integrates in a RecA™ host (reviewed in LicHENS-PARK
and Syvanen 1988; Jik et al. 1993).

Analysis of in vitro reactions suggests two mechanisms by which IS10 might
promote formation of adjacent deletions and makes a third mechanism seem
unlikely. (a) Bimolecular synapses between ends located on sister chromatids,
followed by the usual events of nonreplicative transposition and appropriate
degradation of extraneous segments, can yield a complementary pair of adjacent
deletion circles, as originally proposed by Roserts etal. (1991) (Fig. 6). The
occurrence of 1IS10-promoted intersister events should be favored by coupling of
transposition to passage of the replication fork (Roserts et al. 1985). (b} An
adjacent deletion can also arise via interaction between one normal transposon
end and a pseudo-end located between the normal end and the target side. (c) A
third possible pathway would involve synapsis of two normal ends followed by
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double-strand cleavage and strand transfer to an adjacent target site at only one
of those ends. This does not seem to be a common mode for a wild-type element
in vitro, as the requisite single-end cleavage/single-end strand transfer events do
not occur at a detectable level.

Bimolecular synapses might also account for the ability of 1S10 and 1S50
elements to form co-integrates in certain circumstances. Interaction of ends on
sister chromatids will yield a co-integrate in a reaction exactly analogous to that
shown for adjacent deletions (Fig. 6). LicHEns-Park and Syvanen (1988) proposed
such a pathway for co-integrate formation to account for the observation that, in
a RecA™ host, 1S50-mediated co-integrates form more readily if the donor mol-
ecule is a replicating plasmid than if it is a nonreplicating A phage. Such a pathway
could also contribute to co-integrate formation in a RecA* host, although the
occurrence of co-integrates in this case is usually attributed to the formation of
"dimer donors" (Berg 1983).

A number of elements have been reported to promote a mixture of replicative
co-integrate formation and nonreplicative transposition, with the occurrence of
replicative events inferred from the appearance of co-integrates and/or adjacent
deletions (MAcHIDA et al. 1982; WEINERT et al. 1984). The finding that bimolecular
synapses occur at significant levels raises the possibility that all IS elements are
nonreplicative in nature, and that differences among elements with respect to the
levels of the apparent replicative events reflect variations in the level of bi-
molecular synapsis and/or other aspects of the process.
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Fig. 6. Nonreplicative mechanisms for the formation of co-integrates and adjacent deletions.
Synapsis of transposon ends from different chromatids is analogous to the bimolecular synapsis
observed in vitro. The outside end (OE) from one chromatid would synapse with the inside end (IE)
from the new replicated sister that has been activated by the hemimethylated state. Strand transfer to
a new location on the same chromosome (top half) would produce a chromosomal deletion (loci
abcd), while intermolecular transposition (bottom half) would produce a co-integrate by host-
mediated repair
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3.14 Host Factors IHF and HU Modulate Transposition In Vitro

A role for IHF and HU in Tn10/IS10 transposition was first revealed by analysis of
semi-purified in vitro extracts (MorisaTo and KLEcknER 1987). Subsequent analysis
with highly purified transposase has revealed that these host factors can influ-
ence the transposition reaction in two separate ways.

First, IHF can serve as a positive factor for transposition. Under optimal
reaction conditions, transposition proceeds very efficiently on both outside and
inside end substrates in the absence of any host factor (CHaLmeERrs and KLECKNER
1994 and unpublished results). Under suboptimal conditions, however, such as
the absence of supercoiling, outside end activity is dramatically stimulated by
and/or absolutely dependent upon addition of IHF. In the most extreme situations,
at least, HU will not substitute for IHF in this regard (J. Sakai and N. Klecker,
manuscript in preparation).

Second, [HF and HU both serve efficiently as negative modulators of transpo-
sition. At physiologically sensible concentrations of either protein, the outcome of
the strand-transfer process is altered. Formation of intermolecular and intratrans-
poson collision products is suppressed, and essentially, the only species ob-
served is a topologically simple (unknotted) inversion circle (Fig. 3; H. Benjamin,
R.Chalmers and N. Kleckner, unpublished results). We refer to this change in the
outcome of the transposition process as “channeling".

The negative effects of IHF are clearly distinct from the positive effects: at
low IHF levels, collision events are stimulated without any strong evidence of
channeling, while at higher IHF concentrations, channeling occurs without any
major change in the total level of products.

The existence of channeling implies that, in the presence of host factors,
transposon ends no longer select a target DNA by random collision but instead
interact with target DNA in a topologically constrained way (e.g., Fig. 3). The
specific geometry of the DNA during this interaction is not established. It is
attractive, however, to suppose that intratransposon events arise via synaptic
complexes that are being held in the "folded” form by host factors, with target
interactions constrained by wrapping of transposon sequences around the synap-
tic complex.

4 Protein/DNA Components

4.1 Insertion Specificity

Although Tn10 is capable of inserting at a great many different sites in the
bacterial genome, it does exhibit a significant preference for particular sites over
others. In the 10-kb histidine operon, for example, ~100 insertions occurred at a
total of ~20 sites, and half of all insertions occurred at one specific site (KLECKNER
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1979; KLeckner et al. 1979b). At any given "hot spot”, insertions of Tn10 are
recovered at roughly the same frequency in both orientations, as expected from
the structural symmetry of the element.

Tn10 insertion specificity reflects the sum of two independent compo-
nents: sequence-specific information is provided by a symmetrical 6-bp consen-
sus sequence located within the 9-bp target site sequence duplicated during
insertion, and structural information is provided by basepairs located ~10bp to
either side of the 9-bp target site sequence (HaLLING and KLECKNER 1982; BENDER
and KLeckner 1992a). Variations in either of these determinants singly can alter the
probability of insertion into a particular site by several orders of magnitude. Thus,
for example, non-consensus target sites are often preferentially utilized over
perfect consensus sites, due to the effects of flanking DNA.

The consensus sequence for insertion is 5'nGCTn AGCn3'. At each "half site"
of the consensus sequence, the first position is sometimes Ainstead of Gand the
second position is sometimes T instead of C. Overall, information at the third
position is less important, as all four basepairs occur at significant hot spots. For
major hot spots, however, T strongly predominates, and the 5-methyl group of
that residue has been shown to be the important determinant in this effect (Lee
etal. 1987). The nature of the structural information conferred by flanking
seguences has not been determined, but a tendency to assume an appropriate
bent configuration is a likely possibility. An important effect of a particular bent
configuration of the target DNA has been reported for IS231A (HaLLET et al. 1994).

The specificity of Tn10 insertion can be significantly reduced by mutations at
two specific cysteine residues of transposase (BenDer and KLeCKNER 1992b).
These ATS (‘altered target specificity") mutations have only a minor (less than
two-fold) effect on the frequency of transposition but result in a much broader
distribution of insertions at sites that exhibit a substantially reduced match to the
normal consensus sequence. Apparently, some aspect of the transposition
reaction has been altered in such a way that the interaction with target DNA is less
dependent upon sequence-specific interactions with the target site consenus
sequence (below).

Global factors affecting Tn10 insertion have not been investigated systemati-
cally. Tn10 is not known to exhibit any strong region- or replicon-specific differ-
ences, in contrast to certain other elements that exhibit strong regional specificity
(e.g., GrinsTED et al. 1978). On the other hand, Tn10's more prominent preference
for particular specific sites may tend to obscure any global effects.

4.2 Structure of IS10 Transposase

IS10 transposase is a 402-amino acid polypeptide encoded by a single open
reading frame from base pair 108 to base pair 1313 of IS10 (Fig. 1). Primary
sequence comparisons suggest that IS10 transposase belongs to the 1S4 family,
which also includes 1S50, 1S231, and 1S903 (MaHiLLon et al. 1985; Gaias and
ChanpLER 1989; RezsdHAzy et al. 1993). Members of this family share two major
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regions of sequence conservation: a carboxy terminal region (aa266-326 in IS10
transposase) that includes the signature Y-2-R-3-E-6-K and a central region
(@aa157-187 in 1IS10 transposase) that includes the motif D-1-G/A-Y/F; also, a third
region of weak conservation is found at the amino terminus, positions
93-132 in IS10 transposase (Fig. 7, RezsoHazy etal. 1993). Each of the two
conserved motifs and the third region contains a single acidic residue that could
potentially be part of a D D E motif, like the one that has been observed for the [S3
family members retroelements, Tn7, Mu, and transposon-like elements from
protozoa (e.g., Faver et al. 1990; Doak et al. 1994; Baker and Luo 1994). Indeed,
mutations in the conserved residues D161 and E292 each completely abolish
catalytic activity of IS10 transposase.

Analysis by limited proteolysis has shown that 1S10 transposase (46kD) is
organized into two principle structural domains (Fig. 7; Kwon et al. 1995) a 28-kD
amino terminal domain (domain NaB) and a 17-kD carboxy-terminal domain
(domain C). These two domains are connected by a 1-kD protease-sensitive loop
region (aa247-255). Domain Naf can be subdivided by a weakly protease-
sensitive site into a 6-kD amino terminal fragment (domain Na) and a 22-kD region
{domain NPB). Nonspecific DNA binding has been localized to domain NP through
southwestern analysis. None of the individual isolated domain fragments has
thus far exhibited specific DNA binding.

Remarkably, full transposition activity can be reconstituted by mixing purified
domains Nafd and C without the intervening linker region; the same is true for Na3

Fig. 7. Domain Structure of IS10 transposase and location of mutations. Top: domain map determined
by limited proteolysis. Nof§ and C are the two main domains; the link is a nine-residue protease-
sensitive region. Middle: scale representation of the primary sequence of transposase. Areas of
seguence conservation with other bacterial transposases are shaded. Patch / and Patch I are two
regions defined by the mapping of SOS mutations. Bottom: locations of mutations of various classes.
Multiple symbols appearing one above another indicate different classes of mutations that result from
changes in the same residue, although the specific change is not necessarily identical
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and a fragment comprising C plus the linker. The amino-terminal No. segment is
essential for activity in this assay: mixtures of purified NB and C with or without
the linker region form synaptic complexes that do not carry out cleavage.

The fact that in vitro steps of transposition occur normally in the absence of
the 9-amino acid linker region that joins the two domains implies that structural
integrity of transposase is maintained by direct contacts between the two
regions. We infer either that the fundamental interactions within and between
transposase molecules remain relatively constant during transposition and/or that
important transitions involve establishment of new interactions prior to or in the
absence of complete elimination of pre-existing interactions.

Interestingly, although the 9-residue linker region is not essential for transpo-
sition, it is the site of two mutations that block the reaction after excision but prior
to strand transfer (the "SOS" mutations PL252 and SL253) and one mutation that
affects insertion specificity (CY249). Perhaps an aberrant structure in this region
can prevent necessary conformational changes from occurring.

4.3 Transposase Mutants

4.3.1 Catalysis-minus Mutants

Strand cleavage and strand transfer by Mu and retroviral elements, and by
analogy by Tn10, are proposed to involve standard acid-base catalysis (MizuucH
1992b). Residues of IS10 transposase that might potentially be involved in
catalysis were identified by oligonucleotide-directed mutagenesis of residues
highly conserved among related transposases. Of 30 D and E residues in IS10
transposase, 15 have been mutated individually to alanine or lysine, and among
these only three exhibit the phenotype expected for a Cétalysis-minus mutation.
A catalysis-minus phenotype is also conferred by a mutation at a conserved
arginine (RA288). The four corresponding mutant transposases, DA97, DA161.
RA288, and EA292, all form synaptic complexes normally but are defective for
nicking, for double-strand cleavage, and for strand transfer when presented with
ends precleaved to make accessible the terminal 3'OH residues (S. Bolland and
N. Kleckner, manuscript in preparation). The ability of these mutants to nick the
nontransferred strand if presented with a substrate "prenicked” on the trans-
ferred strand has not yet been analyzed.

4.3.2 Mutations ldentified as Conferring a Specific Defect
in the Transposition Process

4.3.2.1 'SOS" Mutants

Mutants proficient for excision but defective for strand transfer were obtained by
a genetic screen for mutations that blocked transposition but did not block
transposase-dependent induction of host-encoded SOS functions (HanIForD et al.
1989). These "SOS" mutants represent a relatively abundant subset of alf trans-
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position-defective mutants, about 5% of the total, suggesting that the transition
from excision to strand transfer is an important one for the transposition process
and that a number of different residues are involved in that transition. Also, the
phenotypes of SOS mutants are somewhat variable, suggesting that multiple
factors are involved. Recent analysis demonstrates that many SOS mutants fail to
show noncovalent target capture (D. Haniford, personal communication). Such a
defect could be sufficient to account for the SOS phenotype.

4.3.2.2 Mutants with Altered Target Specificity ("ATS")

ATS mutants were identified in a genetic screen for transposases that increase
the frequency of Tn10 insertion into a small target region lacking a wild-type
consensus insertion sequence (Benoer and KLeckner 1992). These mutants exhibit
a general relaxation in target specificity, inserting efficiently at a much wider
variety of sites than is normally the case, and only a mild defect in transposition.
ATS mutations appear to represent rather specific changes in transposase: these
are quite rare as compared with SOS mutations; moreover, all the mutations
isolated mapped to two specific codons. Recent analysis demonstrates that
ATS mutant CY134 is capable of noncovalent target binding under conditions
where wild-type transpose is defective, i.e., in the absence of divalent cation
(D. Haniford, personal communication). Such a defect is consistent with the
previous proposal that the ATS mutations stabilize some important interaction in
such a way that target interactions are less dependent upon interactions with
specific target-site consensus-sequence base pairs (BENDER and KLECKNER 1992).

4.3.2.3 Suppressors of SOS Mutations

Intragenic second-site suppressors have been isolated that restore transposition
activity to two different SOS mutants in Patch | (Junor et al. 1994). Many of the
suppressor mutations map in either Patch | or Patch 1l areas. Interestingly, seven
different SOS mutations, in both Patch | and Patch Il, are suppressed by the
previously isolated ATS mutation in Patch I. This supports the idea that the
defects in SOS and ATS mutations are in some way opposite in sign.

4.3.2.4 SOS and ATS Phenotypes Appear to Be Opposites

4

It has been proposed that SOS and ATS mutants might represent opposite
phenotypes, with the more abundant SOS mutations conferring a loss of some
important interaction and the rarer ATS mutations conferring a gain of function
which restores or compensates for that same interaction (BenDER and KLECKNER
1992b). This proposal is supported by three observations: (a) Two ATS codons
map immediately adjacent to codons that have yielded SOS mutations (Fig. 7);
moreover, at codon 134, CW134 is an SOS mutation while CY134 is an ATS
mutation (D. Haniford, personal communication). (b) The reversion of the SOS
mutations by an ATS mutation {above). (c) SOS and ATS mutations analyzed thus
far have opposite effects on noncovalent target binding (see above).
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4.3.3 Hypernicking Mutants

Mutations have been sought that result in elevated levels of nicking at transposon
ends in vitro. Approximately 100 mutants that exhibit strong transposition de-
fects in vivo were screened in in vitro mini protein preparations for production of
nicks. Among these, three exhibited a hypernicking phenotype (BoLianp and
KLeckner 1995). In vitro, these mutant transposases form synaptic complexes
normally but accumulate roughly equal proportions of two types of complexes,
one containing nicks at both transposon ends and one containing one fully
cleaved end and one nicked end.

Remarkably, all three hypernicking mutants had previously been identified as
SOS mutants whose transposition defects were strong but not absolute (AT162,
EK263, and MI289; HaniForp etal. 1989). The occurrence of double-strand
cleavage at one transposon end should account for the induction of SOS functions
in vivo. The hypernicking mutants may represent a different type of SOS mutant
from those defective in target capture per se (above). The latter mutants tend to
have much stronger transposition defects; also, at least one of the latter mutants,
PS167, does not have a hypernicking phenotype in vitro. The failure of these
mutants to undergo double-strand cleavage at both ends could well be sufficient
to confer a defect in target capture and strand transfer {i.e., transposition).

4.3.4 "Interaction” Mutants
4.3.4.1 Mutations that Suppress Transposon End Mutations: "SEM"

Mutations in transposase were sought which increased transposition of Tn10
elements bearing symmetrical mutations at the transposon termini (J. Sakai and
N. Kleckner, manuscript in preparation). Two classes of mutations have been
identified.

Class-l mutations were isolated based on suppression of a mutation at bp 8,
which lies in the region of strongest contact between transposase and the
terminus (below). The mutations recovered improved transposition of elements
carrying several different mutations at bp 8 or mutations at a subset of other base
pairs in the bp 6-13 region. Thus, suppression appears to be a general and
relatively indirect effect rather than a specific alteration in transposase/terminus
specificity. These mutations appear to define an alpha helical region that is
involved in some type of protein/protein interaction: all class-l SEM mutations
map to three hydrophobic residues that are spaced at roughly seven codon
intervals from one another, and all of the mutations substitute a new hydrophobic
residue for the original one. Apparently, the SEM phenotype results from a rather
subtle change in the nature of the proposed interaction. The region affected by
these mutations, and thus the proposed interaction per se, appears to be important
for synaptic complex stability: the putative alpha helical region defined by these
mutations, aa114-127 within Patch |, includes the trans dominant mutations RH119
and SF120 described above, which exhibit defects in synaptic complex stability.
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Class-Il mutations were isolated as suppressors of mutations at both bp 9 and
bp 13 of the outside end terminal inverted repeat and are found to improve
transposition of elements mutant at essentially any base pairs examined, as well as
transposition of wild type. All three independently isolated class-1| mutations occur
at codon 35, normally a D. Analysis of multiple amino acid substitutions at this
position suggests that some suppression is achieved by elimination removal of the
negative charge by alanine substitution, but additional suppression is conferred by
residues that result in a gain of positive charge. Codon 35 lies within the amino-
terminal No. segment shown by reconstitution experiments to be required after
synaptic complex formation and before or during the first chemical steps.

4.3.4.2 Negative Transdominant Mutants

Eight mutants have been found which inhibit wild-type transposase for transposi-
tion in vivo: seven missense mutations (WR98, 1S101, RH119, SF120, AV162,
EA292, RQ296) and one nonsense mutation (Qstop329) (D. Haniford, personal
communication). Two of these mutants make normal preclevage complexes but
are defective in double-strand cleavage and all subsequent steps. One of these,
EA292, was identified previously as a catalysis-minus mutation (above) and is
expected to have this phenotype. RQ296 appears to be another such mutation. All
six of the remaining transdominant mutants are defective in the formation and/or
stability of precleavage synaptic complexes and also in later steps, in vitro and/or
in vivo with considerable variation among their detailed phenotypes.

4.4 Inferences About Transposase Structure and Function
Based on Mutant Phenotypes

Many of the transposase mutations identified thus far lie in two broadly delimited
regions of the gene, Patch | and Patch I, which are identified as the regions in
which SOS mutations occur. Moreover, Patch | and Patch Il substantially overlap
the regions of sequence conservation described above, which should correspond
primarily to segments of the protein involved in forming and modulating the active
site(s). The localization of mutations to Patch | and Patch Il probably reflects the
fact that all were isolated by mutant screens that required the mutant trans-
posase, either alone or in combination with wild-type transposase, to form
synaptic complexes. Such screens will preferentially recover mutations that
affect residues of functional importance to the reaction per se, including residues
involved in communication between chemical and conformational changes,
rather than residues responsible for overall folding of protein monomers.
Another remarkable feature of the transposase mutations identified thus far
is that many of the in vitro mutant phenotypes are dramatically affected by
variations in the divalent metal ion. For example, several strong SOS mutations
and several negative trans-dominant mutations exhibit strong defects if Mg** is
present and little or no defect if Mn** is present instead. These effects provide



72 N. Kleckner et al.

further evidence that divalent metal ions play a crucial role in the progression of
the reaction, with respect not only to the chemical steps, but also to the structural
integrity of the synaptic complex and its ability to undergo the necessary transi-
tions as the reaction progresses.

In IS10 transposase, as in most other proteins, the catalytic active site
appears to be comprised of residues from widely separated regions. Three
regions conserved among elements of the IS4 family map at three separate
locations; the family can be further subdivided into two classes distinguished by
the spacing between the two most highly conserved regions (RezsGHazy et al.
1993). Furthermore, the three acidic residues of IS10 transposase at which
mutations completely abolish catalysis occur in these three conserved regions
(Fig. 7).

Taken at face value, existing evidence supports the more general possibility
that Patch | and Patch Il interact with one another. Such a feature follows directly
from the convergence of diverse regions into the active site because catalysis-
minus mutations map in Patch | and Patch Il. More generally, both regions have
yielded not only SOS and catalysis-minus mutations, but also ATS and hyper-
nicking mutations. Finally, a mutation in Patch | can suppress a mutation in
Patch Il (Junop et al. 1994).

Interestingly, the strong SOS mutation PS167, which is defective in target
capture, and the RH119 mutation, which is defective in synaptic complex stability
during transposon excision, efficiently suppress one another's defects in mixed
in vitro reactions (D. Haniford, personal communication). Since the phenotypes
of both individual mutations are also suppressed by Mn**, it seems likely that co-
suppression reflects mutually beneficial changes in the conformation of the
synaptic complex. The alternative possibility, that PS167 monomer(s) carry out
the first step of the reaction while RH119 monomer(s) carry out the second step
of the reaction, is difficult to reconcile with the view that two monomers suffice
for all of the chemical steps in the reaction.

4.5 1S10 Termini

The "inside" and "outside" ends of IS10 are functionally equivalent: the same types
of products arise from interaction between two outside ends, two inside ends, or
one inside and one outside end. Inside and outside ends share a 23-bp, nearly
perfect terminal inverted repeat; outside ends also encode a specific binding site
for Integration Host Factor, whose consensus binding site is located immediately
internal to the terminal inverted repeat.

The detailed organization of the terminal inverted repeat has been eluci-
dated by analysis of outside ends (Huisman et al. 1989; HaniForp and KLECKNER
1994; Sakal et al. 1995). Base pairs 6-13 are most critical: mutations at these
positions confer strong transposition defects prior to transposon excision both
in vivo and in vitro; moreover, major groove methylation of purines at bp 6, 10,
11,12, and 13 interferes strongly with transposon excision in vitro (Fig. 8). Base
pairs 1-3 constitute a separate functional domain which is less essential overall
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and which contributes sequence-specific information primarily at steps subse-
guent to interaction between the transposon ends (Haniford and Kleckner, in
preparation).

The nature of bp 1-3 appears to be particularly critical during the chemical
steps of the reaction, cleavage and strand transfer. Consistent with this view,
transposon cousins Tn10 and Tn5 have the same sequences at these positions
and substantially different sequences in bp 6-13 (Huisman et al. 1989). Further-
more, mutations at these positions can have important effects on the level and/or
rate at which these chemical steps occur (HaniFORD and KLECKNER 1994; Sakal et al.
1995). In addition, however, such mutations can affect the amount and/or stability
of precleavage complexes and the ability of those complexes to remain intact
through the chemical steps. These observations are consistent with the view that
the transposase active site is directly involved in holding the synaptic complex
together.

Transposase appears to make intimate contacts with the terminal inverted
repeat along its entire length. Precleavage synaptic complexes (the unfolded
form; above) exhibit strong DNase protection throughout this region (Fig. 8).
Methylation interference analysis further suggests that transposase lies along
one face of the DNA helix on outside ends: interference by methylation in the
major groove occurs at bp 6, 10-13, and 18 (Fig. 8). Phosphate ethylation appears
not to interfere, at least with transposon excision. Ethylation at two positions
('bp 12 and bp 24) enhances reactivity. Similar enhancement has been observed
for HIV excision; such effects could reflect creation of an additional contact or
elimination of an inhibitory negative charge (BusHman and Craigie 1992). Interac-
tion of transposase with the inside ends of IS10 appears to be generally similar.

All of the basic features of IS10 termini described above are likely to be
shared by the entire IS4 family of transposases (RezsoHazy et al. 1993), as judged
by analogous features observed for the ends of two other family members, 1S50

Fig. 8. Structure of 1S10 outside end
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and 1S903 (see Huisman et al. 1989 and DersysHiRe and GRINDLEY 1992 for detailed
discussion).

These general organizational features are also shared by another well-
characterized family of transposons that includes Mu and HIV. In all of these
cases, terminal base pairs are highly conserved and appear to be important for the
chemical steps but can influence earlier steps as well {e.g., SUReTTE et al. 1991),
and the tightest contacts with transposase are several base pairs removed from
bp 1 (CraiGiE et al. 1984; BusHman and Craigie 1992).

5 Additional Interesting Features

5.1 Transposition Length Dependence

IS10-based composite transposons exhibit transposition length dependence:
in vivo, the frequency of transposition decreases exponentially with increasing
transposon length; an increase of 1kb results in a 40% decrease in transposition
(MorisaTo et al. 1983). This phenomenon was originally reported for IS1-based
composite transposons, for which the effect is quantitatively similar to that seen
with 1S10 (CHANDLER et al. 1982).

The mechanistic basis for length dependence is not understood. The con-
straint appears to arise prior to strand transfer: in the presence of a mutant
transposase that is proficient for transposon excision but defective in strand
transfer, the level of excised transposon fragment generated by chromosomal
elements in vivo exhibits length dependence (Fuck 1991). Whatever the mecha-
nism, it must involve some kinetic barrier to completion of the transposition
reaction; if the reaction were able to continue indefinitely, transposition would
eventually, at the full level, occur irrespective of transposon length. It is not yet
known whether length dependence occurs during transposition in vitro, in which
case it reflects solely features that are intrinsic to the reaction mechanism per se,
or whether there are also essential contributions from additional factors present
only in vivo.

Several possible models for transposition length dependence have been
suggested thus far. Length dependence might arise as part of the mechanism by
which transposon ends identify one another (Way and KLeckner 1985). For
example, if transposase were to interact initially with one end of an element and
then search for a second end by a one-dimensional random walk along the same
DNA molecule, with some aspect of the reaction limiting the time available for the
search, the probability of reaching the second end would exhibit the desired
dependence on distance from the first end. Alternatively, length dependence
might operate during or subsequent to synaptic complex formation (Fick 1991). For
example, the length of DNA between the interacting ends might impose physical
stress on the (nascent) complex, inhibiting its formation and/or causing it to decay.
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5.2 Preferential cis Action of Transposase

IS10 transposase, like the transposases of other IS elements, acts preferentially
in cis (Morisato et al. 1983). cis action has been demonstrated rigorously by
analysis of constructs in which the transposase gene was placed at increasing
distances from a pair of transposon ends. When the intervening distance is 50 kb,
the frequency of transposition drops to about 1% of the level observed when the
two determinants are located adjacent to one another. A second manifestation of
cis action is inefficient complementation of a pair of transposon ends by a
transposase gene located on another replicon.

The existence of cis action implies the existence of two important con-
straints. First, the initial physical contact between transposase and the DNA
occurs in the vicinity of the transposase gene itself, and second, movement of
transposase after that initial contact is limited in some way. cis action does not
reflect the preferential titration of a limited amount of transposase by the
transposon ends; the same degree of cis action is observed over a 10 fold range
in transposase concentration.

There is some additional information regarding each of the two component
features of cis action: in prokaryotic systems, restricted initial contact is possible
because translation and transcription are temporally and spatially coupled. In fact,
since the amino-terminal portion of transposase binds DNA nonspecifically, it is
not improbable that this region of the protein may often contact the DNA before
the carboxy-terminus of the protein has even been synthesized, while the
message is still tethered to the template DNA.

In addition, the degree of cis action is reduced or enhanced by mutations that
increase or decrease the efficiency of transposase gene translation, not because
of changes in the level of transposase but as a consequence of some change in
the gene expression process per se (JAaNn and KLECKNER 1993); a modest decrease
in cis preference is also conferred by host mutations that should increase the
stability of transposase mRNA. One proposed model suggests that there is a
competition between contact of a single transposase molecule with DNA, which
increases cis preference, and dimerization of transposase prior to DNA binding,
which reduces cis preference (Jain and KLeckner 1993). By this model, any change
in the rate of translation, or in the lifetime of the mRNA as a consequence of a
change in the rate of translation, would change cis preference by changing the
probability that two transposases will be made in rapid succession from the same
message. Moreover, since DNA-binding activity resides in the amino-terminal
portion of transposase, the balance could be tipped in favor of cis preference by
contact of nascent protein molecules with DNA prior to synthesis of an oligo-
merization domain in the carboxy-terminus.

Additional observations suggest that the degree of cis preference can be
affected by qualitative changes in transposase protein (JAN and KLeckner 1993).
cis action of I1SB0 transposase can be substantially reduced by point mutations
within the transposase gene that cause pleiotropic changes in the properties of
transposase protein (DELonG and SyvaneN 1991; WEINRICH et al. 1994; WEIGaND and
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Reznikorr 1994). In this case, a model has been proposed in which multimerization
favors cis action (WEINRICH et al. 1994).

The failure of transposase to move very far once it has contacted DNA can be
achieved in any of several ways. Most generally, however, it should reflect the
combined effects of strong nonspecific DNA binding and a balance between the
rate of one-dimensional diffusion and the rate at which the protein becomes
inactive via proteolysis or other factors. 1S10 transposase in vitro is, in fact,
always bound to nonspecific DNA, although the "off rate" of this binding is not
known. Different transposases may achieve preferential cis action through differ-
ent balances between DNA binding parameters and protein inactivation rates.
IS903 transposase is very unstable, and elimination of fon-mediated proteolysis
concomitantly eliminates preferential cis action (DersysHiRe et al. 1990). The
stability of IS10 transposase is low when the protein is present at low concentra-
tion and high when the protein is overexpressed but exhibits normal cis action
under both conditions (J. Sakai and N. Kleckner, unpublished observations).

6 Regulation of Tn10/IS10 Transposition

Tn10 and IS10 transposition are regulated and modulated at several different
levels by many different mechanisms. All of these regulatory features can be
rationalized by supposing that the long-term evolutionary success of an IS
element depends upon the balance between two factors: maintaining a quantity
and quality of transposase-promoted events sufficient to ensure propagation of
the element itself and modulation of transposition activity so as to minimize
deleterious effects to the host. Many of the known regulatory features of Tn10/
IS10 have been reviewed in detail previously (KLeckner 1990 a, b) and are
discussed only briefly here. Recent insights into the role of host proteins IHF and
HU are presented here in more detail.

6.1 Inhibition of Transposon Accumulation

One threat faced by an IS10-containing cell is death by accumulation of IS
elements. Since each IS10 transposition event results in an increase in the
number of transposable elements in the genome (above), the number of IS
elements present in the genome will increase with time. Moreover, in the
absence of any control mechanism, this increase will be exponential: as the
number of elements increases, the rate of accumulation of additional elements
will increase as a consequence both of the number of available copies and of the
increased level of transposase available to those copies. 1S10 has addressed this
problem primarily by the combined effects of two features. Preferential cis action
of transposase eliminates the second threat by ensuring that the effective level of
transposase available to any individual element does not increase as the number
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of element copies increases. Furthermore, IS10 encodes an antisense RNA
molecule that binds to the transposase mRNA and blocks transposase gene
translation (SiMons et al. 1983; SimMons and KLECKNER 1983; Cast et al. 1989). The
effectiveness of this antisense RNA depends upon its concentration, which is
arranged in such a way that there is virtually no effect when the genome contains
asingle copy of IS10 but a steadily increasing effect as the copy number increases
above that point. The combined effects of preferential cis action and 1S10
antisense RNA are such that the total frequency of transposition events per
cell per generation remains essentially constant as the element copy number
increases.

6.2 Coupling of Transposition to Passage of a Replication Fork

A second important aspect of IS10 regulation is modulation of IS10 transposition
by dam-mediated methylation of GATC sites (RoBerTs et al. 1985; KLECKNER 1989).
IS10 contains two GATC sites, one located within the transposase gene promoter
and a second located within the transposase-binding site at the inside end of the
element. When IS10 is fully methylated, both transposase expression and inside
end activity are strongly inhibited. Immediately after passage of the chromosomal
replication fork, however, two chemically different hemimethylated forms of the
element are generated. The pattern of methylation effects on these two forms is
such that one version is strongly activated for transposition while the other is
activated only weakly; the difference may be as great as several hundredfold.
These effects result from the fact that both hemimethylated versions of the
promoter are moderately activated, but one version of the hemimethylated
terminus is strongly activated while the other is still inert. This regulation should
have the effect of coupling IS10 transposition to passage of the chromosomal
replication fork. Such coupling should be advantageous because it ensures that a
gapped donor molecule will have a sister chromatid substrate available for repair
in case of donor molecule degradation (above). Such coupling might also increase
the opportunity for an individual IS10 element to capture another replicon by
increasing the probability of bimolecular synapses (above). Finally, activation of
hemimethylated species should also increase the probability of transposition for
elements that have just been transferred to a new host by plasmid-mediated
conjugation, which involves transfer of a single strand from the donor cell with
concomitant replication in the recipient.

6.3 Blocks to Fortuitous Activation
of Transposase Gene Expression

A transposon is at risk from fortuitous activation as a consequence of insertion
into an actively expressed gene or operon. Previous work has also shown
that IS10 encodes specific sequence features which prevent such fortuitous
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activation: secondary structures specific to readthrough transcripts block trans-
posase gene translation (Davis et al. 1985). In addition, the possibility of fortui-
tous activation is minimized by the tendency of Tn10 to avoid inserting into
actively transcribed genes (Casabesus and RoTH 1989).

6.4 IHF and HU Regulate Tn10/1S10 Activity In Vivo

Genetic analysis reveals that IHF and HU modulate Tn10/1S10 activity in vivo in
several ways (SigNon and KLeckner 1995). First, host factors specifically sup-
press intermolecular transposition off of multicopy plasmid replicons but not off
of the chromosome. This effect results in part from the fact that IHF specifically
inhibits transposase expression from multicopy plasmids but not from chromo-
somal elements. Most importantly, transposition events from multicopy
plasmid donors are dominated by very strong negative effects which are not
observed for transposition from the chromosome: in the plasmid case, elimina-
tion of both IHF and the IHF-binding site at the outside end of 1S10 results in an
increase of ~20-fold, while in the chromosomal case the increase is approxi-
mately twofold.

Many different observations suggest that the negative effect observed in the
plasmid case reflects the occurrence of channeling. One such observation is the
fact that plasmid substrates in vivo give rise only to intratransposon inversions
and not to intratransposon deletions (Bensamin and Kieckner 1989). Genetic
effects suggest that channeling can be mediated at outside ends by either IHF or
HU acting at the IHF-binding site or by IHF (but not HU) even in the absence of a
specific binding site at the outside end or on inside ends.

Second, specific interaction of IHF at the outside-end IHF-binding site posi-
tively activates Tn10-promoted chromosome rearrangements. In constructs where
"outside” 1S10 ends are placed in the relative orientation corresponding to the
"inside” ends of IS10in Tn10, elimination of IHF and/or the IHF-binding site causes
a five- to tenfold decrease in deletions and inversions. Positive activation of
chromosome rearrangements is particularly interesting in light of the fact that
elimination of IHF and its binding site does not inhibit chromosomal transpositions
(above). This difference implies that the positive effect of IHF acting at its binding
site is designed to specifically favor or protect chromosome rearrangements. This
feature provides a strong evolutionary rationale for positive activation: inversion
events promoted by composite transposons are especially important evolu-
tionarily because they give rise to new transposable elements (Fig. 1B).

Further consideration suggests that positive activation may promote forma-
tion of new transposable elements in yet another way. Transposition and chromo-
some rearrangements (deletions and inversions that arise by a random collision
pathway) are mechanistically equivalent; they differ only in the length of the
segment between the two interacting transposon ends, which is shortin the case
of transposition and is the size of the bacterial genome in the case of chromo-
some rearrangements (Fig. 1B). Yet, the positive effects of IHF are apparent only
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for chromosome rearrangements. Thus, it has been proposed that IHF should
positively activate transposition of very long transposable elements. This feature
would again favor evolution of new transposable elements, which should first
exist in primordial form with fortuitously arising IS elements flanking some gene
of selective value at rather great distances.

Finally, there are hints that at least half of all chromosomal events are also
channeled specifically into the inversion pathway. If so, the channeling reaction
directly and specifically promotes the evolution of new transposons bearing
chromosomal genes at the expense of two deleterious events, intermolecular
transposition and deletions.
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1 Overview of the Mu In Vitro Strand-Transfer Reaction

The temperate bacteriophage Mu has been an extremely useful model system for
studies on the mechanistic aspects of DNA transposition. Mu was the first
element for which a soluble in vitro transposition system was established
(Mizuuchi 1983). Furthermore, some of the features of the Mu system, such as the
polarity of strand transfer and the chemical steps of the reaction, appear to be
conserved in a wide variety of elements from bacterial transposons through
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mammalian viruses. The purpose of this review is to summarize the biochemical
details of Mu DNA transposition which have been gleaned over recent years. Due
to space limitations, an exhaustive review of the literature cannot be performed
here and the reader is also referred to several other recent reviews (Pato 1989;
Mizuuchi 1992a, b; HaniForp and CHaconas 1992).

The primary focus of in vitro studies on Mu DNA transposition has been the
strand-transfer reaction, an early step in the process. This reaction can be
performed in vitro (see Fig. 1) with purified DNA substrates and proteins (CraiGie
et al. 1985). Nicks are introduced at the 3'ends of the Mu DNA, and the 3'-OH Mu
termini are covalently linked to 5'-phosphates, 5 bp apart in the target DNA
(Mizuucti 1984). Strand transfer into the target DNA occurs at near random sites.
The product of the strand-transfer reaction is a 8-shaped molecule {CraiGiE and
MizuucHi 1985; MiLLer and CHaconas 1986) which can be processed in a crude cell
extract by nuclease cleavage and repair to give a simple insertion in the target
molecule, or by replication to give a co-integrate molecule carrying two copies of
Mu in a directly repeated orientation and sandwiched between the vector and
target sequences. The replicative pathway for processing strand-transfer inter-
mediates is the predominant, if not exclusive, pathway which is operative
following prophage induction {CHaconas et al. 1981); however, the replication
reaction has not yet been characterized in vitro.

1.1 DNA Sites

One of the distinguishing features of transposable elements is the inverted-
repeat DNA sequences which are normally present at their termini and which are

o= Non-Mu Donor sequence
Xoeak  Mu sequence

Target sequence

/ Cmd

Enh
+ A,B,HU,lIHF) X
Mg2tATP

8 structure

Fig. 1. Strand-transfer step of mu DNA transposition in vitro. L and R, left and right ends of the Mu
genome; Enh, enhancer. Arrows in the @ structure point to the 5 bp gaps in the target DNA. (Modified
from SURETTE et al. 1987)
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required for transposition. In phage Mu the simple inverted-repeat end scenario
is replaced by a more complex arrangement of DNA sites, as shown in Fig. 2.
At both the left and right ends are three consensus binding sites for the Mu A
protein (discussed below) (CraiGiE et al. 1984). The left and right end sites are
inverted relative to each other, with the exception of the R3 site. The spacing
between the repeats also differs at the two ends; the reasons for this are not clear
but may be related to the fact that Mu is a phage, and the pac site involved in DNA
packaging is located in the spacer between L1 and L2 (GRoENEN and van pe PuTTE
1985; HareL et al. 1990). Proper spacing and phasing, at least between the R1 and
R2 binding sites, is critical (NamGoonG et al. 1994). The requirement for multiple
Mu A binding sites at the ends is related to the assembly of a highly cooperative
higher-order nucleoprotein complex or transpososome, which mediates the
reaction. Furthermore, the binding affinity for Mu A protein is not the same for the
six sites, nor is their relative importance in the transposition reaction (CraiGiE et al.
1984; Lavoie et al. 1991; ALLisoN and CHaconas 1992).

In addition to the unusual arrangement of terminal repeats, Mu is distin-
guished as an eccentric transposon by the presence of a transpositional en-
hancer (MizuucHi and MizuucH 1989; LEUNG et al. 1989; SureTTE et al. 1989). The
enhancer region stimulates the in vivo and in vitro reaction 100-fold or more. The
enharicer is located about 1 kb from the left end (although it functions in a
distance-independent manner) and is a very busy piece of DNA since it also
functions in regulation of the early Mu promoter. The early operator sites 01 and
02 and the integration host factor (IHF) binding site between them comprise the
functional enhancer element. The Mu A protein binds to sequences within 01 and
02 via a site-specific DNA-binding domain distinct from that which recognizes the
Mu ends (LeunG et al. 1989; MizuucHi and MizuucHi 1989). The enhancer can be
coaxed to function in trans on an unlinked DNA molecule when provided in high

01 IHF 02 03
g - s I s
atiL attR
Enhancer
L1 12 L3 R3 R2RI
G L] — A am w—

N 0202002022 HBENS ssas P ————

Fig. 2. Required regions for the Mu DNA strand-transfer reaction. Our standard mini-Mu contains
approximately 1.7 kbp of both the left and right ends of bacteriophage Mu cloned into pUC19 in their
natural orientations. The required regions attL, attR, and the transpositional enhancer are enlarged.
The enhancer sites 01, 02, and 03 are indicated by the operators 07 and 02 separated by the [HF-
binding site. The Mu A protein-binding sites L1, L2, and L3 at the left end and R, R2, and R3at the right
end are indicated. Arrows above the sites indicate the orientation of the site. (Reprinted from ALLISON
and CHACONAS 1992)
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enough concentration (SUReTTE and Craconas 1992). The role of the enhancer is to
facilitate synapsis of the two Mu ends; itis not required for the actual strand cleavage
event (SurettE and CHaconas 1992; MizuucHi et al. 1992). The enhancer region
appears to be involved in a complex circuit of protein-protein and protein-DNA
interactions which includes the two Mu ends (ALuison and CHaconas 1992). Although
several lines of evidence implicate interactions between the Mu ends and the
enhancer, a three-site synaptic complex involving these regions has been difficult to
observe biochemically, probably because of the transient nature of such a complex.

1.2 Phage-encoded Proteins Involved in Mu Transposition

The in vitro Mu DNA strand transfer reaction as depicted in Fig. 1 (an inter-
molecular reaction) requires two Mu-encoded proteins: A and B. The Mu A
protein can promote both donor cleavage and ligation to an intramolecular target
in the absence of Mu B protein. The B protein is responsible for target capture, for
stimulating A to initiate strand transfer, and for conferring target immunity.

1.2.1 The Mu A Protein

The Mu A protein is a 663-amino acid polypeptide which binds as a monomer (Kuo
etal. 1991) to the six consensus binding sites at the Mu ends (Craigie et al.
1984). Mu A can be divided into three domains by protease-hypersensitive sites
at residues 247 and 574 (Nakavama et al. 1987). The 30-kD N-terminal domain is
responsible for site-specific binding to the Mu ends and to the transpositional
enhancer through different subdomains; residues 1-76 bind the enhancer (LEunG
et al. 1989; MizuucHl and MizuucH 1989), and the region from 99-235 binds the
ends (K.Kim and R.M. Harshey, personal communication). The half-life of Mu A
complexes with L1, one of the strongest end-binding sites, is less than 10 s
(T. Harkness and G. Chaconas, unpublished results), and interactions with the
enhancer are substantially weaker. Mu A monomers make sequence-specific
contacts in the major groove of the nonsymmetrical Mu A-binding sites at the left
and right ends and impart a bend in the DNA of 60°-90° upon binding (Kuo et al.
1991; Zou et al. 1991; DinG et al. 1993). Interaction of A with the enhancer region
is still ill-defined due to the very transient nature of these complexes.

The 35-kD central domain appears to contain the catalytic components of the
Mu A protein. A Thr to lle change at residue 548 was shown to block in vitro
strand transfer at 42° but not 30°C; strand cleavage was normal at both tempera-
tures (LeunG and HarsHey 1991). More recently, mutant proteins with Asp to Asn
at position 269 or Glu to GIn at residue 392 were shown to block both strand
cleavage and strand transfer but can still form the uncut, stable synaptic (type-0)
complex (Baker and Luo 1994; refer to Sect. 3.2). In addition, strand transfer of
precleaved DNA does not occur, suggesting that both cleavage and strand
transfer use at least some of the same active-site residues. These mutants may
be defective in the binding of divalent metal ion in the active-site pocket, and they
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contain mutations in a region which may be analogous to the conserved D-D,-E
motif found in a variety of retroviral and bacterial transposases (KuLkosky et al.
1992). The central domain of Mu A also possesses sequence-independent DNA-
binding activity (Nakavama et al. 1987).

The C-terminal 10-kD domain is involved in protein-protein interactions with
the Mu B protein (LEung and HarsHey 1991; Baker et al. 1991). Mu A lacking
residues 616-663 can promote the strand cleavage reaction but cannot perform
intermolecular strand transfer or other functions dependent upon interactions
with Mu B. Removal of the entire C-terminal domain, however, results in an
inactive protein. Hence, other structural and or functional components must be
present on this domain. The purified domain can promote ATP-dependent release
of bound DNA by the Mu B protein and inhibits intermolecular strand transfer. (Wu
and CHACONAS 1994).

1.2.2 The Mu B Protein

Although Mu A alone can promote strand cleavage and intramolecular strand
transfer in vitro, in vivo experiments suggest that even nicking of the Mu ends
does not occur at biochemically detectable levels in the absence of Mu B in
Escherichia coli (B.S. Chan and G. Chaconas, unpublished results). The reasons
for this discrepancy are not yet known. Mu B is a 312-residue polypeptide which
displays nonspecific DNA-binding activity (CHaconas et al. 1985) and a weak
ATPase activity, which is stimulated by DNA and Mu A protein (MaxweLL et al.
1987; Abzuma and Mizuucki 1991). The most notable duty of the B protein in vitro
is capture of the target DNA for Mu integration. Target binding is ATP dependent,
and stimulation of Mu B to hydrolyse ATP by Mu A results in release of the target
molecule (Apzuma and MizuucHl 1988). This complex set of interactions plays a
pivotal role in the process of transposition immunity, whereby self-integration by
Mu rarely occurs {see MizuucHi 1992).

Another important role of Mu B is to stimulate the strand-transfer reaction by
Mu A. This normally occurs when B is bound to target DNA. However, chemical
modification of Mu B to block target DNA binding still results in stimulation of
strand transfer by Mu A; in this case intramolecular strand transfer results, with
integration occurring somewhere in the donor plasmid (Baker et al. 1991; SURETTE
etal. 1991). The B protein has also been shown to greatly stimulate the strand
cleavage reaction in vitro under certain conditions. When a terminal base pair
mutation is present at the left or right end of Mu, significant nicking does not occur
unless Mu B is present (SureTte and CHaconas 1991). Similarly, the presence of
inhibitory flanking sequences in the vector can be overcome by Mu B stimulation
(Wu and CHaconas 1992).

The physical structure of the B protein has been difficult to study due to its
propensity to form insoluble aggregates. The protein also oligomerizes in the
presence of ATP and shows a positive cooperativity with respect to ATP concen-
tration (Abzuma and Mizuuchi 1991). Mu B has been shown by partial proteolysis to
be made up of two domains: an N-terminal 25-kD polypeptide and a C-terminal
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8-kD region (TepLow et al. 1988). The N-terminal domain contains a putative helix-
turn-helix at residues 19-40 (MiLLer etal. 1984) and homology with the
nucleotide binding folds of a number of ATPases at residues 86-115 and
156-185 (CHacoNas 1987).

1.3 Host Protein Requirements

1.3.1 The HU Protein

In addition to Mu-encoded proteins, the E. coli HU protein, a heterodimer of 18
kD, is required for an early step in Mu DNA transposition in vitro (CraiGie et al.
1985; SURETTE et al. 1987; Craicie and MizuuchHi 1987). HU typifies a family of small,
basic, and heat-stable DNA-binding proteins which stimulate a variety of DNA
metabolic reactions (for reviews see DaLica and Rouviere-Yanv 1987; PETTIUOHN
1988; ScHmip 1990) possibly by engineering DNA deformations such as bending,
wrapping, or melting (for reviews see SErRrano et al. 1993; Boocock et al. 1992;
NasH 1990). HU, a sequence-independent DNA-binding protein, is highly con-
served among prokaryotes (Druica and Rouviere-Yaniv 1987) and was originally
identified as a stimulatory factor in lambda transcription (Rouvigre-Yaniv and Gros
1975). Although the crystal structure of the related Bacillus thermophilus HU has
been solved and refined to 2.1 A (Tanaka et al. 1984; WHITE et al. 1989, respec-
tively), the molecular details of the HU-DNA interaction have not been elucidated.
HU is believed to bind DNA via the minor groove (WHITE et al. 1989) by analogy to
the other members of the HU family (see DrLica and Rouviere-Yaniv 1987), namely
IHF (Craic and NasH 1984; Yang and NasH 1989; PanicraHi and WaLker 1991) and
TF-1 (ScHNEDER et al. 1991), and to modulate DNA flexibility (Hopces-Garcia et al.
1989; Havkinson and JoHnson 1993). Although its precise role in stimulating the
Mu in vitro transposition reaction has remained elusive, HU appears to function
in at least three capacities: at the transpositional enhancer, at the Mu left end, and
possibly at the Mu-host junction.

1.3.2 Integration Host Factor

Under standard in vitro reaction conditions, HU is the only host factor required for
the strand-transfer reaction (Craigie et al. 1985); however, at lower "physiological’
levels of supercoiling an additional protein factor is required, E. coli integration
host factor (IHF) (Surette and CHaconas 1989), which was initially identified as a
factor stimulating phage lambda integration (Nas+ and Rosertson 1981). IHF exists
as a heterodimer of ~20 kD, binds DNA sequence specifically (Craic and NasH 1984)
and dramatically bends DNA (Rosertson and NasH 1988; THovipson and Lanpy 1988).
IHF stimulates the Mu in vitro strand-transfer reaction (SureTTe and CHaconas 1989)
by action at the transpositional enhancer (SUReTTE et al. 1989), located some 950 bp
from the Mu left end. IHF acts stoichiometrically at this site and is believed to induce
a sharp bend (Hicains et al. 1989) required for enhancer function (SureTte et al.
1989; ALuison and CHaconas 1992; SureTTe and CHaconas 1992).
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2 Transpososomes: Structural Aspects

The Mu in vitro transposition reaction can be divided into two distinct steps, the
first being the strand transfer of the 3' ends of Mu to a target DNA to form a 0
structure and the second involving the replication of this product to yield a co-
integrate molecule. Higher-order nucleoprotein structures are likely to mediate
both of these reactions.

Noncovalent protein-DNA intermediates of the strand-transfer reaction have
been identified: the type 0, 1, and 2 transpososomes (SURETTE et al. 1987; CrAIGIE
and MrzuucH 1987; MizuucHi et al. 1992; Figs. 3 and 4). The type-1 and -2
complexes are the products of the strand cleavage and transfer reactions,
respectively. The type-0 complex is an uncut synaptic complex which accumu-
lates in Ca*? (see Sect. 3.2).

Mini-Mu donor Type 1 Type 2
plasmid Transpososome Transpososome

(IHF) Target DNA

A, HU, Mg2t
Cleavage

B, ATP, Mg?t
Strand transfer

"= Non-Mu donor Nicked
sequences donor

S Mu sequences

Target sequences R © structure

Fig. 3. Transpososomes in the strand-transfer reaction. A type-1 complex, which is an intermediate
in the strand-transfer reaction, is formed when a supercoiled mini-Mu donor plasmid is incubated with
the Mu A protein and E. coli HU protein. The Mu ends are held together in a higher-order protein-DNA
complex (type-1 transpososome) defining two topological domains, a relaxed non-Mu domain and a
supercoiled Mu domain. Disruption of the complex with SDS results in the liberation of a nicked donor
plasmid. The type-2 complex is the product of the strand-transfer reaction which remains complexed
with protein (type-2 transpososome). In addition to type-1 reaction requirements, Mu B protein, ATP,
and target DNA are required for type-2 complex formation. The type-2 complex can be generated in a
single reaction mixture or by conversion of a preformed type-1 into a type-2 complex. Once a type-1
complex has been formed, supercoiling is not required for its conversion into the strand-transferred
product. Disruption of the type-2 complex with SDS liberates the protein-free strand-transferred
product or @ structure (CRAIGIE and MIZUUCHI 1985; MILLER and CHACONAS 1986). Although the @
structure above has been drawn as a relaxed molecule for simplicity of presentation, it is important to
note that the Mu DNA sequences, but not the vector or target DNA, are topologically constrained
(CrAIGIE and MizuucHI 1985). Hence, the Mu DNA stem retains the Mu supercoils originally present in
the type-2 complex. (From SURETTE and CHACONAS 1989)
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Type O
’ transpososome

A, HU IHF)
Mg++

Mini-Mu | Type 1
donor plasmid transpososome
Fig. 4. The stable synaptic (type-0) complex. In the presence of Ca*, the Mu ends are stably

synapsed but uncut (MizuucHI et al. 1992). The type-0 complex is rapidly converted into the cut type-1
complex upon addition of Mg®*. (From LAVOIE and CHACONAS 1993)

2.1 Mu A Protein Content and Organization
in the Type-1 Complex

To better understand the role of these complexes in effecting transposition,
recent work has focused on the architecture of the product of the strand-transfer
reaction, the type-1 complex (MizuucHi et al. 1991; Kuo et al. 1991; Lavoie et al.
1991; Lavoie and CHaconas 1993). Formation of the type-1 complex requires the
highly regulated interplay between multiple copies of the Mu A protein acting at
three distinct DNA sites, namely the Mu left and right ends and the transpositional
enhancer, to yield a stable higher-order nucleoprotein complex involving the two
Mu ends. Using immunoelectron microscopy, we have shown that although the
E. Coli HU protein is also required for this reaction and localizes to greater than
90% of the complexes, it can be efficiently removed from the transpososome
core without compromising the structural and functional integrity of the'complex
(Lavoie and CHaconas 1990; MizuucHi et al. 1992). Thus the essential protein
component of the transpososome is Mu A (Lavoie and Craconas 1990), which
oligomerizes into a stable tetramer during complex formation (Lavoie et al. 1991;
MizuucHi et al. 1992).

Nuclease and chemical protection assays have shown that only three Mu A-
binding sites (L1, R1, and R2) are occupied by the A tetramer in all three
transpososome complexes (Lavoie et al. 1991; Kuo etal. 1991; MizuucHi et al.
1991, 1992); furthermore, the protection extends from the two end-most sites, L1
and R1, to encompass the 3' ends of Mu, where strand cleavage occurs, and an
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additional 10-13 bp (Lavoie et al. 1991; Mizuucti et al. 1991, 1992). The source of
the fourth A monomer in the complex remains uncertain at this time. Itis tempting
to speculate that it originates from the weak L2-binding site, but other possibilities
cannot be excluded. Interestingly, no HU-specific protection could be identified
using standard footprinting methods (Lavoie et al. 1991; Lavoie and CHACONAS
1993), despite the presence of stably bound protein. Recent results using an HU
‘chemical nuclease" have revealed that HU binds stably to the L1-L2 spacer
region (Lavoie and CHaconas 1993) and will be discussed below.

2.2 Role of HU

2.2.1 Site-specific Binding of HU at the Mu Left End

The first direct evidence for site-specific HU binding in any system has recently
been obtained at the Mu left end, between the L1 and L2 Mu A-binding sites,
using HU chemically coupled to an iron-EDTA-based DNA cleavage reagent
(Lavoie and CHaconas 1993). Specific DNA cleavages deriving from a single dimer
of the HU nuclease (Lavoie and Chaconas, unpublished results) cluster to the 83-
bp spacer region separating the L1 and L2 Mu A-binding sites. Interestingly, site-
specific HU binding was detected only in the transpososome, suggesting an
affinity for DNA structure rather than sequence; our naked supercoiled mini-Mu
donor substrate was ineffective in stably recruiting HU to this or any site.

The HU-nuclease cleavage was restricted to one side of the DNA helix and is
consistent with the presence of a tight, HU-assisted loop at the Mu left end. Such
HU-dependent loops have been postulated in the Hin system, where HU is
required to mediate communication between the enhancer and the end sites
when the enhancer is moved to less than 104 bp from the hixL site (Havkinson and
JoHnson 1993). The presence of a DNA loop would allow communication of Mu A
monomers on both sides of the spacer. The A monomers brought into contact
need not be confined to the Mu left end, and may be involved in pairing of the
ends with the transpositional enhancer to generate the stable A tetramer.
Alternatively, the HU protein may play a more architectural role by introducing a
DNA deformation such as a sharp bend or kink. Such conformational changes in
DNA are energetically costly and therefore likely to be transient in the absence of
proteins.

2.2.2 A Second Site for HU Binding in the Transpososome

Although the HU nuclease identified one specific HU-binding site, neither removal
of the L1-L2 spacer nor increase of its size to reduce any DNA strain abolished
the HU requirement for efficient reaction (Lavoie and CrHaconas 1994). Further-
more, HU-depleted complexes were competent for efficient HU reassembly at a
site other than the L1-L2 spacer, suggesting that at least one more high-affinity
HU-binding site resides in the transpososome. HU binding to this second site is
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unlikely to rely on protein-protein contacts with Mu A, DNA supercoiling, or the
presence of cleaved Mu ends in the complex (Lavoie and CHaconas 1994). We
have postulated that an altered DNA structure, possibly at the Mu-host junction,
confers high-affinity binding of HU to the transpososome (Lavoie et al. 1991).
Considering that HU efficiently binds and reassembles to uncut type-0 as well as
cut type-1 complexes, it seems unlikely that the 5’ or 3' termini resulting from
cleavage play an important role in HU binding. Rather, we prefer a model invoking
HU binding to a sharp kink of the DNA helix, possibly as a prelude to the Mu A-
mediated strand cleavage step. Alternatively, HU could contribute to a localized
unpairing of the strands at or near the junction, similar to HU stimulation of dnaA
strand opening at the oriC origin of replication (Hwang and KornBerG 1992).
Evidence supporting a role for HU at or near the Mu-host junction must await
further investigation.

2.3 An Altered DNA Structure at the Mu-Host Junction

Further probing of the Mu-host junction region has revealed enhanced hydroxyl
radical cleavage sites on the continuous strand and has led us to propose the
existence of an altered DNA structure, such as a sharp bend or kink, which could
facilitate the additional DNA protection beyond the junction (Lavoie et al. 1991).
Moreover, this localized enhancement in hydroxyl radical reactivity is not specific
to the (cleaved) type-1 complex and occurs in the uncleaved type-O complex,
although the most susceptible sugar moiety is shifted by one position towards the
Mu sequences on the uncut strand (Lavoie and Chaconas, unpublished results).
In addition, a region of DNA hypersensitivity to spontaneous cleavage has been
noted on the "cut" strand near the Mu-host junction and may also reflect DNA
strain (Lavoie and CHaconas 1993; refer to Sect. 3.3.1).

Interestingly, structural changes in the Mu-host junction have also been
observed in model transpososome complexes using short oligonucleotides.
H. Savilahti and K. Mizuuchi (personal communication) have noted destabilization
of the duplex in the non-Mu DNA just beyond the Mu-host junction. Thus DNA
structural alterations in the neighborhood of the Mu-host junction, where cleav-
age occurs, are likely to be important for complex assembly or function. Consist-
ent with this idea, "bad" flanking DNA sequences possibly related to conforma-
tional flexibility have previously been shown to inhibit transpososome formation
(Wu and CHaconas 1992).

3 Transpososomes: Mechanistic Aspects

,The Mu A tetramer is intrinsic to all three transpososome complexes, types 0, 1,
and 2, and assembles at the Mu ends of a supercoiled molecule in the presence
of the transpositional enhancer, E. coli HU and IHF, and divalent metal ions;
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however, not all of the reaction components are required at all stages. The in vitro
strand-transfer reaction can be divided into multiple steps: (a) presynaptic events
involving multiple interactions of Mu A with the Mu ends and the enhancer in the
presence of host factors; (b) stable synapsis and cleavage of the Mu ends to
generate 3'OH termini; and (c) strand transfer.

3.1 Requirements for Stable Synapsis

Despite intensive study, the multiple protein-protein and protein-DNA interac-
tions which govern tetramer assembly and complex formation are ill-defined. The
conversion from A monomer (Kuo et al. 1991) to tetramer (Lavoie et al. 1991;
MizuucHr et al. 1992; Baker and Mizuuchi 1992) is likely to result from a complex
set of interactions between the two Mu ends and the transpositional enhancer. A
transient three-site synaptic complex between the two Mu ends and the transpo-
sitional enhancer is believed to be a precursor to stable complex formation, as for
the hin and gin site-specific recombination systems (Heichman and JoHNSON 1990;
Kanaar and CozzareLLl 1992). In the case of Mu transposition, such anintermediate
has recently been observed (Watson and Chaconas, unpublished results).

3.1.1 Enhancer-End Interactions in Transpososome Formation:
Three-Site Synapsis

A complex circuit of end-enhancer interactions has been described (ALLison and
CHaconas 1992) involving at least five Mu A-binding sites at the Mu ends (Lavole
etal. 1991) and an unknown number at the transpositional enhancer. Deletion
analysis has recently identified five potential A-binding sites within the functional
enhancer (R.G. Allison and G. Chaconas, unpublished data; Fig. 5) which have
been named with regard to the IHF-binding site (proximal, middle, or distal) in the
operators 01 and 02. In the simplest scenario, single Mu A monomers would
specifically bridge end and enhancer sites via their two distinct DNA-binding
domains (refer to Sect. 1.2) in a three-site synaptic complex. This complex was
recently observed in our laboratory (M.A. Watson and G. Chaconas, unpublished
results) and is likely to involve a myriad of protein-protein and protein-DNA
interactions. Recent data indicate that all four A monomers present in the stable
tetramer must be competent for enhancer interaction (M. Mizuuchi and
K. Mizuuchi, personal communication), although the molecular details of these
interactions have been difficult to elucidate biochemically. Specific end-enhancer
interactions have been mapped genetically (Fig. 5) by coupling individual end and
enhancer mutations, essentially as described in ALuson and CHaconas (1992).
Using this approach, four of the six Mu A end-type binding sites have been
assigned tentative enhancer partners (Fig. 5); these interactions are likely to be
important for transpososome assembly. The indirect nature of these experiments
warrants caution in their interpretation, however, and the noted assignments
await biochemical confirmation.



94 B.D. Lavoie and G. Chaconas

A
01 02 |
Distal Middle Proximal IHF Proximal MiddIeEDistaI f
800 901908 019 922 937 975 988 1009 .
B
Assignments of end-enhancer interactions
Enhancer region Mu end site
01 distal L3
01 middle none detected
01 proximal R1 or R2
02 proximal L1
02 middle R3

Fig. 5A, B. A complex circuit of end-enhancer interactions. A A schematic of the enhancer region
showing the IHF site and the 01 and 02 regions. Numbers below them are the nucleotide positions
used for substitutions in the proximal, middle, and distal operator regions. B End-enhancer interactions
mapped genetically using double mutants (R.G. Allison and G. Chaconas, unpublished results). For
simplicity, all interactions are listed as primary (direct), but we cannot exclude the possibility that some
are indirect through cooperative interactions (refer to ALLISON and CHACONAS 1992). The Mu end-
binding site L2 was not found to participate in any enhancer interactions based upon these
experiments

3.1.2 Accessory Factors at the Mu Enhancer

The Mu transpositional enhancer is believed to adopt a bent structure important
for function (SureTTE et al. 1989; SureTTe and CHaconas 1992). Bending is likely to
result from [HF binding (SUreTTE et al. 1989; SureTTE and CHACONAS 1992), or it may
be facilitated by HU interactions when supercoiling levels are high (6=-0.06) and
IHF is not required (Surette and CHaconas 1989; R.G. Allison and G. Chaconas,
unpublished results). The recent demonstration that the Mu enhancer promotes
end synapsis either in cis or in trans and is not required for the strand cleavage
event (SUReTTE and CHaconas 1992) emphasizes its essential role in assembly and
may provide a useful experimental system for the study of geometrical para-
meters in Mu transposition.

3.1.3 DNA Supercoiling

The requirement for DNA supercoiling is a feature which is common to many DNA
metabolic events. Under standard reaction conditions a supercoiled mini-Mu
donor substrate is required for the invitro strand-transfer reaction. DNA
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supercoiling is not required for the actual chemical steps of the reaction (SUrReTTE
et al. 1987; CraiGie and MizuucHl 1987; Mizuuchi et al. 1992; WanG and HARSHEY
1994) but appears to be required primarily in the assembly of a stable tetrameric
complex. DNA supercoiling does, however, also greatly stabilize the type-O
complex generated in Ca** (R.G. Allison and G. Chaconas, unpublished results).
How, then, does DNA supercoiling promote the formation of and stabilize the
uncut synaptic complex? This probably occurs through multiple effects exerted
by negative supercoiling (see NasH 1990; Kanaar and CozzareLLl 1992) as noted
below:

Protein binding— DNA supercoiling is known to facilitate protein-DNA interac-
tions with proteins which alter DNA twist or writhe in the appropriate direction or
with protein which bend DNA. Both simple protein-DNA interactions and the
formation of wrapped higher-order complexes may be driven by the free energy
of negatively supercoiled DNA. In the Mu system the affinities of Mu A (Kuo et al.
1991), IHF (M.G. Surette and G. Chaconas, unpublished results), and HU {unpub-
lished results) are all substantially increased for supercoiled DNA. Whether or not
negative supercoils are constrained in the type-0 and type-1 complexes is not yet
known; if so, this would also help drive the reaction.

Increase in local concentration of DNA sites— The local concentration of two
DNA sites on a supercoiled versus a relaxed circular molecule is estimated to
increase by a factor of roughly 100 (VoLogopski et al. 1992). This effect would be
even greater for a three-site reaction. Such a dramatic increase in the local
concentration of sites would be expected to have a large stimulatory effect on the
reaction kinetics. This is illustrated by recent experiments of the Mu reaction with
the enhancer in trans. A 40-fold molar excess of enhancer was used and resulted
in a reaction rate 25 times slower than with the enhancer in ¢is on a supercoiled
plasmid (SureTTE and CHaconas 1992).

Site alignment and interwinding — Negative supercoiling has been shown to
kinetically and/or thermodynamically favour alignment of the two Mu ends in the
proper orientation required for stable complex formation. Elegant experiments by
Craicie and MizuucHi (1986) have shown that proper interwrapping of the two Mu
ends to give a fixed geometry is an essential feature for complex formation and
can be provided by a negatively supercoiled substrate or by a multiply catenated
or knotted donor which favours appropriate interwrapping of the ends.

DNA conformational changes — The free energy of supercoiling is used to
facilitate the induction of a bend between 01 and 02 in the transpositional
enhancer. At low levels (6 =—0.025) of supercoiling this bend is not effectively
generated unless IHF protein is present (SureTTe etal. 1989; Surette and
CHaconas 1989; Higains et al. 1989). DNA supercoiling may also be required for
the formation of a tight bend or loop between L1 and L2 where stable HU binding
ocecurs opon/during establishment of a synaptic complex. The DNA unwinding,
bending, and looping mentioned above, as well as other possible conformational
changes in the Mu complex {refer to Sect. 2.3), may be driven by the free energy
of supercoiling in the donor substrate molecule.
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Protein conformational changes—The tremendous stability exhibited by the Mu
complex upon tetramerization of Mu A likely results from large conformational
changes in the protein. Although it is entirely speculation at this point, the free
energy of supercoiling could be used to drive such conformational changes in Mu A.

Finally, a recent study by Wane and HarsHey (1994) on the role of DNA
supercoiling in the Mu reaction has suggested that the free energy of supercoiling
associated with DNA outside the Mu ends is required to drive complex formation.
They propose that the external supercoiling energy is used to overcome the
activation barrier of the reaction, which they estimate to be about 67 kcal/mol. The
use of torsional strain specifically from outside the Mu ends has not been
previously considered and is an interesting and provocative proposal. Based upon
the high energy of activation for the reaction, Wang and Harshey argue for
substantial DNA and/or protein conformational changes to be effected by the
superhelical strain outside the ends. The recent observation of duplex destabili-
zation in the flanking host sequences in a type-1 complex made with synthetic
oligonucleotides (H. Savilahti and K. Mizuuchi, personal communication), as well
as the existence of inhibitory flanking sequences outside the Mu ends (Wu and
CHaconas 1992), underscores the possible importance for DNA conformational
changes outside the Mu ends.

3.2 The Stable Synaptic (Type-0) Complex

The stable synaptic (type-0) complex is an uncut complex which accumulates
when Ca*? is substituted for Mg*? in the strand cleavage reaction (MizuucHi et al.
1992). The ability to generate this uncut complex has been invaluable in distin-
guishing between factors required for the actual cleavage step versus those
needed only for synapsis. A key guestion which remains to be answered is
whether this complex is actually an obligatory intermediate on the pathway to
type-1 formation under normal reaction conditions (Mg*?), or whether the stable
type-0 represents an alternative pathway. Isolation and characterization of a type-0
complex in Mg*? has not been reported to date. Moreover, two different types of
experiments are consistent with the type-0 complex being part of an alternate
pathway, and proof for either hypothesis has not yet been obtained.

The first type of experiment involves the use of terminal base pair mutations
at the Mu ends. A single base pair change at the cleavage position blocks the
formation of the type-1 complex, although cleavage can be stimulated by the Mu
B protein (SurerTe etal. 1991). If the same reactions are run in Ca*> however,
significant amounts of type-0 complex are not detectable, either in the presence
or absence of Mu B (E. Passi and G. Chaconas, unpublished data). This suggests
that the type-0 complex is not an obligatory intermediate in the formation of a
type-1 complex. Another possible explanation for the data is that the type-0
complex is unstable with the terminal base pair mutants.

The second type of experiment involves the substitution of HU with HMG-1
{Lavoie and CHaconas 1994). In the presence of Mg*? the rate of type-1 formation
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is some 65 times slower with HMG-1 than with HU. In contrast, the rates of type-0
formation by both proteins in Ca*? are within a factor of two of each other.
Moreover, once formed, the type-0 generated with HMG-1 in calcium is rapidly
cleaved in Mg*2. These data suggest that the presence of Ca*? perturbs the normal
reaction and may help funnel the reactants through an alternative pathway.

In summary, although the role of the stable synaptic complex in the Mu
transposition pathway has not been unambiguously demonstrated, it has clearly
been a very useful tool in dissecting reaction mechanisms and will play an
important role in future studies of Mu transposition.

3.3 Chemical Steps

3.3.1 DNA Cleavage

Unlike the lambda integrase family of recombinases, which are type-1 topo-
isomerases and utilize a covalent intermediate to conserve the energy of the
sugar phosphate bond, Mu A is thought to mediate strand transfer through a one-
step transesterification mechanism {(MizuucHi and Abzuma 1991). This reaction
occurs in the context of the stable Mu A tetramer in the type-1 complex and has
led to suggestions that the preceding strand cleavage reaction, which exposes
the 3' hydroxyls required for direct attack, may proceed in an analogous manner
but utilizing a water molecule as the primary nucleophile (MizuucHt 19928, b). This
hypothesis has not been directly tested in Mu but has been addressed during the
endonuclease step promoted by the HIV integrase (IN) protein. This reaction
involves the removal of a dinucleotide off each blunt long terminal repeat end of
a linear viral double-stranded DNA (EncLeman et al. 1991; Vink et al. 1991). A key
feature of the IN cleavage model involves the activation of the phosphodiester
bonds prior to hydrolysis and strand transfer (EnGLEMAN et al. 1991). In Mu, strand-
specific DNA hyper-reactivity at/near the left end cleavage site (Mu-host junction)
has been noted under conditions where Mu A-dependent cleavage is blocked
(Lavoie and CHaconas 1993) and is consistent with DNA strain near the cleavage
site {refer to Sect. 2.3). Along these lines, DNA hydrolysis may be mediated by
activation of the nucleophile, as in the catalytic triad of DNAse | (WEsTon et al.
1992; Suck et al. 1988; Suck and Oerner 1986 and references therein) or the 3'-5'
exonuclease of klenow fragment (Beese and STermz 1991; FReemonT et al. 1988 and
references therein), which both appear to distort DNA structure and activate
water as a prelude to bond hydrolysis via in-line displacement mechanisms.

Recent studies have indicated that donor cleavage requires only two active
Mu A monomers in the catalytic tetramer (Baker et al. 1993; 1994).

3.3.2 Strand Transfer

Following strand cleavage, the Mu ends become coupled to 5'p of the target
DNA. The preferred target site for integration is the consensus sequence N-Py-G/
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C-Pu-N (MizuucHi and Mizuucwi 1993). Strand transfer into intramolecular or
intermolecular target sites is determined largely by the absence or presence of
Mu B, respectively (MaxweLL et al. 1987), which interacts directly with Mu A
(Baker et al. 1991; Surette and CHaconas 1991; SUReTTE et al. 1991), presumably
within the C-terminal 48 amino acids (BAker et al. 1991; LeunG and HARsHEY 1991;
HarsHey and Cuneo 1986). Although ATP is required for the reaction, the energy of
ATP hydrolysis is not used for strand transfer (Abzuma and MizuucH 1988) but
instead plays a role in transposition immunity (Abzuma and MizuucH 1988, 1989).
Rather, the reactive 3' hydroxyl'groups uncovered at the ends of Mu attack the
target DNA molecule in a direct (one-step) transesterification reaction (MizuucHi
and Abzuma 1991; for recent reviews see MizuucHl 1992a, b). Briefly, DNA
containing chiral phosphorothioates was used to probe the stereochemical
outcome of the Mu strand-transfer reaction; the inversion of chirality of the strand-
transfer target site is consistent with a single-step in-line displacement mecha-
nism which does not require a covalent protein-DNA intermediate. More complex
models invoking an odd number of chiral inversions cannot yet be ruled out but
seem unlikely (MizuucHi and Abzuma 1991).

The chemical steps of the Mu strand-transfer reaction may be carried out by
only two of the four A monomers in the catalytic tetramer, although cooperative
interactions between all four monomers are likely to be critical (M. Mizuuchi and
K. Mizuuchi, personal communication; BAker et al. 1993, 1994).

4 Perspectives

The past several years have been an exciting period in the study of the Mu DNA
strand-transfer reaction in vitro. In the years to come we still have a number of
important questions to answer, but, in general, future work will be much more
concerned with structure and function studies. The three-dimensional structures
of A and B are still not known and are a prerequisite for the determination of
transpososome structure. In addition, the active site(s}) in both A (are there one or
two?) and B remain uncharacterized, as do the protein-protein contacts and
conformational changes involved in tetramer formation and A-B interactions.
Furthermore, the role of metal ions in the reaction and the details of the chemical
catalysis with respect to the A active site(s) need to be sorted out. This isolation
and characterization of three-site synaptic complexes is also a piece of unfinished
business, as are the origin of the fourth A monomer in the Mu transpososome and
the issue of whether cleavage occurs in cis or in trans.

The role of HU in complex formation is also not fully understood, and the
importance of DNA distortions in complex formation and catalysis awaits further
experimentation, as does the possible role of supercoiling outside the Mu ends.
The DNA replication step and, in particular, initiation and disassembly of the
extremely stable type-2 complex have also yet to be investigated. Moreover, the
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integration of infecting Mu phage DNA occurs by a non-replicative pathway to
give only simple inserts. The similarities and differences between this pathway
and the replicative pathway which has been reviewed in this article remain to be
established; this will require the development of a faithful in vitro integration
system for infecting Mu DNA. Finally, the relationship of the in vitro findings
discussed here to Mu development in vivo will remain the final test of our
attempts to dismantle and reassemble this complex and fascinating process
in vitro.
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The Drosophila genome has many families of transposable elements; some
of them have been studied in detail, and others are known only superficially (BErG
and Howe 1989). Particular attention has been given to the P family (reviewed by
EngeLs 1989), which has been the subject of intensive research for nearly two
decades. There are two reasons for this special interest. First, the population
biology and recent evolutionary history of P elements suggest a remarkable
scenario of horizontal transfer from another species into D. melanogaster, follow-
ed by rapid spread through the global population. Second, a wide array of technical
applications have made P elements an indispensable tool for manipulating the
Drosophila genome.
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1 P-Element Structure

The structure of an autonomous P element is shown in Fig. 1. The 2907-bp
sequence features a perfect 31-bp terminal inverted repeat and an 11-bp
subterminal inverted repeat (O'Hare and Rusin 1983). These repeats are needed in
cis for efficient transposition, but they are not sufficient for it (MuLLINS et al. 1989).
Internally, there are other repeat units of unknown function plus a transposase gene
composed of four exons. This gene is required in trans for transposition, and part of
the gene is also involved in regulation of P mobility (Rio and Rusin 1988; Rio 1990).

Nonautonomous P elements also exist. Some occur naturally through inter-
nal deletions of the autonomous elements, as shown in Fig. 1. Such elements
lack the transposase gene but retain the parts of the sequence required in cis for
transposition. Mobilization of nonautonomous P elements occurs only if there is
at least one autonomous P element present to supply transposase. Many artificial
nonautonomous P elements have also been created in which the transposase
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Fig. 1. P-element anatomy. An autonomous P element is shown with some of its sequence features
and a restriction map. Three examples of nonautonomous P elements are given, including the type-Ii
repressor-making elements, KP and D50. (Modified from LINDSLEY and ZiMM 1992)
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gene has been replaced by another gene of interest, often functioning as a marker
or reporter. Such elements are discussed further below.

2 Hybrid Dysgenesis

When P elements are mobilized they produce a syndrome of traits known collec-
tively as hybrid dysgenesis (KipweLL et al. 1977). These traits include temperature-
dependent sterility, elevated rates of mutation, chromosome rearrangement, and
recombination. The syndrome is usually seen only in the progeny of males with
autonomous P elements and females that lack P elements. These two kinds of
strains are called "P" and "M" because they contribute paternally and maternally,
respectively, to hybrid dysgenesis. The reciprocal cross, PQ x MG, yields hybrids in
which the dysgenic traits are much reduced, due to the maternal component of
P-element regulation by cytotype, as will be discussed below.

The dysgenic traits can be explained largely by genomic changes due to
P-element transposition and excision in developing germ cells. The sterility is due
to loss of germ cells early in development (EngeLs and Preston 1979; KipweLL and
Novy 1979; Nixi 1986; Niki and CHicusa 1986; WEl et al. 1991). It is more pro-
nounced in females, where there are fewer germ cells to spare than in males, and
at temperatures above 25°C. The mutations come about through several mecha-
nisms but are primarily P insertions into genes and imprecise excision of
P elements near genes (Rusin et al. 1982; TsusoTa et al. 1985; SaLz et al. 1987).
Chromosome rearrangements usually result from breakage at the sites of two or
more P=element insertions, followed by rejoining of the chromosome segments
in a different order (EnGeLs and PresToN 1981, 1984; RoiHa et al. 1988). P-induced
recombination occurs preferentially in the genetic intervals containing mobile
P elements (Svep et al. 1990, 1991) and usually within 2 kb of the insertion site
C. Preston, J. Sved and W. Engels, unpublished).

P-element mobilization happens throughout development of the germline.
Most mutations, rearrangements, and recombination events occur prior meiosis
(EngeLs 1979c¢; Hiraizumi 1979), but some meiotic events have also been detected
(DanieLs and CHovnick 1993). Premeiotic events tend to be recovered in clusters of
two or more aberrant individuals among the progeny of a single dysgenic parent.
The premeiotic timing of these events places a limitation on the genomic changes
that can be recovered in the next generation, since the product must be cell viable
in the germline. Thus, mutations or rearrangements that do not yield viable germ
cells in the parent will not result in functional gametes, and therefore will not be
recovered in the next generation, regardless of whether the hypothetical progeny
bearing these changes would have been viable. In addition, premeiotic events
result in frequency data that cannot be analyzed reliably by standard statistical
methods based on Poisson or binomial distributions, and more robust alternatives
must be employed (EnGELS 1979a).
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3 Population Biology

It is now widely believed that P elements have existed in the D. melanogaster
genome for less than 100 years. According to this view, the elements were
introduced through a rare horizontal transmission event in which one or more
autonromous P-element copies were acquired by D. melanogaster from another
Drosophila species. The elements then spread strictly by heredity and transposi-
tion to become ubiquitous in natural populations within a few decades. This
startling scenario was proposed by KipweLL (1979, 1983) and recently reviewed
(see ENGeLs 1992; Kipwetl 1993) to explain the observation that the only true M
strains were old laboratory stocks dating back to the early days of Drosophila
genetics. Such strains would be reproductively isolated from natural populations,
and thus escaped the P-element invasion.

An alternative way to explain M strains was to postulate that the elements
have existed in D. melanogaster over evolutionary time, but that some aspect of
laboratory culture conditions, such as small population size, acted to remove the
P elements from the genome over several thousand generations (EnGeLs 1981).
The question was resolved when P elements from other Drosophila species
were examined (Fig. 2). Some species closely related to melanogaster lacked
P elements, but several much more distant relatives had them. In particular, the
DNA seguence of a P element from D. willistoni was nearly identical to the
melanogaster sequence, differing by only 1 bp among 2907. Such conservation
would be impossible over the 60 million years that the two species have diverged.
It implies that P elements in the two species had a common ancestor in recent
historical times.

D. melanogaster is now a cosmopolitan species, but it is thought to have
evolved in Western Africa (LacHaise et al. 1988). The species became established
elsewhere only when human commercial shipping provided a means for long-
distance migration {JornsoN 1913; SturtevanT 1921). Meanwhile, D. willistoniand
related species evolved primarily in Central and South America, and are still
endemic to these regions (AsHBURNER 1989a). Therefore, they had no contact with
melanogaster until the latter species arrived in the Americas. By examining
antique insect collections, JoHnson (1913) estimated that the first appearance of
D. melanogaster in the New World occurred in the early 1800s, and that they
became widespread by the end of the century.

The horizontal transfer event could have occurred at any time since
melanogaster and willistoni became sympatric, but the spread of P elements
through melanogaster was presumably not yet complete by the 1930s when the
last laboratory M populations were established (KipweLL 1983).

Currently, natural populations of D. melanogaster all appear to have P ele-
ments, including populations in such remote sites as the mountainous regions of
central Asia (S. Nuzhdin and W. Engels, unpublished). However, the type and
number of P elements show geographical differences (KipweLL etal. 1983;
ANXOLABEHERE et al. 1984, 1985b; 1988; Boussy et al. 1988). For example, a North
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Fig. 2. Species distribution of P elements. Southern blotting was used to determine the presence or ab-
sence of P-element sequences in various Drosophila species to illustrate the evidence for recent invasion
(DANIELS et al. 1990 and references cited therein). Estimates of divergence time, given in millions of years
ago, are averages derived from LACHAISE et al. (1988) and SPICER (1988). (Modified from ENGELS 1992)

American population had 30-50 P elements in scattered chromosomal locations,
with approximately two thirds of them nonautonomous (O'Hare and Rusin 1983;
O’Hare et al.1992). Samples from other parts of the world, however, especially
near the Mediterranean, show fewer P elements in the genome and a higher
proportion of nonautonomous ones (ANxOLABEHERE et al. 1985b, 1988; BLack et al.
1987). It is not known how such population differences are related to the invasion
history of P elements.

The mechanism of the horizontal transfer between D. willistoni and
D. melanogaster is also unknown. Speculation has focused on vector organisms,
such as viruses and mites (Houck et al. 1991; EngeLs 1992). One parasitic mite
species, Proctolaelaps regalis, has been studied as a possible DNA vector, and
shows various features that make it compatible with this'role (Houck et al. 1991).
Once an autonomous P element had been introduced into D. melanogaster by
whatever means, its ability to spread through the species was undoubtedly
facilitated by a transposition mechanism in which DNA gap repair acts to increase
the P-element copy number, as discussed below.
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P elements have a long evolutionary history in Diptera prior to the invasion of
D. melanogaster (Lansman et al. 1985, 1987; Crark et al. 1994; HaGeMANN et al.
1994). In the D. willistoni genome, for example, there are many “dead" P elements
whose DNA sequences have accumulated numerous frameshifts and substitu-
tions preventing them from either making transposase or serving as its substrate
(DaniELs et al. 1990). One species group was found to have a single genomic site
where a portion of the P sequence was tandemly repeated (Paricio et al. 1991,
MiLLer et al. 1992). This sequence lacked both P-element termini and was
incapable of encoding the P transposase, but it did encode a truncated trans-
posase protein which, as discussed below, acts as a repressor of P mobility. P-like
elements have also been identified in several species of other genera and even
outside the Drosophilidae family (ANXOLABEHERE et al. 198ba; ANXOLABEHERE and
PeriQUET 1987; SiIMONELIG and ANxoLABEHERE 1991; PerkiNs and HoweLLs 1992). There
is preliminary evidence that distant relatives of the P element are common among
Diptera (H. Robertson, personal communication).

Horizontal transfer and genomic invasion are probably not unusual in the
world of transposable elements. The best example is that of the marinerelement,
which seems to have spread throughout the animal kingdom (Rosertson 1993).
However, horizontal transfer events involving mariner, though frequent on an
evolutionary time scale, are typically separated by millions of years. It is notable,
therefore, that P elements invaded D. melanogaster within a few decades after
the opportunity arose and spread throughout the species in less than 200 years.

What are the consequences to a species when a new transposable element
invades its genome? Despite some arguments to the contrary (Syvanen 1984;
McDonaLp 1993), most evidence suggests that the harmful mutations and chro-
mosome rearrangements produced by transposition far outweigh any beneficial
mutations that might also arise (CHaRLESWORTH and LANGLEY 1989). In one series of
experiments, P-element invasion and rapid expansion in inbred laboratory M
strains led to extinction of the lines within 20 generations (PResToN and ENGELS
1989). The only exception was a case in which the population was expanded
sufficiently to allow natural selection to eliminate deleterious insertions more
efficiently. The ability of P elements to produce a negative regulator of their own
mobility (discussed below) undoubtedly gave D. melanogaster a better chance of
surviving its recent P-element invasion by reducing the equilibrium copy number
(CHARLESWORTH and LANGLEY 1989; BrookriELD 1991).

4 Transposition

Several lines of evidence show that P elements transpose nonreplicatively and
without an RNA intermidiate (EnGeLs et al. 1990; Kaurman and Rio 1992). The
donor element is excised and reinserted into a recipient site, creating a direct
duplication of 8 bp at the site of insertion (O'Hare and Rusin 1983). The transposi-
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tion reaction can be carried out in a cell-free system with partially purified
transposase (Kaurman and Rio 1992), but host-encoded factors might also facili-
tate the reaction in vivo (Kaurman et al. 1989).

4.1 Insertion Site Preference

P element insertions have been found at thousands of genomic positions, but not
all sites are equally likely to be hit. The mechanism of insertion site selection is not
known, but several generalizations can be made. (a) Euchromatic sites are hit
more often than the heterochromatin (EngeLs 1989; Berc and SprabLiNg 1991).
(b) Some euchromatic loci are much more susceptible to P mutagenesis than
others. For example, the signed gene is hit at frequencies approaching 107 (GReeN
1977; SimMons et al. 1984; RoBERTSON et al. 1988), whereas the vestigial gene has
arate of less than 107® (WiLuiams and BeLL 1988). Despite this variability, there is no
evidence that any loci are immune from P-element mutagenesis, given a suffi-
ciently large sample size. (c) Within genes there is a preference for insertion in the
noncoding upstream sequences (KELLEY et al. 1987). (d) Target sites with close
matches to the consensus octamer GGCCAGAC are more likely to receive
P-element insertions (O'Hare and Rusin 1983; O'Hare et al. 1992). (e) P elements
tend to insert into or near other P-elements, with a particular preference for base
pairs 19-26 of the target P element (EccLesTon 1990). (f) Some P elements have
been observed to jump preferentially to sites closely linked to the donor site
(Tower et al. 1993; Gouic 1994).

4.2 Transposase

The P-element transposase is an 87-kD protein encoded by autonomous
P elements (Fig. 1). It binds to subterminal regions at both ends of the element
and represses transcription (Kaurman et al. 1989; Kaurman and Rio 1991). GTP is
also bound by the transposase, and is required for transposition in vitro (KAUFMAN
and Rio 1992).

4.3 Fate of the Donor Site

There is now considerable evidence that P-element transposition leaves behind a
double-strand DNA break. Sequences homologous to the flanking DNA are then
copied in to repair the break (EnceLs et al. 1990; GLoor et al. 1991). The relative
frequencies of transposition and excision suggest that approximately 85% of
these repair events utilize a sister chromatid for the template (EnceLs et al. 1990).
Thus the donor element is replaced by an identical P element copied in from the
sister chromatid (Fig. 3). In such cases, the end result of transposition is a net
gain of one P-element copy. This net gain is probably responsible for the ability
of Pelements to increase their copy number in nature and in experimental
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r—‘|P /2 Fig. 3. P-element transpoéition and gap repair: The
L S 7/ ; ; ;

P element on one sister strand jumps to a new site,
leaving behind a double-strand gap. Repair utilizes

4[_‘}7“1 /L . LT .
I m——/ the other sister strand, resulting in a net gain of one
P-element copy (ENGELS et al. 1990). (Modified from
Transposition leaving ENGELS 1992)

behind a double-strand
gap at the donor site

{ P P //// E‘"

Homologous sequence
4% serves as a template for
gap repair

/L

X//
f ey e P e

Completion of repair
<& replaces original P element
with newly synthesized copy

P /L
I wdla

P vy e P

populations (Kivasu and KioweLL 1984; Goop et al. 1989; Preston and ENGELs 1989;
EncEeLs 1992; MEeisTer and GRIGLIATTI 1993).

In the remaining 15% of repair events in which the sister chromatid is not
used, the template can be either the homologous chromosome or an ectopic
sequence, such as a transgene (ENnceLs etal. 1990; Groor etal. 1991). The
homolog is used preferentially in such cases, especially if it contains a P element
or a fragment of a P element at the site corresponding to the break (JOHNSON-
ScHumz and EngeLs 1993). The tendency to copy from a P-bearing template might
account for some of the preferential use of the sister chromatid, which necessar-
ily contains a P element at the site. There is high sensitivity to mismatches
between the sequence flanking the break and the template. Even 0.5% mis-
matches is sufficient to decrease the rate of repair threefold (NassiF and ENGELS
1993). Templates located on the same chromosome as the break are also used
preferentially, even if the template lies on the opposite end of the chromosome
(ENGELS et al. 1994).

Various types of imprecise excision can be attributed to aberrant repair. The
most frequent such events are internal deletions resulting in structures similar to
the nonautonomous P elements shown in Fig. 1. Breakpoints commonly occur
at direct repeats of three or more base pairs, resulting in loss of one copy and the
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intervening sequence (O'Hare and RusiN 1983; EnceLs 1989; EccLEsToN 1990).
When longer direct repeats are present, the frequency is greatly increased
(Paaues and WEeanEz 1993). The most frequent kind of internal deletion leaves only
10-20 bp from each terminus, resulting in a nonmobile "footprint® (SEARLES et al.
1982; Takasu-Ishikawa et al. 1992; JoHNsoN-ScHuTz and Engels 1993). The term
‘internal deletion” might be a misnomer, since the events are probably due to a
complete deletion of the P element, followed by incomplete gap filling from the
sister chromatid (GLoor et al. 1991). This interpretation is strengthened by the
observation that when the P element resides on an extrachromosomal plasmid, and
therefore lacks a sister chromatid for a template, the resulting footprints rarely
contain more than 4 bp from each terminus (O’BrocHTa et al. 1991). The four or
fewer bases that remain from each end could be explained if excision occurs by a
staggered cut. Finally, imprecise P excisions that remove flanking DNA (SaLz et al.
1987) can also be interpreted as aberrant repair events by assuming the gap left by
a P-element excision can be subsequently widened to varying degrees.

5 Regulation of P Element Mobility

P elements are not normally mobile in somatic cells, and their germline mobility
does not occur within P strains. These two restrictions come about by different
mechanisms.

5.1 Tissue Specificity

Repression of P-element transposition in somatic cells occurs on the level of RNA
processing (Laski et al. 1986). The 2-3 intron (Fig.1) is spliced only in the germ
cells, resulting in the absence of transposase in somatic cells. Splicing of this
intron is prevented in the somatic cells by a 97-kD protein that binds to a site in
exon 2 located 12-31 bases from the 5'splice site (SieseL and Rio 1990; CHAIN
etal. 1991; Tseng et al. 1991). When the 2-3 intron is removed artificially, the
resulting transposase gene, designated A2-3, produces functional transposase in
both somatic and germline cells, and P elements are mobile in all tissues (Laski
et al. 1986). This mobility results in pupal lethality if several mobile P elements
are also present (ENGELs et al. 1987), especially in a DNA repair-deficient back-
ground (Banea et al. 1991).

5.2 Cytotype and Repressors

The quiescent state of P elements within established P strains is best attributed
to element-encoded repressor products. These repressors fall into at least two
discrete categories, designated type | and type Il.
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5.2.1 Type-l Repressor

As noted earlier, P elements are repressed not only within P strains, but also in
the hybrids of PQ x MG crosses. They are not repressed in hybrids from the
reciprocal cross (KipweLL et al. 1977), suggesting that repressor products in the
P-strain germline can be inherited maternally. Interestingly, this effect goes
beyond simple, maternal inheritance. Progeny from the cross MPQ x P3 show
more P mobility than those from the cross PMQx PG (EnceLs 1979d), where "MP"
and "PM" represent the two reciprocal F, hybrids with the female component
shown first. Thus, the repressed state, called the P cytotype, is jointly determined
by chromosomal and maternal components. One explanation proposed for this
unusual inheritance was that the repressor-making P elements in the MP hybrids
are more likely to be excised than those of the PM hybrids (Misra and Rio 1990;
Misra et al. 1993). However, that explanation was ruled out by the finding that a
single repressor-producing P element was sufficient for this mode of inheritance
(Ronsseray et al. 1993). An alternative model (LemaitrRe et al. 1993), involving
differential splicing of the same intron that is involved in tissue-specific regulation,
provides an adequate explanation for available data and will be discussed further
below.

Various lines of evidence indicate that the 66-kD truncated protein that is
made when the 2-3 intron is unspliced functions as a repressor of P mobility (Rio
etal. 1986; Misra and Rio 1990; GLoor et al. 1993; HanpLeEr et al. 1993; Misra
et al. 1993). Several other truncated transposase molecules with breakpoints in
slightly different places can also function in this way (Rosertson and ENGELs 1989;
GLoor et al. 1993). Fine-structure deletion mapping revealed that the minimal 3'
boundary for this kind of repressor was between nucleotides 1950 and 1956 of
the P-element sequence (GLoor et al. 1993). These repressors are designated
type | to distinguish them from a class of much smaller truncated transposase
proteins called type II, discussed below.

The use of a reporter gene fused to the P element's transposase promoter
showed that this repression acted on the level of transcription (LemATRe and Coen
1991; Lemartre et al. 1993). This effect also provided an explanation for several
observations that P repressors affected expression of genes neighboring P-ele-
ment insertion sites (ENceLs 1979; WiLuams et al. 1988; Rosertson and ENGELS
1989; Coen 1990; GLoor et al. 1993). Finally, the transcriptional regulation re-
vealed by the reporter gene showed a maternal effect in the germline but not in
somatic cells (LemaITRE et al. 1993).

These observations led LemarTre et al. (1993) to propose a model in which
the 97-kD protein previously shown to prevent splicing of the 2-3 intron in
somatic cells was also present germinally, but in much reduced quantities. Thus,
in the P cytotype, transcription of the transposase message is relatively low, and
the available germline splice blocker is sufficient to ensure that only a 66-kD
product is made. This 66-kD product serves as a transcriptional repressor in the
germline to perpetuate the P cytotype through the female lineage as long as
there are sufficient repressor-producing P elements on the chromosomes. In
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the M cytotype, the level of expression is increased sufficiently to overwhelm
the splice-blocking agent in the germline, and functional 87-kD transposase is
made. This model requires a nonlinear relationship between transcript level and
the ratio of 66-kD to 87-kD products in order to explain the maintenance of M
cytotype.

5.2.2 Type-ll Repressor Elements

The number of distinct nonautonomous P elements in nature is so large that few
have been observed in more than one population (O'Hare and Rusin 1983; O'HaRe
etal. 1992). The first and most conspicuous exception to this rule is the KP
element, which is very common worldwide (Brack et al. 1987). It was therefore
suggested that KP elements might function as P-element repressors and thus be
favored by natural selection (Biack et al. 1987; Jackson et al. 1988). This possibil-
ity was verified when KP elements were isolated genetically and tested for
repressor (Rasmusson et al. 1993). KP elements did not fit the paradigm of type-|
elements for two reasons: First, they had a deletion for nucleotides 808-2560
(Fig. 1.), and thus lacked the minimal sequence previously shown to be required
for type-l repressors (GLoor et al. 1993). Second, the repression in KP lines
showed none of the maternal inheritance associated with cytotype (RAYMOND
et al. 1991; Rasmusson et al. 1993). This lack of maternal inheritance is expected
under the splice-blocking model of cytotype described above, because the 2-3
intron is not present in KP elements.

It soon became clear that KP was not the only othér element of this kind. The
D50 element had similar repressor properties but slightly different deletion end-
points (Rasmusson et al. 1993). To date, five such elements, designated type-I|
repressor-makers, have been identified, at least four of which are geographically
widespread (C. Preston, G. Gloor and W. Engels, unpublished). All have large
deletions whose endpoints are similar (within 300 bp) to the KP deletion end-
points. A base substitution at either nucleotide position 32 or 33 is also presentin
most type-Il repressors.

It is not known whether type-Il regulation works by the same mechanism as
type |, but they do share several features in common. Type-Il regulation probably
also acts on the level of transcription, since the elements can reduce the
expression of a reporter gene fused to the P promoter (LEMAITRE et al. 1993), and
they display the secondary effects on expression of genes closely linked to P
insertions (C. Preston and W. Engels, unpublished). For both types there is a
pronounced position effect, such that the ability of the element to function as a
repressor is highly sensitive to its genomic insertion site (RoBerTSON and ENGELS
1989: Ronsseray et al. 1991; HicueT etal. 1992; GLoor etal. 1993; Misra et al.
1993).
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6 P Elements as Molecular Biological Tools

Drosophila has long been a favorite organism for genetic and developmental
research, but it was largely through the use of P elements that the powerful tools
of molecular biology were fully employed. P elements are used for identifying
genes of interest, for cloning them, and for placing them back into the genome.
There are several key features of P-element biology that make them especially
well suited for those roles. The existence of M strains allows experimenters to
create stocks containing only selected P elements. Transposase can easily be
added or removed genetically. The high mobility of P elements and their reten-
tion of this mobility despite drastic modifications to their internal sequences are
also essential features. Most recently, the double-strand DNA breaks created by
P-element excision have been used to effect gene replacement and to study the
repair process.

6.1 Mutagenesis

Abasic problem in genetics has long been how to obtain molecular information for
a gene known only by the phenotype of its mutations. The reverse problem,
obtaining mutations in a gene known only by its DNA sequence, is also becoming
increasingly common. Oddly enough, both problems often have the same solu-
tion for Drosophila geneticists: obtain a P-element insertion into the gene. In the
former case, the P insertion allows cloning by transposon tagging (BingHam et al.
1982; SEARLES et al. 1982), and in the latter, P-element insertion mutations can be
selected by PCR-based methods without knowledge of the phenotype (see
below). For these reasons, the search for P element, insertion mutations engages
much of the effort of Drosophila workers, regardless of their particular biological
focus (KipweLL 1986).

The most efficient approach to P-element mutagenesis utilizes an immobile
copy of the transposase gene combined with one or more, mobile, but nonauto-
nomous, P elements to serve as "ammunition”. The Plry* A2-3](99B) element is
an example of an immobile transposase source that has been widely used for
P mutagenesis (Rosertson et al. 1988). Its transposase gene lacks the 2-3
intron, thus precluding the production of any 66-kD protein, which, as discussed
above, functions as a repressor. This element cannot transpose due to a deletion
of one of its termini (H. Robertson, personal communication). A cross with the
transposase source coming from one parent and the ammunition elements from
the other yields progeny in whose germ cells mutagenesis occurs. The trans-
posase source is then eliminated by segregation in the next generation to stabilize
any mutations obtained.

There are two general strategies in the selection of ammunition elements. One
is to use a chromosome carrying as many highly mobile elements as possible, such
as the Birm2 chromosome (ENGELs et al. 1987; RoBerTson et al. 1988), which has



P Elements in Drosophila 115

17 small nonautonomous P elements from nature. This approach maximizes the
likelihood of obtaining the desired mutation, but it is often laborious to isolate the
mutation from rest of the P elements in the genome. Alternatively, one can use a
smaller number of artificially constructed P elements (CooLey etal. 1988). This
method usually requires a larger screen, but any mutation obtained is easier to
isolate, especially if the ammunition element(s) carries a bacterial origin of replica-
tion and selectable marker to permit cloning by plasmid rescue.

PCR can be employed to screen for P insertions if no phenotypic screen is
available but the target gene has been cloned. DNA is extracted from a pool of
potential mutants and amplified with one primer in the P-element sequence and
an other in the targeted DNA. A P-element insertion close to the targeted site is
required to bring sites for these two primers together and yield amplification
BaLuinger and Benzer 1989; Kaiser and Gooowin 1990). The target of this approach
is necessarily small, because PCR cannot amplify more than a few kilobases. An
alternative approach that permits a much larger target is provided by inverse PCR
(SenTrY and Kaiser 1994). Here, the two primers are both within the P-element
sequence, but directed away from other. Amplification can occur when the newly
inserted P element, along with some of the flanking DNA, is circularized following
digestion with a restriction enzyme and ligation (OcHman et al. 1988). DNA
amplified in this way from a pool of potential mutants can then be probed with
target DNA of arbitrary length, and insertion mutations can be identified.

Once a P insertion has been obtained in or near the gene of interest,
additional genetic variability can be generated readily by the reintroduction of
transposase. Internal deletions or flanking deletions can be selected (TsusoTa and
ScHepL 1986; SaLz et al. 1987). In some cases, transposase can catalyze an event
in which one P element in the genome is substituted for another P element
elsewhere in the genome by an unknown mechanism (STaveLey et al. 1994). This
process can be useful for putting a reporter gene into a specific site.

6.2 P-Element-mediated Transformation

The most important use of P elements is undoubtedly that of making transgenic
flies (RusiNn and SPrRaDLING 1982; SPrADLING and RusiN 1982). The gene of interest is
placed between P-element ends, usually within a plasmid, and injected into pre-
blastoderm embryos in the presence of transposase. This P element, with the
gene as cargo, then transposes from the plasmid to a random chromosomal site.
Technical aspects of the method have been described elsewhere (SPRADLING
1986; AsHBURNER 1989b). In a typical experiment, 10-20% of the fertile injected
flies produce transformant progeny.

The P element may also carry a second gene used to identify transformants.
The frequency of transformation is usually sufficiently great that a visible marker,
such as an eye-color gene (Rusin and SprabLING 1982; PIrrROTTA 1988), is more
efficient than a selectable marker, such as neomycin resistance. The size of the
inserted sequence can exceed 40 kb (HaenLIn et al. 1985), but such large vectors
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come at a cost of decreased transformation frequency. In some cases, the
sequence carried by the P element can influence the transformation rate
(SpraDLING 1986) or the insertion site specificity (Kassis et al. 1992).

There are several options for providing transposase to the injected DNA. One
way is to bind purified transposase protein to the element prior to injection
(Kaurman and Rio 1992). However, the difficulty in obtaining transposase in
sufficient quantities usually makes this method impractical. Alternatively, one can
co-inject a transposase-making "helper" plasmid, preferably one that is unable to
integrate into the chromosomes itself (Karess and Rugin 1984). A third approach is
to inject directly into embryos that have an endogenous transposase source, such
as the Plry® A2-3](99B) element mentioned previously (RoBERTSON et al. 1988).
The transposase-bearing chromosome can be marked with a dominant mutation,
and stable transformants lacking the transposase gene are then selected among
the progeny. This procedure is probably more efficient than co-injection, since it
does not require the embryonic nuclei to take up two independent plasmids.

6.3 Enhancer Trapping

P-element mobility also provides a way to sample the genome for loci whose
expression matches a particular pattern (O'Kane and GeHRING 1987). A JacZ
reporter gene is fused to a weak promoter and mobilized within a P element to
produce a collection of Drosophila lines, each with a single insertion of the
‘enhancer trap" element at a random site, The expression pattern of /acZ in each
line tends to reflect the expression of nearby genes. Thus, one can identify genes
that are active in specific tissues and developmental periods. The power of this
technique increases rapidly with time, as large collections of enhancer-trap lines
become available (eg., HARTENSTEIN and Jan 1992), thus eliminating the need for
each worker to produce a new collection.

6.4 P Vectors for Transgene Expression

Several P-element vectors are available to facilitate expression of a given gene in
a particular tissue through fusion of the gene to a specific promoter. For example,
one set of vectors includes a promoter for strong expression in the developing
egg and early embryo (SErRaNO et al. 1994). A particularly versatile system em-
ploys a two-element combination to allow a given gene to be expressed in any of
a wide variety of patterns (Branp and Perrivon 1993). One element in this
combination is similar to the enhancer-trap construct discussed above, except
that the reporter gene is the yeast transcriptional activator, GAL4. The second
element carries the gene of interest driven by a promoter containing GAL4-
binding sites. The gene is then activated only in the cells where GAL4 is
expressed. Thus, the expression of the gene of interest depends on the insertion
site of the P[GAL4] element.
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6.5 Vectors for Site-specific Recombination

Another yeast system that has proven useful in Drosophila is the FLP site-specific
recombinase and its target site, FRT (Gouic and LinbouisT 1989). This system is
particularly useful for generating mosaics. One P-element carries the FLP re-
combinase gene driven by a heat-shock promoter, and a second element has a
gene with two FRT sites embedded. When heat shock is applied to such flies,
FLP-mediated recombination causes somatic loss of the gene carrying FRT sites.
More recently, FLP has been used to generate somatic mosaics with sectors
homozygous for an entire chromosome arm (Xu and Rusin 1993). A homozygous
P element near the base of achromosome arm and bearing an FRT site undergoes
mitotic recombination when FLP is expressed. The result is a somatic sector that
is homozygous for all genes distal to the FRT-bearing P element. Such sectors can
be identified by absence of a cell-autonomous marker on one of the homologs.
This method allows identification and analysis of genes that are lethal when
homozygous in the whole organism.

6.6 Gene Replacement

With P-element-mediated transformation, as described above, the researcher has
no control over where in the genome the construct goes. In many instances,
however, whatis needed is to replace genes in situ. For example, some genes are
too large to manipulate in vitro and return to the genome by transformation.
Others are too sensitive to position effects. In addition, some genes have no null
alleles to provide a suitable background to test transgenes.

To achieve gene replacement, Drosophila geneticists can make use of
P-induced double-strand breaks (GLoor et al. 1991). The method requires con-
struction of an altered version of the gene which will be used as the template for
gap repair. This construct must contain the sequences flanking the P insertion
site. As discussed earlier, the gaps produced by P-element excision are usually
repaired by copying in sequences from the sister strand (Fig. 3). However, in
approximately 15% of the cases, the homolog or an ectopic sequence can provide
the template (EnGeLs et al. 1990). This method has been tested most extensively
in the white gene, where hundreds of gene replacement events have been
analyzed, but it has also been used successfully at forked (D. Lankenau, V. Corces,
unpublished) and at least two other loci (PapouLas et al. 1994). The frequencies of
gene replacement measured with white were dependent on the genomic position
of the template, averaging 1% for autosomal sites (GLoor et al. 1991) and 6% for
X-linked sites (EnGELs et al. 1994). Extrachromosomal templates have also been
used (G. Gloor, personal communication; Banga and Boyp 1992; PapoulLas et al.
1994). Insertions and deletions could be copied into the gap just as efficiently as
single base-pair changes (JOHNSON-ScHLITZ and ENGELs 1993; NassiF et al. 1994).

The primary limitation of this technigque is its requirement for a P insertion
close to the site being modified. A site within 8 bp of the P insertion in white was
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replaced in close to 100% of the gene replacement events, but one 2 kb away
was replaced less than 10% of the time. To a good approximation, the replace-
ment frequency of a site n bp away from the P insertion was 0.99855", expressed
as a proportion of the gap-repair events (GLoor et al. 1991). Therefore, the
P-mutagenesis techniques discussed above, especially the PCR-based screens
(BaLuinGer and Benzer 1989; Kaiser and GoobwiN 1990; SenTry and Kaiser 1994), are
particularly valuable as preliminarily steps toward gene replacement.

7 Conclusions

P elements are relative newcomers in the Drosophila melanogaster genome,
probably arriving through a horizontal transfer eventless than 200 years ago. Their
invasion of the genome was almost certainly harmful to the species, lowering the
average fitness throughout natural populations. However, P elements have
undoubtedly enhanced the fitness of Drosophila geneticists, forming the basis for
a variety of techniques that have become essential to most current research with
this species.

Acknowledgment. Christine R. Preston provided many comments and suggestions in preparation of
this review.
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1 Introduction

In many animals the main cause of mutations is transposon insertion. This is
true, e.g., for strains of the nematode species C. elegans. Itis not true for humans,
where only relatively few cases have been reported of germline mutations
caused by new transposon insertions, and where base-pair substitutions, frame-
shifts, and errors in replication of nucleotide repeats are more common
(Domeroski et al. 1991, 1993; Caskey et al. 1992). Caenorhabditis elegans is a
free-living nematode that can be found in the soil anywhere in the world. All
C. elegans strains analyzed to date contain several copies of the transposable
element Tc1 (Transposon C. elegans number 1) (EmMons et al. 1980, 1983; Liao
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et al. 1983). Insertion of Tc1 is the main cause of gene inactivation in the strain
Bergerac (Moerman and WAaTERsTON 1984; Eipe and Anperson 1985). Since discov-
ery of the Tc1 element, related elements have been found in the same species,
and elements discovered in other species were also found to be homologous to
Tc1. The best-described example is the mariner element, discovered in
Drosophila mauritiana (JacossoN et al. 1986; HARTL 1989). At present it seems that
members of the Tc1/mariner transposon family are found in virtually all animal
phyla: vertebrates (Henikorr 1992; HeierHoRsT et al. 1992; Goobier and Davibson
1994; Rapice et al. 1994), nematodes (CoLuns et al. 1989; Asab etal. 1991;
Prasap et al. 1991; Sepensky et al. 1994), arthropods (RoBertson 1993, 1994;
Harris et al. 1988; Henikorr and PLasterk 1988; BrieRLEY and PoTTer 1985; HARTL
1989: Harris et al. 1990; Garcia-FERNANDEZ et al. 1993; Rosertson et al. 1992;
Caizzi et al. 1993; Franz and Savakis 1991; BicoT et al. 1994; Franz et al. 1994;
Brezinsky etal. 1990), planarians (Capy etal. 1994), ciliates (Tausta and
KLosuTcHER 1989; WiLLiams et al. 1993), and even fungi (DaBoussi et al. 1992). A
recent alignment of the elements is in RoserTson (1995).

This review will focus primarily on the mechanism of transposition of these
elements. Other aspects will not be covered at length, and readers are referred to
the reviews mentioned: very good reviews of the knowledge on Tc1 accumulated
up to 1989 are in Moerman and Warterston (1989) and Herman and SHaw (1987);
evolutionary considerations are described in KipwelL (1993), Garcia-FERNANDEZ
etal. (1993), HursT et al. (1992), Maruyama and HartL (1993) and Rabice et al.
(1994); the discovery of Tc1 is described in ANDERSON et al. (1992); the use of Tc1
for reverse genetics in PLasTerk (1992); and the mariner element is reviewed in
HartL (1989). Other transposons of C. elegans (such as the Tc2, Tc4, and Tcb
elements that also have long terminal inverted repeats), are beyond the scope of
this review (Levitt and Emmons 1989; Yuan et al. 1991; RuvoLvo et al. 1992; Liand
SHaw 1993; CoLLins and ANDERSON 1994).

2 The Structure of Tc1-like Elements: Inverted Repeats

In the remainder of this chapter | will focus predominantly on the two related
members of the Tc1/mariner transposon family that have been studied in most
detail: Tc1 and Tc3 of C. elegans. The structures of Tc1 and Tc3 are shown in
Fig. 1 (Rosenzweic et al. 1983; CoLLins et al. 1989). The elements have inverted
repeats that are almost perfect and contain one gene. The correct exon-
intron boundaries of Tc1A were not immediately apparent from the sequence
(RosenzwEiG et al. 1983; Asab et al. 1993; ScHukkiNk and PLasTterk 1990) and could
not be determined experimentally due to the relatively high transposon copy
number, but with the aid of alignment with a C. briggsae homolog (Prasap et al.
1991) it was possible to make a guess that was confirmed experimentally (Vos
etal. 1993; Van Luenen et al. 1993). Note that the names of the encoded
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IR iR
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v >
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Fig. 1. Structure of the Tc1 and Tc3 elements. Black blocks indicate the terminal inverted repeats,
arrows the intron-exon structure of the Tc1A and Tc3A genes

transposases follow the nomenclature for transposases of other transposable
elements, rather than the nomenclature for genes in the nematode C. elegans.

Like several other transposable elements and repetitive DNA sequences, the
Tc elements have virtually perfect inverted repeats. The function of these inverted
repeats is not clear. If they had no function, one would expect the sequences to
have drifted apart in evolution. One explanation may be that, somehow, the left
end knows what the right end does, and that at some step in the element’s life
cycle base pairing is needed between the two ends. The success of the trans-
poson replication might then depend on the capacity for (almost) perfect base
pairing between these sequences, which would provide the selective pressure to
keep them identical. Given what is known about the mechanism of transposition
of other transposable elements, and of Tc1/Tc3 (see below), base pairing
between strands from opposite transposon ends seems rather exotic.

A second possible explanation also depends on probing of similarity by base
pairing, but now in MRNA. The explanation is suggested by the observation made
by RusHFoRTH et al. (1993) that in some cases Tc1 sequences can be reasonably
efficiently removed from exons in mMRNA by aberrant splicing. They noticed that
insertions in exons of the myo-3 gene had no apparent phenotype. When they
subsequently isolatea deletion derivatives of these insertion alleles they found
that these had a clear phenotype, and they had to conclude that the insertions had
not inactivated gene function. They were able to demonstrate the presence of an
encoded protein in these insertion mutant animals. Amplification and sequence
analysis of the mRNA revealed that the transposon is spliced out in an im-
precise fashion. The splice sites do not resemble the consensus sequence
(T.E. Blumenthal, personal communication). An explanation of this unusual splic-
ing phenomenon may be that the inverted repeats of Tc1 snap back in RNA and
thus force the splice apparatus to excise the transposon, using the best splice
sequence around. This would result in a strong selective pressure: like any
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successful parasite, Tc1 would do well to minimize its damage to the host; this
could be achieved by removal of Tc1 sequences from mRNAs of host genes.

A guestion that is hard to answer by the first two explanations above is why
the terminal inverted repeats of, for instance, Tc1 and Tc3 are of such different
length (54 versus 462 bp). No explanation that involves a function for the inverted
repeats can easily account for these length differences: what would be the
selective pressure to keep 462 bp identical for Tc3 if 54 bp suffice for Tc1?

There is a third explanation, i.e., that the virtually perfect inverted repeats serve
no function for either transposon replication or host survival and are mere witnesses
to the recent origin of these transposable elements. What pleads against this
explanation is that the members of the Tc1/mariner family of transposons have
terminal inverted repeats that share very little sequence similarity between family
members but are nevertheless virtually perfect within each element.

3 The Transposase Proteins of Tc1 and Tc3

Figure 1 shows the Tc1A and Tc3A genes. The coding sequences are interrupted
by small introns, at different positions in the two transposase genes. That these
genes encode transposases is concluded primarily from the following experi-
ment: the Bristol N2 strain contains approximately 15 copies of the Tc3 element
(CoLuins et al. 1989), but no transposition of Tc3 has been observed in the
germline of Bristol N2 (CoLuns et al. 1989) or inthe soma (Van LUENEN et al. 1993).
However, when Tc3 transposase expression is induced with a heat-shock promo-
ter in a transgenic strain, then the endogenous Tc3 elements move (VAN LUENEN
et al. 1993). This leads to two conclusions: Tc3A is needed for Tc3 transposition,
and it is probably the only factor lacking in the Bristol strain. Does TcA mobilize Tc
elements through direct action, or does it induce activation of some other factor?
Strong support for a direct role of TcA comes from the observation that Tc1A and
Tc3A bind specifically to regions within the transposon close to transposon DNA
ends (see below).

A second argument for a direct role in catalysis comes from the alignment of
TcA to transposases of other elements. The integrases of retroelements and
transposases of bacterial IS elements show sequence similarity, most notably in
a motif referred to as the DD(35) E motif (KuLkosky et al. 1992; FaveT et al. 1990).
Mutational analysis has shown that these residues are essential for transposase
function. Recently, Doak et al. (1994) published a weak but potentially significant
alignment between these transposases and those of the Tc1/mariner family. To
test this hypothesis, Van LUENEN et al. (1994) recently made point mutations in
these DDE residues and in some other D and E positions in Tc3A and tested their
action in vivo. They found that mutations in the DDE motif, but not in two other
positions, completely inactivated the ability of Tc3A to mediate Tc3 transposition.
This does not prove the significance of the observed similarity with retrovival
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integrases and IS transposases, but it at least supports it. Obviously, these
experiments furthur argue for the fact that TcA is the protein directly mediating
transposition, and for all practical purposes we may consider TcA the transposase
protein.

To mediate transposition, TcA would need to bind transposon ends and
probably also target DNA. Analysis of truncated transposases produced in
Escherichia coli reveals that Tc1A and Tc3A each contain two DNA-binding
domains: an N-terminal sequence-specific DNA-binding domain (amino acids
1-69 for Tc1A and 1-65 for Tc3A) and a second general DNA-binding domain
{amino acids 71-207 for Tc1A and 98-192 for Tc3A). The general DNA-binding
domain was recognized by South Western blotting (ScHukkink and PuasTerk 1990;
Vos et al. 1993). It overlaps with the area of the DD(35)E motif described above
(see Fig. 2). The binding of the N-terminal transposase domains to transposon
DNA termini has been studied in some detail: bandshift, DNase-| footprinting, and
methylation interference experiments reveal that the transposase can bind to a
region of approximately 20 bp close to the transposon termini. Tc3 transposase
specifically binds a second sequence in each terminal inverted repeat (see Fig. 3)
(CoLLoms et al. 1994). Interestingly, the terminal 4 nucleotides, the only ones
conserved between Tc1 and Tc3 ends and largely conserved in the whole

Fig. 2. Linear representation of the Tc3A protein. As described in the text, shaded areas represent
DNA-binding domains. The N-terminal 65 amino acids can bind specifically to the termini of the
transposon; the general DNA-binding domain shows no specificity in its DNA binding. The two aspartic
acids and one glutamic acid of the "DDE" motif are indicated

IR IR
462 bp 462 bp
| ] 2335 bp
= - -
Tc3 end 1 TACAGTGTGGGAAAGTTCTATAGGACCCCCCCTAATTTGAAG a4

Tc3 internal 1 TCCAGTGT(; AAACIIC[AIAG(:ACCCCCCG’I TTTTTTTCA 217

Fig. 3. Tc3A-binding sites in the Tc3 DNA. Arrows indicate the binding sites for Tc3A. The two sites
are shown aligned, with dots indicating identity. It is clear that the two binding sites are of similar
sequence
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Tc1/mariner family, are not necessary for specific binding and are not completely
protected against DNAse | (Vos and PLasterk 1994). As might be expected on the
basis of the dissimilarity between Tc1 and Tc3 transposon ends, the Tc1A
transposase does not bind Tc3 DNA, and vice versa. This provides sufficient
explanation why Tc1A overproduction in vivo does not mobilize Tc3 elements,
and vice versa (Vos et al. 1993; Van LUeNeN et al.1993).

The properties of purified recombinant Tc1A transposase have recently been
studied in some detail (Vos and PLasterk 1994). interaction of different deletion
derivatives of Tc1A with different mutant transposon end sequences revealed
that the N-terminal DNA-binding domain is bipartite. The region of amino acids
1-68 of Tc1A specifically binds to a region 12-26 bp from the Tc1 ends, whereas
additional specificity for recognition of base pairs 8-13 determined by the Tc1A
region between amino acids 68 and 142. The purified transposase exhibits
endonuclease activity and can cut a Tc1 transposon 5' end precisely at the
position where it is thought to cut in vivo. Double-strand DNA cutting has not yet
been observed, which may indicate that other factors are required for the
complete excision reaction. A point mutation in the DDE motif abolishes the
endonucleolytic activity.

4 cis Requirements for Transposition

In the previous paragraph | have described the trans-acting factor encoded by the
transposon that is required for transposition. The cis requirements, the se-
guences at the transposon ends minimally required for transposition, are not yet
fully defined. To date, the only analysis has been done for the Tc3 element (Van
Luenen et al., in preparation).

Deletion analysis of Tc3 transposon ends has not been carried to the limits,
but it is already clear that the 462 bp terminal inverted repeat sequences are, for
the most part, not necessary for transposition. Deletions from the inside of the
transposon that remove all but the terminal 94 bp result in reduced but measur-
able jumping of the element (Van Luenen et al., in preparation). It may be noted
that these deletions remove a second transposase binding site virtually identical
in sequence to the transposon binding site at positions 5-25 from the transposon
terminus (Fig. 3). This second transposase binding site maps approximately
180 bp from the transposon end. ’

Whereas the transposase binding sites are relatively nonconserved between
several members of the Tc1/mariner transposon family, the terminal 4 bp are
strongly conserved (Henikorr 1992; RapicE et al. 1994). All elements integrate into
the target sequence TA, which is duplicated upon integration (see below).
Therefore, all of these elements are flanked by TA sequences, and one can ask to
what extent these are essential for subsequent excision and furthur transposition
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of the element. To address this question, Van LUENEN et al. (1994) recently
mutated the flanking TA sequences of Tc3 into GC sequences. They found that
this did not affect transposition of the element: the element still excised and
transposed at apparently normal frequencies and reintegrated into the target
sequence TA.

5 Excision of Tc Elements

Induction of Tc3 transposition is accompanied by the appearance of extra-
chromosomal linear copies of Tc3 DNA (Van Luenen et al. 1993). Linear extra-
chromosomal Tc1 has also been observed (Ruan and Emmons 1984). These are
likely intermediates in the transposition reaction. The structure of the ends of the
DNA of excised Tc3 has recently been determined (VAN LUENEN et al. 1994). It is
shown in Fig. 4. The structure of the excised element indicates where these
double-strand breaks occur: at the 3' ends of the transposon DNA a nick is made
precisely between the transposon and the flanking TA sequence, leaving a 3'OH
at the transposon ends, and at the 5' ends the cuts are made two nucleotides
inside of the transposon end, with the result that two nucleotides of each
transposon end are left at the donor site. In agreement with this, it has been found
that the most common footprints (MoermMAN and WATERSTON 1989), presumably
resulting from repair of the double-strand break left after Tc excision, are of the
sequence TACATA; these can now easily be explained by the structure of
the donor site after transposon excision. Similar footprints have been seen for the
mariner element, where the preferred footprints seems to be TACCATA (Brvan
etal. 1990). This would suggest that the excision of mariner proceeds with a
three nucleotide stagger. No information is available on the structure of the ends
of excised linear mariner DNA to confirm this hypothesis.

Although circular excised versions of Tc1 have been detected (Ruan and
EmMmoNns 1984; Rose and SnutcH 1984; Rabice and Emmons 1993), it is likely (though
not certain) that these are by products of the transposition reaction rather than
intermediates.

The biochemical evidence for double-strand breaks initiating Tc transposition
is in agreement with previous genetic experiments showing that transposon loss
is associated with double-strand break repair at the donor locus (PLasTerk 1991;
PLasTerk and Groenen 1992). Precise loss of the Tc1 transposon depends upon the
presence of a wild-type sequence on the homologous chromosome, as has been
found for the P element of Drosophila (EnGLEs et al. 1990). Homozygous trans-
poson alleles therefore revert only infrequently, and if they revert, the reversion is
hardly ever precise, but instead shows characteristic transposon 'footprints”
(see Fig. 5). Apparently the repair process is not always precise, and a genetic
selection that recognizes the rare cases of imperfect DSB repair will visualize
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Fig. 4. Model for Tc3/Tc1 transposition. It is based primarily on experiments with Te3 but probably
applies to Tc1 and to the other members of the Tc1/mariner family. The TA base pairs flanking the
element are shaded dark, the element itself is shaded, and its terminal base pairs are drawn. Black
arrows are DNA breaks. The excised transposon can reintegrate, presumably by single nucleophilic
attacks on phosphodiester bonds flanking TA base pairs. The resulting integrated element is flanked
by four nucleotide single-strand gaps that can be repaired subsequently. One common possibility for
repair of the broken donor DNA is drawn here, but others are also found. In this case, two nucleotides
from one of the 3' protruding ends are removed, the ends are joined, and gaps and breaks are repaired.
See text and literature for more detailed discussion. (From VAN LUENEN et al. 1994)

such footprints. It was shown (PLasTerk and GROENEN 1992) that also an ectopic
transgenic template could be used for DSB repair. Note that this provides a way
of introducing specific point mutations into the C. elegans genome.

Interestingly, the most common Tc1 footprint, an insertion of 4 bp compared
with the sequence before Tc1 integration, can be part of a sequence with
reasonable resemblance to the consensus 5' splice site in C. elegans (Carr and
ANDERSON 1994). One may speculate that a Tc1 “visitation" thus helps the host
organism to new splicing possibilities. The long-term selective advantage for the
host is impossible to evaluate; it would be interesting to find natural pedigrees of
strains without a transposon at a locus and strains that have undergone a Tc1
visitation and gained a new functional 5' splice site.
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Fig. 5. Double-strand break repair following Tc1 excision. The two homologs of a dipoid cell are
shown, each carrying the same Tc1 allele. One of the Tc1 elements excises, and can reintegrate
somewhere else in the genome. The donor site is left with a double-strand break. One of the
possibilities for repair is templated break repair, using the homologous chromosome as template. If
that occurs, a new copy of the transposon is copied into the broken chromosome {Open box). In rare
cases the repair may be imprecise, resulting in a “footprint" (Small box). If one selects for loss of the
transposon, then all cases of complete repair will go unnoticed and only (some of) the footprints will
be found. For further discussion see the text and the literature mentioned

6 A Model for Tc Transposition

The Tc1 element, and all family members analyzed to date, integrate into the
sequence TA (first noticed by Rosenzweig et al. (1983)). Initially it was not clear
whether the TA sequences were duplicated upon integration; an alternative
explanation is that the inverted repeats of the Tc1 transposon have A and T at the
terminal positions, so that a blunt cut at the target TA base pairs, followed by
transposon insertion, would result in TA sequences at each transposon end. The
experiment mentioned above, wherein transposition of a donor transposon
flanked by GC sequences was monitored, disproved this alternative explanation
and therefore leads to the conclusion that the TA sequences at the transposon
ends are indeed the result of target duplication. This is in agreement with the
structure of the excised Tc3 element (VAN LUENEN et al. 1994). Figure 4 shows a
model for Tc3 transposition that incorporates the features described above. The
element is excised by staggered double-strand breaks at the transposon ends,
the excised transposon DNA with attached proteins finds a new target, and
integration occurs through nucleophilic attacks of the 3' OH groups onto stag-
gered phosphodiester bonds flanking the target TA base pairs. The primary
product of this strand transfer has four nucleotide single-strand regions at each
transposon end, which are thought to be repaired by host enzymes.
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It is likely that this model, based on analysis of the Tc3 transposon, is equally
applicable to Tc1 and other members of the Tc1/mariner family. The conservation
of the overall structure of these elements, the precise conservation of the most
terminal nucleotides of the transposons, the common requirements for TA
sequences at the target that are duplicated, and the sequence similarity through-
out the transposase genes all point to an identical transposition mechanism for
this large family of elements.

7 Target Choice

The analysis of a limited number of germline insertions of Tc1 has led to the
proposition of a consensus sequence for Tc1 integration (Mori et al. 1988; Eibe
and ANDERSON 1988). Our recent analysis (VAN LUENEN and PLasTerk 1994) of the
target choice within a small (approximately 1000 bp) area of the genome has lent
further support to the notion that not all TA sequences are equally hot targets. One
TA sequence may be hit 20 times more often than another that is only a few base
pairs removed. Hot and cold sites do not seem to be regionally clustered or
regularly spaced. The target choice of the related elements Tc1 and Tc3 is
different, but the target choice seems to be the same for both orientations of the
transposon. Alignment of the hot sites and the cold sites does not lead to a clear
consensus sequence that has obvious predictive value, but, on the other hand, it
seems likely that the primary sequence of the positions immediately flanking the
target TA are the major determinants of target choice. Mutational analysis of hot
sites and cold sites may be required to define what makes a hot site hot. A
possible explanation for both the absolute requirement for a TA at the integration
site and further preference for a subset of all potential TA targets is that the
transposase needs to recognize TA target sequences for strand transfer and also
interacts with some flanking base pairs.

8 Regulation of Tc/mariner Transposition

The regulation of Tc1/mariner transposition has not been studied extensively.
Nevertheless, the data obtained in different experimental systems point to a
common regulation of transposition.

All natural isolates of C. elegans contain several copies of the Tc1 and Tc3
transposon. In several strains, such as the Bristol N2 strain, no jumping of these
elements in the germline can be detected, although somatic excision of Tc1 is
frequent (Emmons and YesNer 1984; EmMons et al. 1986), as is somatic jumping
(Vos et al. 1993). In other natural isolates, however, transposition of Tc1 occurs
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frequently in the germline (Moerman and WaTersToN 1984; EiDE and ANDERSON
1985). The difference in transposition frequency is not explained simply by the
copy numbers of Tc elements, since there is no correlation between Tc1 copy
number and transpositional activity (MoermaN and WATERSTON 1989). Transposition
proficiency can be attributed to genetic factors, so-called mutators or mut genes.
Some of these were mapped genetically (Mori et al. 1988, 1990); for example,
mut-4, mut-5, and mut-6 were found to be mobile. It has been suggested that
these genes may represent copies of the Tc1 element itself that are transcribed
at the right moment to produce transposase that can activate Tc1 jumping in the
germline (Mori et al. 1988). The reason that these copies are germline mutators,
whereas other Tc1 elements are not, might lie in rare but apparently important
base-pair substitutions that have been found in different copies of Tc1 (Rosk et al.
1985; PLasTerk 1987); alternatively, the chromosomal position may be important
for establishment of the expression pattern that makes a Tc1 element a mutator.
The latter possibility seems the most plausible, but the former has not formally
been excluded. The mutator of mariner has been referred to as theMos factor
(Bryan and HarTL 1988; MEeDHORA et al. 1988). This factor has been cloned and
found to be a copy of mariner, and also in this case it seems most likely that this
mariner is the Mos factor because of its chromosomal location.

It has been reported that occasionally a Bristol N2 strain can turn into a
mutator strain (Basimy et al. 1990). It is conceivable that a mutation has occured
within one of the nonautonomous transposons that made it a mutator, but the
more likely explanation seems to be that the absence of transposase expression
in the germline of Bristol N2 is not absolute, so that very rarely Tc1 elements in
Bristol may jump. If one of these elements lands in a region where it can be
expressed in the germline, then it is "promoted” to be a mutator. Mapping of the
mut-5gene (Mori et al. 1988) has identified three copies of Tc1 that co-segregate
with mut-5, and are therefore candidates for the mutator. Furthermore, three-
factor crosses show that only one of these three, number 40, consistently
co-segregated with mut-5 (A.-M. Gruters and R.H.A. Plasterk, unpublished).
Attempts to prove that Tc1 number 40 is a Tc1 mutator were unsuccessful:
transgenic derivatives of Bristol N2 containing the complete Tc1 number 40
element plus 1 kbp of flanking DNA did not exhibit mutator activity (A.-M. Gruters
and R.H.A. Plasterk, unpublished). These experiments are inconclusive, however,
since more flanking DNA or the precise chromosomal position of this element
may be essential for proper expression in the germline.

The mut genes mentioned above should not be confused with another factor
affecting Tc1 and Tc3 transposition: the mut-2 gene (CoLLins et al. 1987). The
mut-2 mutation was generated as the result of mutagenic treatment of a Bergerac
strain with EMS and was initially recognized as a factor that enhanced reversion
of a Tc1 insertion mutant of the unc-54 gene. It was subsequently found to
enhance transposition as well as excision of Tc1, and also of Tc3 and other
transposons. The mut-2 gene was mapped to chromosome 1 (FINNEY 1987). It is
unlikely that mut-2 is also a copy of Tc1, since it activates Tc1 as well as Tc3
transposition, whereas studies with Tc1A and Tc3A transposase in transgenic
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Bristol N2 strains have shown that the transposase of one element cannot
activate jumping of the other (Van LUENEN et al. 1993). Also the mut-2 mutation
was isolated as an enhancer of Tc1 activity in a strain that was already mutator
positive. Attempts in our laboratory to generate new mutators in a Bristol N2
strain by mutagenic treatment are ongoing. Furthur genetic and molecular analy-
sis will be required to resolve the basis of regulation of Tc1 and its relatives and
clarify the role of the mut-2 gene in activation of different transposons.

As mentioned above, in the Bristol N2 strain of C. elegans Tc1 is active only
in the soma, not in the germline (Emmons and Yesner 1984). Is this a profound
feature that reflects the importance for the organism to keep its germline intact?
Is it related to chromosome diminution in the nematode Ascaris (TosLer 1986),
which involves extensive rearrangements of somatic DNA? The implication of the
soma/germline difference for Tc1 activity should not be overinterpreted. Since the
discovery of the phenomenon, it has become clear that there are also strains in
which Tc1 is active in both cell types. Also there are transposons where the
difference goes just the other way, absence of transposition in the soma
(P element of Drosophila, EnceLs 1989). The experiment by Van LUENEN et al.
(1993), who showed that induced expression of Tc3 transposase in somatic cells
activates Tc3 jumping, suggests that the soma/germline difference of Tc1 activity
in some C. elegans strains is caused by differential expression of the transposase.
That, in itself, is an interesting enough issue: not much is known about the signal
sequences that are required for gene expression in the germline of C. elegans.

9 Tc1 as Tool

Tc1 is the only member of the Tc1/mariner that has been used extensively as a
tool for genetic analysis. | will briefly mention three past and present applications
of Te1, and four possible future applications.

9.1 Identification and Isolation of Genes

The frequency of gene inactivation by Tc1 insertion is variable in different strains
and for different genes, but in mutator strains such as Bergerac (RW7000) and
"high hopper" strains such as TR679 for many genes one finds approximately one
new mutation per thousand meioses. After several crosses with the low Tc1 copy
number strain Bristol N2, Southern blot analysis is done to identify a possible copy
of Tc1 that co-segregates with the mutant allele. The transposon-tagged gene can
then be cloned. This strategy was follwed for the cloning of unc-22 (MoerMAN
et al. 1986), lin-12 (GreenwaLD 1985) and many genes since.
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9.2 Gene Mapping

In those cases where no Tc1 allele of a gene of interest was available or easily
obtained, Tc1 has been used to map genes. The high Tc1 copy number strains
contain up to 500 copies of Tc1, approximately 1/200 kbp. These can be used to
align the genetic and physical map in areas of interest and have been used to map
and finally clone genes (for example, lin-14, Ruvkun et al. 1989).

More recently, a variant of this approach has become available, thanks to PCR
technology. WiLLiams et al. (1992) characterized Tc1 alleles at several positions in
each of the chromosomes of a high Tc1 copy number strain and generated PCR
primers that, in combination with Tc1-specific primers, can be used to visualize
these insertions. They found that it was possible to look at five different Tc1
alleles in a single PCR. Thus each of these Tc1 alleles can be viewed as a
‘conditional visible' mutation and can be used to map any new gene quickly. This
is particularly important since, given the simple body plan and limited behavior of
C. elegans, it is usually not possible to look at more than two or three visible
mutations independently within single animals. Genes are mapped as follows: a
mutation generated in a low-copy-number Tc¢1 strain is crossed into a high-copy-
number Tc1 strain that contains the identified Tc1 alleles. Then, from hetero-
zygous parents, homozygous mutants are picked individually and typed by PCR.
Any Tc1 allele that is genetically linked to the gene of interest will be under-
represented in homozygous mutants. When, after an initial experiment, the
chromosome that contains the mutation, has been identified a subsequent
experimentis done using Tc1 alleles that are specific for that chromosome to map
the gene within that chromosome. In principle, this method can be furthur refined
now that more Tc1 alleles have become available. (R. Korswagen and RHAP,
manuscript in preparation).

9.3 Target-selected Gene Inactivation

The method of target-selected gene inactivation was initially developed for the P
element of Drosophila (BaLLNGER and Benzer 1989; Kaiser and Goobwin 1990). Its
usefulness is somewhat limited there by the logistics of sibling selection on very
large pools of flies, particularly since the target choice of the P element seems far
from random, so that many genes are frequently hit. The method has been
applied to Tc1 of C. elegans (RusHrorTH et al. 1993; Prasterk 1992) and has been
used to isolate transposon insertion alleles of many genes. The search of Tc¢1
alleles has been much facilitated by the generation of a frozen transposon
insertion bank (ZwaaL et al. 1993).

Many Tc1 insertions do not inactivate gene function, either because they are
in introns and are therefore removed from mRNA, or because they are removed
from exons by aberrant splicing (RusHrorTH et al. 1993). Fortunately, the phenom-
enon of imprecise DSB repair (described above) can be used: among the progeny
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of the animals containing a Tc1 allele, one can detect worms that have lost that
Tc1 element plus a few kilobase pairs of flanking DNA (KiFrF et al. 1988; ZwaaL
et al. 1993). These deletion derivatives usually have the gene of interest fully
inactivated.

10 Perspectives

Some potential future applications of Tc1 for genetic analysis are the following:

10.1 Site-directed Mutagenesis

It has been shown (Prasterk and GROENEN 1992) that a Tc¢1 insertion can be used
to introduce specific point mutations into the genome. A strain is isolated
containing a Tc1 insertion in the region of interest, either by forward genetics (as
described in Sect. 9.1 above) or by reverse genetics (as described in Sect. 9.3).
This strain is then micro injected with a plasmid construct that contains the region
of interest, altered at a specific position in vitro. Once a transgenic line has been
established, one can screen the progeny for worms that have lost the transposon
allele and have used the transgene as template in double-strand break repair. The
only case thus far where such an experiment has been reported (PLasTerk and
GROENEN 1992) involved a visible allele (of the unc-22 gene) and a transgene that
contained several point mutations which left the coding capacity intact. Thus
phenotypic analysis could be used to screen for unc-22 revertants, approximately
half of which were found to contain point mutations derived from the transgene.
The method has not yet been used in a fully reverse genetic approach where site-
directed point mutants were identified by DNA analysis (e.g., PCR), but in
principle, such an approach seems possible. It may find an application in cases
where specific point mutants have been found to be interesting in gene homologs
of other species (transdominant mutations, thermosensitive alleles, etc.) and
where one wants to introduce those into the proper chromosomal context, rather
than into a transgenic ectopic version of the gene.

10.2 Enhancer Trapping

The method of enhancer trapping by screening of large numbers of transposon
insertion alleles with a transgenic transposon marked with a monitor gene such as
lac Zhas been used extensively in Drosophila genetics (Kaiser 1993; GROSSNIKLAUS
et al. 1989). The method has not yet been applied to C. elegans, largely because
attempts to let transgenic Tc1 elements integrate into the nematode germline
have failed. As discussed above, we have succeeded in demonstrating jumping
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from transgenic arrays into the chromosome; however, these experiments were
done using PCR and probably visualized jumping in somatic cells (VaN LUENEN
et al. 1993). They do demonstrate, however, that it is possible for a transposon to
jump from an extrachromosomal transgenic array into a chromosome, and it
therefore seems likely that the main obstacle to transposon-mediated transfor-
mation in the germline lies in the choice of the proper selectable markers. A
positive-negative selection, such as developed by SpruNGer (1992) would/proba-
bly be helpful.

10.3 Transgenesis of Other Species

The wide spread of the Tc1/mariner transposon family suggests that whether
host factors may be required for transposition, they may be ubiguitous. Therefore,
these transposons are probably well suited for introduction of foreign DNA into
organisms that are not very well defined genetically. In contrast, the P element of
Drosophila transposes only in a limited number of fly species. It has been shown
that the mariner transposon from Drosophila mauritiana can be used successfully
to transform Drosophila melanogaster (LipHowm et al. 1993). The coming years
will probably witness many attempts to use Tc1/mariner transposons for the
generation of transgenic insects of economic and/or medical importance. The
discovery of Tc1 homologs in zebra fish (Rabice et al. 1994) has raised the interest
in application of either the fish homologs or Tc1 itself for the generation of
transgenic zebra fish.

10.4 Global Reverse Genetics

Two applications mentioned above, gene mapping using mapped Tc1 alleles and
target-selected gene inactivation by Tc1, may merge into an efforts to shotgun the
entire C. elegans genome with Tc1 insertions. The purpose of such an effort
would be to isolate many thousands of T¢1 insertion alleles, each of those defined
by a short track of the DNA sequence immediately flanking the insertion site.
Such an effort seems justified, given the efforts spent on the determination of the
entire genome sequence (WAaTersToN et al. 1992; Suiston et al. 1992; WiLson
etal. 1994).
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1 Introduction

Exceptional phenotypes can be generated in the flowers and seeds of plants due
to variation in the patterns of gene expression at the somatic bud. Such examples
have attracted attention since naturalists began to investigate nature. One of the
first reports on color variegation in a plant was given in 1588 by Jacob Theodor of
Bergzabern, a village close to Strasbourg. He described color variegation in
kernels of Zea mays, a species that had just arrived in the Old World.

An explanation for these puzzling "exceptions to the rule" had to wait until
Barbara McCuintock (1947, 1948) developed the concept of transposable ele-
ments as mobile genetic entities. She used the term “controlling elements”, since
they seemed capable of influencing expression when integrated into or nearby a
given locus. In the past decade, numerous transposable element systems,
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mostly from maize and snapdragon (Antirrhinum majus), have been studied
molecularly. It was established that the variegated phenotypes are due to genetic
instability of the elements. During the organism’s development, the transposable
element leaves its site of integration within a gene, and thus the function of that
gene is restored in this cell as well as in its progeny. These excision events result
in a mosaic tissue of mutant and revertant (wild-type) cells.

The En/Spm transposable element system from maize was independently
identified by Peterson (1953) and McCLiNTock (1954); they named it Enhancer (En)
and Suppressor-mutator (Spm), respectively. Based on their detailed genetic
analysis, several groups have investigated the molecular aspects of En/Spm
transposition. In general, transposition is the result of an interaction of proteins
(trans-acting factors) with the termini {(cis-determinants) of the transposon. The
focus of this review is on the cis/trans requirements for transposition and the
regulation of this process. The evolution of En/Spm and its use for gene isolation
are also briefly considered.

2 DNA Structure and Gene Expression of En/Spm

The En/Spm element is 8.3 kb in length, has 13-bp perfect terminal inverted
repeats (TIRs), and causes a 3-bp duplication of target sequences upon insertion
(Pereira et al. 1986). It encodes two products, which have been termed TNPA and
TNPD (Fig. 1; GierL et al. 1988; MassoN et al. 1989). TNPA is 67 kD and, although
expressed at a relatively low level, is about 100 times more abundant than the
131-kD TNPD protein (Gierc et al. 1988). Both proteins are absolutely required for
transposition (see below). The tnpA and tnpD transcripts are derived by alterna-
tive splicing from a precursor transcript that is initiated at position 209. In addition
to these two processed transcripts, other splice products have been identified
{(Masson et al. 1989); however, it remains unclear whether they have any function

Fig. 1. Structural organization of En/Spm. The 8287-bp En/Spm element contains two genes: tnpA
and tnpD. A single pre-mRNA is initiated at the promoter (P) and is differentially spliced into tnpA and
tnpD mRNA. The exons encoding TNPA (open boxes) and TNPD protein {shaded boxes) are indicated.
The first exon is common to both mRNAs; it is not translated and contains the GC-rich DCR region.
About 200 bp of the 5' end and 300 bp of the 3'end (hatched boxes) represent the highly structured
termini that are shown in more detail in Fig. 2
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or are simply by-products of the mRNA maturation processes that have been
detected with very sensitive methods.

The phenomenon of deviant splice products of En/Spmis seen more dramati-
cally if dicotyledonous plant species are transformed with the autonomous
element. While the mRNA pattern of En/Spm in Arabidopsis thaliana is relatively
similar to that in maize, in Nicotiana tabacum and Solanum tuberosum tnpD
mRNA is much more abundant than thpA mRBNA (Caroon et al. 1993b). This
confirms the different processing requirements in dicotyledonous vs. monocoty-
ledonous species (GoobaLL and FiLirowicz 1991); however, it also reveals strong
differences within the order of dicots.

Approximately 200 bp of the 5' end and 300 bp of the 3' end of En/Spm are
highly structured, representing the cis determinants for excision. The single
En/Spm promoter is contained within the structured 5' end of the element. In
addition to the structurally intact, transposition-competent En/Spm element,
numerous defective elements exist in maize. These elements represent internal
deletion derivatives of En/Spm and transpose only in the presence of an active
intact element. Because of this responsiveness, defective and active elements
constitute a two-component system, consisting of the receptor (defective, dSpm)
element and the autonomous En/Spm element.

3 cis/trans Requirements for Excision

In maize, the interaction of the element-encoded proteins of different transposable
elements with their respective cis determinants is very specific. This was tested by
making use of the fact that the maize elements exist in one of two forms: the fully
intact autonomous element and defective elements (receptors) which have re-
tained the cis determinants but do not encode functional proteins. Therefore,
defective elements can transpose only in the presence of the autonomous ele-
ments. Family relationships can be determined by testing whether a particular
autonomous element can trigger the excision of a variety of defective elements
belonging to various families. Using this technique, separate transposable element
systems have been defined in maize (for a detailed list see PeTerson 1987).

3.1 cis Determinants for Excision

Approximately 180 bp at the 5' end and 300 bp of the 3' end of En/Spm represent
the cis determinants for excision (Fig. 2). Contained within these regions are
reiterations of a 12-bp sequence motif that is recognized by the TNPA protein (see
below), with six motifs present at the 5' end and eight at the 3' end. The 13-bp
perfect TIRs of En/Spm are also cis-acting sequences absolutely required for
excision. Deletion of the outermost nucleotide of the 13-bp TIR drastically



148 A. Gierl

Fig. 2. Cis determinants for excision of En/Spm. The termini of En/Spm contain two different
sequence motifs: the 13-bp terminal inverted repeats (TIRs, open triangles) and the 12-bp TNPA-
binding sites (filled triangles). The 5' end has six and the 3' end has eight TNPA-binding motifs in
different orientation. The tail-to-tail dimeric forms are closest to the TIRs. The transcription start site
(ts) at position 209 is indicated

reduces the excision frequency (ScHEFELBEIN et al. 1988). The TIR is not related in
sequence to the 12-bp TNPA-binding motif. Partial deletion of the 12-bp motifs
also correlates with decreased excision rates (ScHwarz-SOMMER et al. 1985,
ScHIEFELBEIN et al. 1988). The extent of the deletion seems to be directly propor-
tional to the amount of reduction. The entire deletion of the 12-bp TNPA binding
sites at one end of En/Spm completely abolishes excision (MEensseN et al. 1990).
The 5' and the 3' ends of En/Spm are not interchangeable. An element with two
5’ ends does not excise (Reinecke, personal communication).

A defective element has been isolated from the brittle 7 locus (SuLLivaN et al.
1991) and the C2 locus (Muszynski et al. 1993) of maize with slightly modified cis
determinants. About 12% nuclectide changes have been detected within the
ends that occur with and between the 12-bp TNPA-binding motifs. As a conse-
quence, this element requires an additional function, termed mediator for exci-
sion (Muszynski et al. 1993). Mediator is encoded by a gene independent of
En/Spm and seems to represent a helper function for TNPA, or may even replace
TNPA with a functionally related TNPA-like product.

3.2 Functional Analysis of TNPA and TNPD in Transgenic Plants

The introduction of the autonomous En/Spm element into Nicotiana tabacum
{(Masson and Fepororr 1989; Pereira and SaepLER 1989), Solanum tuberosum (Frey
et al. 1989), and Arabidopsis thaliana (CARDON et al. 1993a) showed that all mecha-
nistic features of transposition are very similar, if not identical, to the behavior of
En/Spm in maize. A 3-bp target site duplication is generated upon insertion,
characteristic sequence alterations {footprints, see below) are left behind after
excision, and about 50% of the transposition events occur to linked sites on the
same chromosome (Caroon et al. 1993b). Preferential transposition into linked
positions was detected earlier by genetic means (Novick and PeTerson 1981).
Based on these results, it was possible to use transgenic tobacco in order to
analyze the system in more detail. Three component systems were established
(FrRev et al. 1990; Masson et al. 1991; Caroon et al. 1993b) that allowed the
definition of the two En/Spm functions necessary for transposition: TNPA and
TNPD. These artificial reconstitution systems include excision reporter constructs
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consisting of dSpm elements inserted in the 5' untranslated leaders of various
reporter genes. The other two components of the system, TNPA and TNPD, are
expressed by fusing their cDNAs to plant-specific promoters. Only when all three
components were combined in one plant was frequent somatic excision detected
by restoration of the function of the reporter genes. No excision was detectable
when either TNPA or TNPD was absent. Thereby, the absolute requirement
and sufficiency of TNPA and TNPD for transposition of En/Spm was clearly
established.

An artificial defective Spm element, named dSpm-DHFR, was constructed
(CarooN et al. 1993b), which is marked by the insertion of a dehydrofolate
reductase (DHFR) gene under the control of the CaMV35S promoter. The DHFR
gene is a dominant selectable marker conferring resistance to methotrexate. The
dSpm-DHFR element can be trans activated by TNPA and TNPD. Both excision
and reintegration take place with characteristics similar to those for native dSpm
elements. This indicates that internal En/Spm segments can be replaced by other
DNA sequences without abolishing transposition. The excision frequency of
dSpm-DHFR was reduced by a factor of 6 however. It was suggested (CARDON
et al. 1993b) that the constitutive transcription of the DHFR gene driven by the
relatively strong CaMV35S promoter might interfere with transposition.

The fate of the element after excision was also addressed using the marked
dSpm-DHFR. It was found that about 50% of the excised elements reinserted
(CarDON et al. 1993b). When reintegration of a normal dSpm element was
analyzed by Southern hybridization, a somewhat lower frequency of loss was
estimated.

Loss of the En/Spm element after excision was also demonstrated by an
elegant genetic study of maize (DasH and PeTERsoN 1994) using various reporter
alleles. It was concluded that loss results from transposition of En/Spm during
chromosome replication. Transposition of En from a replicated segment of the
chromosome to another site that has also undergone replication, followed by
mitotic and/or meiotic segregation, explains these events. It was suggested (DAsH
and PeTerson 1994) that this mechanism may prevent a harmful build up of
En/Spm copies in the genome and maintains a tolerable amount of transposition
events. This study represents the first clear indication that, similar to Ac
(GreensLATT 1984), transposition of En/Spm might require DNA replication.

4 In Vitro Analysis of TNPA Function

The TNPA protein (621 amino acids) expressed in Escherichia coli (GiERL et al.
1988) and by in vitro translation (TRENTMANN et al. 1993) was used for DNA-binding
studies. TNPA specifically binds to the 12-bp sequence motif that is reiterated
several times in the subterminal regions of En/Spm (Fig. 2). Binding is reduced if
the cytosine residues-of CG dinucleotides and CNG trinucleotides within the motif
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are methylated (GIerL et al. 1988). The hemimethylated motif reduced complex
stability by a factor of 5-10. The holomethylated form reduced binding even
further.

The TNPA-binding motifs occur in three forms: as monomers and as closely
spaced so-called head-to-head and tail-to-tail dimers. The dimeric forms are
spaced by 2-3 bp. Oligonucieotides containing these motifs form three different
complexes with TNPA (TRenTMmanN et al. 1993). The simplest complex contains
one TNPA molecule in specific contact with one 12-bp motif. This complex is
detectable with the monomeric as well as with the dimeric forms of the motif. In
the second complex, one TNPA is specifically bound to the motif and a second
TNPA molecule is associated via protein-protein contacts of TNPA. This complex
occurs with the monomeric and the head-to-head forms of the motif. A third
complex is formed with the tail-to-tail motif. Here, two TNPA molecules are
specifically in contact with the DNA and are additionally stabilized by protein
interactions (Fig. 3). These findings, corroborated by DNA-protein and protein-
protein cross-linking studies, indicate that TNPA contains two domains: a DNA-
binding domain and a dimerization domain. These two domains have been
coarsely defined by TNPA deletion derivatives. Amino acids 122-427 contain the
DNA-binding domain, while the dimerization domain is contained in the region
428-542. The DNA-binding domain has no apparent homology to any sequences
in the data bases, nor does it belong to the structurally defined classes of the

Fig. 3. Hypothetical structure of the transposition com-
plex. TNPA is postulated to have a dual function: Binding of
TNPA to the termini of En/Spm results in association of the
ends and binding of TNPA to the outermost tail-to-tail
motifs in activating recombination by DNA bending. TNPD
is postulated to cleave at the elements’ ends, thereby
excising En/Spm from the chromosomal DNA
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DNA-binding proteins such as the zinc finger, helix-turn-helix, or the basic domain
of leucine zipper proteins.

Binding of TNPA results also in DNA bending (Gierl, unpublished). The
bending of the DNA is twice as strong with the tail-to-tail motif compared with
the other forms of the motif. DNA bending is often essential for DNA recombi-
nation events. This was studied in detail for integration host factor protein of
E. coli (NasH 1990), which is required in lambda site-specific recombination to
deform the DNA substrate into conformations active for recombination. There-
fore, it may be speculated that deformation of ends of En/Spm by TNPA is
necessary for excision of En/Spm. The fact that the tail-to-tail motifs are directly
adjacent to the 13-bp TIRs, where recombination should occur, is further
suggestive of this speculation.

5 Mechanism of Transposition

Transposition of En/Spm probably occurs via excision and integration. An essen-
tial requirement for such a mechanism is healing of the chromosome breaks that
are generated during excision, thereby avoiding chromosomal loss. Joining of the
breaks is most credible if the ends of the transposable element come into close
physical proximity. Accordingly, two functions have been postulated (Frev et al.
1990}, one that is required for association of the two ends of En/Spm and one that
cuts close to the ends of the element. According to this hypothesis, a probable
candidate for the joining functions would be the TNPA protein that binds to the
subterminal binding motifs. The ability of TNPA to form dimers could lead to asso-
ciation of the two ends by cross-linking via protein-protein contacts. The asym-
metric distribution of these motifs may facilitate correct positioning of the TIRs,
thus forming the substrate for TNPD that would be involved in cutting at the ends
and release of En/Spm (Fig. 3). Evidence in favor of this view is the finding that
the TIRs of the so-called CACTA elements (see below) are nearly identical, and
that these elements potentially encode a protein homologous to TNPD.

Almost at the beginning of the molecular analysis of En/Spm, the DNA
analysis of revertant genes arising from excision events revealed that excision is
rather imprecise (ScHwarz-SomMER et al. 1985) but still follows certain rules. As a
consequence of excision, altered sequences, "footprints”, are left behind at the
site of excision. Therefore, gene function may be restored to varying degrees,
ranging from zero to full activity. According to the model of SaepLer and NEveRs
(1985), the transposase recognizes the ends of the element and introduces
staggered nicks at the ends of the target site duplication. Footprints result from
the action of DNA repair enzymes (exonuclease, DNA polymerase, DNA ligase)
involved in healing of the chromosome breaks, acting on the single-stranded
fringes at the excision site. A similar staggered cut is formed during integration of
En/Spm by the same endonuclease, causing the 3-bp TSD, whose length is
specific for the En/Spm family.
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The formation of footprints suggests a participation of cellular functions.
However, it is not known to what extent TNPA and TNPD cooperate directly with
cellular proteins in the transposition reaction. If they do these interactions would
be highly conserved, because En/Spm transposes in several heterologous plant
species.

6 The "Suppressor" Function of En/Spm

As described above, dSpm elements transpose if TNPA and TNPD are provided
in trans by En/Spm. However, transposition may not be the only result of this
interaction; it may also affect the activity of genes. McCuinTock (1954, 1961)
observed both negative and positive En/Spm-mediated regulation of genes in
which dSpm insertions reside. McCLintock termed the ability of En/Spm to inhibit
gene expression the suppressor function, and it is this type of control that is
relatively well characterized in molecular terms.

Several suppressible alleles have been analyzed carrying a dSpm element
within the transcribed regions (Schwarz-SommER et al. 1985; Kim etal. 1987;
Menssen et al. 1990). Usually, gene -expression of these alleles is somewhat
reduced due to the presence of dSpm but still detectable. The residual gene
expression results from the fact that most of the dSpm sequences are removed
by splicing from the pre-mRNA of the suppressible allele {(Rasoy etal. 1989;
Menssen et al. 1990). However, this happens only in the absence of the autono-
mous En/Spm element. Inits presence, the formation of the pre-mRNA is blocked
by the suppressor function of En/Spm, and expression of the gene containing the
dSpm element is thus abolished. The suppressor function resembles a negative
regulatory circuit in which an En/Spm-encoded protein acts as a repressor. The
repressor recognizes and binds to a defined cis element located within the dSpm
elements. It was hypothesized (GierL et al. 1985) that the bound protein sterically
hinders progress of RNA polymerase through the gene, resulting in prematurely
terminated transcripts at the site of dSpm insertion.

Transient expression studies of tobacco protoplasts (GranT et al. 1990, 1993)
have identified TNPA as the only En/Spm-encoded protein that is necessary to
suppress expression of a gene containing dSpm sequences. The tail-to-tail dimeric
form of the TNPA-binding motif (see above) was identified as the minimal cis-
acting sequence. Only this sequence seems to form a complex with TNPA that is
stable enough to block progression of RNA polymerase through a gene.

Since the components of the suppressor system have been identified, it can
now be used to control gene expression in transgenic plants (GranT et al. 1993).
Suppressible genes could be created by insertion of the cis element in a position
at which the cis element itself would not inhibit gene expression, for example
between the transcription and translation start sites. The modified gene would
then be normally active. However, expression could be suppressed if the
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modified gene were introduced by crossing into a genetic background in which
TNPA is expressed.

The ability of dSpm elements to function as introns is due to the fact that they
carry splice sites close to their termini. Splicing does not precisely remove all dSpm
sequences from pre-mRNA,; it usually leaves behind 12 bp of element sequences
(Menssen et al. 1990). This process correlates with the size of dSpm elements,
which is most effective if the elements are smaller than 2.2 kb. This feature probably
mitigates the impact of transposable element insertion on gene expression.

7 Regulation of Transposition

Since transposition is tightly linked to mutation, it might be expected to be
regulated to a level that is not deleterious to the cell. This is especially important
in a system like En/Spm, where there are about 50-100 copies of dSpm elements
present in the genome that could be potentially activated by En/Spm and could
thus cause a burst of mutations within one cell cycle. The activity of the En/Spm
system is regulated by element-specific mechanisms and by cellular functions.

7.1 Epigenetic Regulation of En/Spm Activity

The En/Spm system can reversibly and heritably change from an active to an
inactive state (McCuinTtock 1958, 1971). Inactivity is correlated with an increased
level of methylation of cytosine residues. Two regions adjacent to the transcrip-
tion start site (position 209) have been identified as sites of altered C-methylation
in maize (Banks et al. 1988) and in transgenic tobacco (ScHLAPPI et al. 1993), the
upstream control region (UCR), containing the TNPA-binding sites, and the down-
stream control region (DCR), consisting of a 350-bp, GC-rich region. The DCR
region is required for de novo methylation (ScHLAPPI et al. 1994) and seems to
initially attract the cellular methylation machinery. Methylation of the UCR and
DCR regions seems to be a cellular mechanism to prevent high levels of En/Spm
activity. It not only renders the En/Spm promoter inactive; methylated dSpm
elements are also reduced in excision frequency when trans activated by an
active En/Spm element (Banks and Fepororr 1989). Therefore, methylated ends
seem to inhibit excision of the element, probably because TNPA binding is
hampered (GierL et al. 1988).

Reactivation of an inactive element is usually a slow process requiring several
plant generations. However, this process can be shortened by introduction of an
active element (Fepororr 1989). Various lines of evidence suggest that TNPA is
the element-encoded function responsible for this phenomenon.
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7.2 Element-specific Regulation of Activity

Several element-specific properties seem to prevent high gene expression,
which might be deleterious for the organism. The En/Spm promoter is relatively
weak and is not stimulated by enhancers (Raina et al. 1993), which seems to
ensure that En/Spm expression is independent of the chromosomal location.
Additionally, the single pre-mRNA is differentially spliced, yielding very little TNPD
mRNA, which probably makes TNPD protein rate-limiting for transposition.

The finding that TNPA binds to sites in the UCR was the reason to hypoth-
esize about an autoregulatory function of TNPA (GierL et al. 1988), in addition to
its requirement for transposition. Recent results (ScHiArpl et al. 1994) have
clarified the part of TNPA in autoregulation of the En/Spm promoter. The effect of
TNPA on the En/Spm promoter was analyzed in transgenic tobacco, using
promoter luciferase reporter constructs. TNPA stimulates the activity of the
inactive, methylated promoter. Activation is associated with reduced methylation
of the UCR and DCR regions. On the other hand, TNPA acts as a repressor of the
active unmethylated promoter. For repression the DNA-binding and the dimeri-
zation domains (see above) of TNPA are necessary, while for activation also the
very carboxy-terminal sequences are required. Therefore, TNPA seems to be part
of a sophisticated regulatory mechanism to ensure "tolerable” levels of transcrip-
tion, by functioning both as a positive and negative regulator.

A different type of element-specific regulation was detected when the
inhibitory effect of a particular dSpm element on transposition was found (CuyrPErs
et al. 1988). This element expresses an aberrant polypeptide (TNPR) that repre-
sents a fusion of TNPD and TNPA sequences. TNPR probably represses transpo-
sition by competitive inhibition of TNPA and/or TNPD function. Since there are
many different dSpm elements distributed in the maize genome, it is feasible that
products encoded by some of these elements could modulate transposition.

8 Evolution of the CACTA Transposable Element Family

Ac and En/Spm seem to be prototypes of two families of elements whose
members are widely distributed in plants. In the case of Ac, remote relatives are
found even in the animal kingdom (Kunze, this volume).

En/Spm was grouped into the so-called CACTA family (Bonas et al. 1984),
based on the property that these elements produce a 3-bp target site duplication
upon insertion and share nearly identical 13-bp TIRs. CACTA elements have been
isolated from maize, snapdragon, soybean, pea, and Japanese morning glory
(Table 1). Although there is a considerable size variation, the overall structural
organization of the known autonomous elements of the CACTA family is strikingly
similar. Among the other CACTA systems, the analysis of Tam1 has contributed
most of the molecular data. A comparison of En/Spm with Tam1 will therefore
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best reveal the principle features of the CACTA family. Nevertheless, the proper-
ties described below also seem to hold true for Tgm?7 (RHopes and Vobkin 1988)
and TpnT (INnaGAKI et al. 1994).

Tam1, like En/Spm, has highly structured ends and contains a single promo-
ter close tothe 5'-end. Two genes, termedtnp T andtnp 2, are arranged in tandem
and expressed by alternative splicing of a single pre-mRBNA, yielding drastically
different amounts of the respective mRNAs (NackeN et al. 1991). The putative
TNP2 protein is about 45% identical to TNPD at the amino acid level. An open
reading frame identified in Tgm?1 (RHopes and Vobkin 1988) shares a similar
amount of homology. The conservation of these polypeptides may indicate a
common function. Since the 13-bp TIRs are also conserved, it was speculated
(FRey et al. 1990) that TNPD interacts with the 13-bp TIRs and, in fact, may
represent the endonucleolytic function which cleaves at the element’s termini.

In contrast, TNPA of En/Spm and TNP1 of Tam17 share no homology, nor was
any homology detected with sequences of other CACTA elements. Therefore,
the second gene products seem to be unrelated to each other. Interestingly,
however, TNPA and TNP1 appear to be functionally equivalent. TNP1 binds to a
9-bp sequence motif that is reiterated several times in the termini of Tam1. This
motif is not related to the 12-bp TNPA-binding sequence, however; it also occurs
in monomeric and dimeric forms. By in vitro binding assays it was shown
(TRenTMANN et al. 1993) that TNP1 forms three different complexes with these
sequences in a manner very similar to TNPA (Fig. 3): complexes that contain one
or two TNP1 molecules per oligonucleotide and a special complex with the tail-to-
tail motif in which both TNP1 molecules seem to be in contact with the DNA. As
in the case of En/Spm, the tail-to-tail forms of the TNP1-binding motif are close to
the TIRs of Tam1.

In conclusion, the CACTA elements seem to require two proteins for transpo-
sition that interact with their respective cis determinants at the element’s ends.

Table 1. The CACTA transposable element family

Element® TIR TSD  Size Species Reference

En/Spm CACTACAAGAAAA 3 8287 maize PEREIRA et al. (1986)
MPI1 CACTACCGGAATT 3 9 kb maize WEYDEMANN et al. (1987)
Tam1 CACTACAACAAAA 3 15164 snapdragon NACKEN et al. (1991)
Tam2 CACTACAACAAAA 3 5187 snapdragon KREBBERS et al. (1987)
Tam4 CACTACAAAAAAA 3 4329 snapdragon LUO etal. (1991)

Tam7 CACTACAACAAAA 3 7 kb snapdragon d

Tam8 CACTACAACAAAA 3 3 kb snapdragon d

Tam9 CACTACAACAAAA 3 5.5 kb snapdragon d

Tgm CACTATTAGAAAA 3 1.6-12 kb soybean RHODES and VOKIN (1988)
Pis1 CACTACGCCAAA 3 2.5 kb pea SHIRSAT (1988)

Tpn1 CACTACAAGAAAA® 3 6.4 kb Japanese INAGAK! et al. {1994)

morning glory

TIR, Terminal inverted repeat; TSD, target size duplication upon insertion, in bp.
*Autonomous elements are in bold type.

"Sizez in kb refer to elements that have not completely sequenced.

“Tpnl has a 28-bp TIR, only the first 13 are indicated.

97.S. Schwarz-Sommer, personal communication.
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One function {TNPD) and the 13-bp TIRs are evolutionarily conserved. The other
function (TNPA) is specific for each element, as are its binding motifs that make
up the subterminal repetitive regions flanking the 13-bp TIRs. Although not
related evolutionarily, TNPA and its analogous seem to exert a similar mechanistic
function. It is possible that the CACTA elements evolved independently in each
species. The creation of a CACTA element requires the combination of two
proteins and their DNA target sequences. The two proteins could have been
derived from cellular functions that interact with DNA. The endonucleolytic
function (TNPD) may be conserved, because there is a limited pool of such cellular
proteins suitable to create a transposon. The other function (TNPA) is not
conserved and is species specific. This could indicate that there are several
cellular candidates that can potentially fulfill TNPA function. TNPA and TNP1 both
contain DNA-binding and dimerization domains. Therefore, it is tempting to
speculate that these proteins have evolved from the pool of cellular transcription
factors; indeed, as described above, TNPA has the capacity to act as a transcrip-
tion regulator.

9 Transposons as Tools for the Isolation of Genes
and Determination of Gene Function

Once a transposable element has been isolated molecularly, it can be used as a
probe to clone genes that are mutated by insertion of this element. In addition to
En/Spm, other transposable elements that have been characterized in maize and
snapdragon (for review, see GierL and SaepLer 1992) have been used successfully
for gene isolation. The first step of this procedure is called transposon tagging.
This means that the mutation caused by transposon insertion is identified in a
genetic screen. Subsequently, the gene can be isolated by cloning the DNA
sequences flanking the transposable element insertion. The technique requires
no prior knowledge concerning the nature of the product of the tagged gene; it
depends merely upon the expression of a mutant phenotype. In this way, genes
involved in development, pathogen resistance, and biochemical pathways have
been isolated.

The finding that Ac and En/Spm transpose in many heterologous transgenic
plants has permitted extention of the transposon tagging technigue to other plant
species in which no suitable elements have been identified (for review, see
BaLceLLs et al. 1991; HarinG et al. 1991; SHimamoTo 1994). The progress made in
this area, especially for Ac but also for En/Spm, has led to the isolation of genes,
for example a flower-color gene from the petunia (CHuck et al. 1993), Cf-9 of
tomato, conferring resistance to a fungal pathogen (Jones et al. 1994), and a male
sterility gene from Arabidopsis (AarTs et al. 1993).

A fairly recent development, first employed for Drosophila, is the attempted
use of transposons in order to define the function of plant genes for which only
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DNA sequence data are known. A large population is required in which statisti-
cally every gene is impaired by a transposon insertion. The members of the
population are grouped into batches of 100-500 individuals and the heterozygous
mutant alleles for a particular gene are subsequently identified using a PCR-based
strategy involving primers derived from the transposon and, for example, a cDNA
sequence. Once a putative mutant has been identified within a batch, and later as
an individual, the mutant phenotype generated by the original element insertion
can be uncovered by selfing. Although this procedure involves numerous DNA
isolations, the progress made in automatization of standard molecular techniques
will probably help to establish this approach as a useful tool for genome analysis.
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1 Introduction

Almost 50 years after the discovery of the autonomous transposable element
Activator (Ac) and its nonautonomous relatives, termed Dissociation (Ds), in maize
by Barbara McCuntock, we have learned that transposons occur in many organ-
isms; they may even be ubiquitous inhabitants of both prokaryotes and eukaryotes.
Meanwhile, there are more than ten DNA-based transposable element "families”
known in maize which consist of a small number of autonomous and a much larger
number of inactive, nonautonomous elements. Based on the structure of an Ac-like
sequence in pearl millet, it was calculated that the Ac/Ds elements have existed in
the grasses for at least 25 million years (MacRAE et al. 1994).

Activator (Ac), Enhancer/Suppressor-mutator (En/Spm), and Mutator (Mu) are
the genetically and molecularly best characterized autonomous DNA-based trans-
posons in maize. In contrast to the retrotransposons, which replicate through an
RNA intermediate, these elements can excise nonreplicatively from one locus
and reinsert somewhere else in the genome. Ac, En/Spm, and Mu and their
nonautonomous derivatives have been successfully used for transposon tagging
in maize (for review see WaLsoT 1992}, and meanwhile, Ac and En/Spm have also
proven useful for gene tagging in heterologous plants in which no active endo-
genous transposons were identified.

The maize-transposable elements including Ac and the pertinent non-
autonomous Ds elements have been comprehensively reviewed (DériNGg and
STARLINGER 1986; FEDOROFF 1983, 1989; GierL et al. 1989). Therefore, the emphasis
of this review is on recent progress in the molecular analysis of the transposition
reaction and its regulation.

2 The Structure of Ac and Ds Elements

2.1 The DNA Structure of Ac

Ac is a simply structured and rather small transposable element (Fig. 1). It is
4565 bp long and has 11-bp terminal inverted repeats (IRs), whose outermost
nucleotides are not complementary (PoHLmaN et al. 1984a, b; MULLER-NEUMANN
et al. 1984; Dooner et al. 1988). With respect to its size, its structural organiza-
tion, and the sequence of the IRs, Ac has similarities to the Tam3 element from
Antirrhinum majus (HenL etal. 1991) and the hobo and P elements from
Drosophila melanogaster (STrReck et al. 1986; O'Hare and Rusin 1983).

The nucleotide composition of Acis highly biased. The G+C contents of the
terminal 240 bp at the left end {or 5'-end) and the right end (or 3*-end) are 45% and
40%, respectively. The 5'-end contains 26 and the 3'-end 24 CpG dinucleotides;
however, both ends have only one GpC dinucleotide. In contrast, the G+C content
of the long untranslated leader is 68%, without a bias in CpG versus
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Fig. 1. The Ac element is 4565 bp in length and has 11-bp imperfect terminal inverted repeats whose
sequences are shown in the upper line (IR). The distribution of AAACGGs and closely related motifs,
the TPase-binding sites, within the subterminal Ac regions is indicated by arrows underneath
(AAACGG). The left Ac end containing the unique BamH! site at position 181 is designated the 5'-end.
Transcription of Ac is initiated at multiple sites between positions 280 and 380. The 3.5-kb mRNA
consists of 5 exons. The 5'- and 3'-untranslated regions are indicated as stippled boxes; ORFa is the
2421-nucleotide-long TPase open reading frame

GpC distribution. Within the coding region, which contains 38% G+C, CpG
dinucleotides are clearly under-represented (Kunze et al. 1988). This uneven
sequence composition in different segments of Acreflects the different functions
of these segments and presumably different roles of DNA methylation in them
(see Sects. 6.3 and 7.6).

The prevalence of CpG dinucleotides in the ends of Ac reminds one of CpG
islands (BIrD 1986; AnTEQUERA and BIrRD 1988; GARDINER -GARDEN and FROMMER 1992).
It was suggested that CpG dinucleotides are evolutionarily conserved in DNA
regions, like certain promoters which are frequently bound by proteins and in
which C-methylation may have a regulatory effect. The numerous CpG motifs in
the ends of Ac could also indicate a (permanent?) protection of these sequences
by proteins. In fact, many of them are situated within the recognition sites for the
transposase protein (see Sect. 6.2).

2.2 The Nonautonomous Ds Elements

Ds elements are the nonautonomous members of the Ac/Ds transposable
element family (McCuinTock 1948). Hybridization experiments indicate that from
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30 to more than 100 copies of Acrelated sequences occur in the maize genome
(Geiser et al. 1982; Fepororr et al. 1983; THEres et al. 1987). Among them are the
Ds elements which can be mobilized in trans by Ac, but also immobile transposon
fragments which have lost essential sequences required in cis for transposition
(R. Kunze, unpublished results). The sequence analysis of several different Ds
elements allowed an initial definition of the trans- and cis-acting functions of Ac
and Ds. Based on their structures, Ds elements can be divided into three distinct
classes:

1. The simple Ds elements are deletion derivatives of Ac which have lost internal,
trans-acting sequences.

2. Composite Ds elements have retained the termini of Ac to variable extents, but
internally they consist of rearranged Ac sequences or unrelated segments
(reviewed by DORrING and STARLINGER 1986 and Fepororr 1989). The composite
wxB4::Ds element has only 259 bp of the 5-end and 317 bp of the 3'-end of
uninterrupted Ac termini, suggesting that these sequences are sufficient in cis
for transposition (VaraconA and WEssLER 1990).

3. The Ds1 class of elements is unusual in several aspects. Ds1 elements are
only 0.4 kb in length, and their homology to Ac is restricted to 13 bp of the
5'-end and 26 bp of the 3'-end of Ac (Sutton et al. 1984, GerLacH et al. 1987).
The Ds1 internal sequences are very AT rich (78%) and not homologous to Ac.
In simple Ds elements, Ac termini as short as those in Ds1 are not sufficient for
transposition (CourLanD et al. 1989). Yet, Ds1 elements are unequivocally
responsive to As, as the capability of Ac to mobilize Ds1 elements has been
verified in transgenic tobacco plants (Lassner et al. 1989) and in agroinfected
maize plants (SHen and Horn 1992). However, Ds1 can also be mobilized by the
Ubiquitous (Uqg) transposable element in maize, which does not mobilize Ds
elements of the other two classes (PisaBarro etal. 1991; CalpbweLL and
PeTeErsoN 1992).

2.3 The Ac2 Element Is Presumably a Weak Variant of Ac

The Ac2 element is an autonomous member of the Ac/Ds transposable element
system, whose transactivation properties differ markedly from those of Ac
(RHoapes and Dempsey 1983). In contrast to Ac, one copy of the Ac2 element does
not transactivate any Ds elements. Two copies induce infrequent excisions of the
composite Ds2 element in the bz2-m allele(THERES et al. 1987), whereas mobiliza-
tion of other Ds elements requires four copies of Ac2. The timing of Ac2-induced
mutations is always late in endosperm development, and no inverse dose effect,
which is characteristic for Ac (see Sect. 7.3), has been observed. It is therefore
assumed that Ac2 is a weak variant of Ac (Dempsey 1993). Interestingly, the
activity of Ac2 seems to be temperature sensitive, a phenomenon which has not
been observed with Ac. Exposure of the developing maize ear containing the AcZ-
bz2-m system to elevated temperatures stimulates a great increase in excision
frequency of the Ds2 element (Osterman 1991). This effect is opposite to the
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temperature response of the Tam elements in Antirrhinum majus, whose transpo-
sition frequencies at 25°C are 10-1000 times lower than at 15°C (for review, see
Coen et al. 1989).

3 Transposition Substrate Requirements of Ac and Ds

3.1 The Target Site Duplication Is Not Required for Excision

Like most other transposable elements, As and Ds create during integration short
target site duplications which subsequently flank the element directly. These
duplications are usually retained upon excision (footprints"), but excision fre-
quently is imprecise and associated with nucleotide additions, deletions, or
inversions at their junction (Sutton et al. 1984; Weck et al. 1984; PoHLMAN et al.
1984a). Two slightly different transposition models propose 8-bp staggered cuts
at the insertion site to explain the generation of the target site duplication and cuts
staggered between 1bp and 8 bp in both copies of the duplication in conjunction
with exonucleolytic and DNA repair processes to account for the diversity of
excision products (Peacock et al. 1984; SaepLER and Nevers 1985; CoeN et al.
1986; for review, see GIERL and SAEDLER 1989).

In several instances it was shown that the target site duplication is not
required for the excision reaction. The bz-mZ2::Ac allele gave rise to the bz-s:
2114(Ac) allele, in which an adjacent deletion has removed one of the 8-bp direct
repeats. Nevertheless, the Ac in this allele transposes with a frequency similar to
that in the progenitor allele (Dooner et al. 1988). Another example is the Ac
element in the P-vv allele, which is not flanked by a duplication but transposes
frequently (LecHeLT et al. 1989; PetersoN 1990). The target site duplication is also
dispensable for the excision of Ds elements. A 2-kb Ds can transpose from a 3-kb
"double-Ds" structure (DoRING et al.1989), and the Ds1 element can excise from
the maize streak virus genome in the absence of a flanking duplication (SHen et al.
1992). As the flanking sequences have apparently no influence on the excision
reaction, the 8-bp duplication created during intergration is obviously not involved
in any sequence-specific protein/DNA interaction during the excision reaction, nor
is the presence of any directly repeated motif required.

3.2 The Terminal Inverted Repeats Are Essential
for Transposition

The correct sequence of both IRs is an essential determinant for transposition
triggered by the Ac TPase, as a replacement of the four terminal bases of the 3'-IR
of Ac (HeHL and Baker 1989) or of the five terminal bases of the 5'-IR (HeaLy et al.
1993) as well as the replacement of the 11 bp Ac-IRs by the related 12 bp [Rs from



166 R. Kunze

the Antirrhinum majus Tam3 element (S. Chatterjee and R. Kunze, unpublished
results) immobilizes the element completely (Table 1).

On the other hand, the outermost nucleotide of the 11-bp IRs may be
mismatched, as is inferred by the observations that:

1. The outermost nucleotides of Ac elements are not complementary.

2. The outermost nucleotides of the Ds1 element in the bz-wm allele are
mismatched as in Ac, but with the cytosine residue at its 3'-end.

3. The Ds1-01 element has 11-bp IRs with mismatched outermost nucleotides.

However, the capability of this element to transpose has not yet been shown.

Apparently, certain mismatches inside the IRs are also tolerated. The fourth
nucleotide in the 5'-IR of the Ds1 element in the rug-st allele is replaced by
adenine. The same substitution is also found in the 3'-IR of a Ds1 element from
the teosinte species Zea perennis (Table 1). It may be of interest that the IRs of
Tam3 and the Drosophila melanogaster transposon hobo also carry an adenine at
the corresponding position (Table 2).

Table 2 shows an alignment of the IRs of a number of transposable elements
from diverse eukaryotes. According to their IR sequences and lengths of target
site duplications, the elements can be classified into an Ac-like group, whose
members create 8-bp duplications, and a "CACTA family", whose members
terminate with a CACTA motif and create 3-bp duplications. The Tat1 and the
Jordan elements differ from both groups, in that they are the only elements which
do not terminate with CA or TA. Some IRs of Aclike elements are conspicuously
homologous to the Ac/Ds|Rs, whereas the central sequences of these elements
have no obvious homologies. The transposase proteins of only four of these
elements are known (Ac, Tam3, hobo, P), and the amino acid sequences of the
Ac, Tam3, and hobo TPases are over about 600 amino acids co-linear and
remarkably well conserved (Fig. 4) (Cawvi et al. 1991; FeLomar and Kunze 1991).
Thus, it is conceivable that some, if not all, of these transposable elements have
a common evolutionary origin and were horizontally transmitted between the
plant and animal kingdoms (CaLvi et al. 1991), perhaps in a mode similar to that

Table 1. Alignment of the inverted repeats of different Ac and Ds isolates. Small letters indicate
deviations from the IR sequences of Ds elements. In the column "TP" is noted whether the element
can transpose in the presence of an active Ac element or not

Element (allele) 5'-IR 3R TP Reference

Ds (sh-m5933) TAGGGATGAAA .. TTTCATCCCTA +  DORING etal. (1984)

Ac (wx-m7::Ac) cAGGGATGAAA .. . TTTCATCCCTa +  MULLER-NEUMANN et al. (1984)
Ds1 (bz-wm) TAGGGATGAAA .. TTTCATCCCTg +  SCHIEFELBEIN et al. (1988)
Ds1-01 gAGGGATGAAA ... TTTCATCCCTyg ? GERLACH etal. (1987)

Ds1 (rug-st) TAGaGATGAAA .. TTTCATCCCTA +  P1SABARRO et al. (1991)

Ds1 (Zea perennis) TAGGGATGAAA ... TTTCATCtCTA +  MACRAE and CLEGG (1992)
Ac-18 cAGGGATGAAA ... .TTTCATCtgag - HEHL and BAKER (1989)

Ac3 gAGCtATGAAA ... TTTCATCCCTA - HEALY etal. (1993)

Tam3 TAaaGATGtgAA TTcaCATCtHTA () HeHL etal. (1991)

(S.CHATTERJEE, unpublished)
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Table 2. Alignment of the inverted repeat sequences of transposable elements from different
organisms. If the two IRs are not perfect both are shown.

Element 5'/3' - IR sequence IR TSD Species Reference
(bp)  (bp)

Ac/Ds &' CAGGG.ATGAAA

3 TAGGG.ATGAAA 11 Maize MULLER-NEUMANN et al. (1984)
Bg CAGGG 5 8 Maize HARTINGS et al. (1991)
Dt 5' CAGtGttTtAAAtC

3 CAatGtATtAAALC 14 8 Maize BROWN et al. (1989)
Tag1 CAatG.tTttcAcge.. 22 Arabidopsis TsAY et al. (1993)
Tam3 TAaaG.ATGtgAa 12 Antirrhinum HEHL et al. {1991)
Tpc 5' TAGGG..TGtAAa

3 TAGGG.cTGtAAa 1112 8 Parsley HERRMANN et al. (1988)
Ips-r TAGGGg.TGgcAa 12 8 Pisum sativum  BHATTACHARYYA et al. (1990)
Tst1 5' CAGGGg.cGtAt

CAGaGg.cGtAt 1 8 Potato KOSTER-TOPFER et al. (1990)

dTnp1 5' CAGtGc cGgctcaa

3 CAaGGg cGgctcaa 14 8 N. plumbaginif. MEYER et al. (1994)
dTph1 CAGGGg.cGgAge 12 8 Petunia GERATS et al. (1990)
Gulliver CAGGGgtcGtAtctt 15 8 Chlamydomonas FERRIS (1989)
hobo CAGaG.Aactgca 12 8 Drosophila STRECK et al. (1986)
P CAtG.ATGAAAtaa.. 31 8 Drosophila O’HARE and RUBIN (1983)
1723 5' TAGGG.ATGtAgcga..

3 TAGaG.ATGtcgegg.. 16/18 8 Xenopus laevis KAy and DAwID (1983)
Tat1 tgtGG.ATGtcgga 13 5 Arabidopsis PELEMAN et al. (1991)
En/Spm CActacAaGAAAa 13 3 Maize PEREIRA et al. (1995)
Tpn1 CActacAaGAAAaatg.. 28 3 Japanese

morning glory INAGAK! et al. (1994)

Tam1 CActacAacAAAa 13 3 Antirrhinum BONAS et al. (1984)
Tgm1 CActattaGAAAa 13 3 Soybean RHODES and VODKIN (1988)
Pis1 CActacgccAAA 12 3 Pisum sativum  SHIRSAT (1988)
Jordan 5’ CcctatggcAta

3 CccaatggcAta 12 3 Volvox MILLER et al. (1993)
Tcl CAGtG.cTGgccaaa 54 2 C. elegans ROSENZWEIG et al. (1983)
pogo CAGtataattcgcett.. 21 2 Drosophila TUDOR et al. (1992)

IR, Inverted repeat sequence; TSD, target site duplication

suggested for the horizontal transfer of Pand mariner elements between insects

(Houck et al. 1991; RoserTsoN 1993).

3.3 Subterminal Sequences Are Involved in Transposition

The observation that Ac can autonomously transpose in transgenic tobacco plants
(Baker et al. 1986, 1987) opened the way for the fine analysis of the Ac se-
quences required in cis and in trans for transposition. By analyzing the effects of
different internal deletions on the excision frequency, CourLaND et al. have shown
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that (a) the untranslated leader sequence is neither in cis nor in trans required for
the transposition function; (b) deletions of part of the Ac open reading frame
mutate the autonomous Ac into a nonautonomous Ds element; and (c) 238 or
more nucleotides at the 5'-end and 209 or more nucleotides at the 3'-end of the
transposable element are required for wild-type excision frequencies. At either
end of Acinternal deletions extending farther towards the termini result in a gradual
reduction in excision frequency. The element is immobilized when 116 bp or less at
the 5'-end or less than 102 bp at the 3'-end are retained (CouprLanp et al. 1988, 1989).
Obviously, in addition to the IRs, about 240 bp subterminal nucleotides of Ac
are essential fr, transposition. In fact, these sequences are retained in all known
simple and ~ -mposite Ds elements, whereas they are lacking in the Ds1 family.
Since Ds1 caii also be mobilized by Ug, which does not act on the other Ds
elements (CaLbweLL and Peterson 1992), it seems possible that the transposition
mechanism of Ds1 elements differs from that of Ac and the other Ds classes.
A very similar structural organization of the cis-acting sequences is found in
the En/Spm family of maize transposons. The ends of En/Spm consist of perfect
13-bp IRs and repetitive 12-bp motifs, differently arranged in each end. Partial
deletions of these motifs in one end result in reduced transposition and complete
deletion in immobilization (for review see GIERL et al. 1989; Fepororr 1989).

3.4 A Left and a Right Transposon End Are Obligatory
for Transposition

Although the 5'-and 3'-subterminal sequences of Acand of simple and composite
Ds elements have a similar bias in CpG versus GpC dinucleotides, their se-
guences differ. These differences seem to reflect a functional difference, be-
cause elements having either two 5'-ends or two 3'-ends neither transpose
{CoupLanD et al. 1989) nor cause chromosome breakage (EnGLISH et at. 1993).

The conclusion from these results is that the determinants for transposability
of Acand Ds are a combination of two nearly perfect IRs of defined sequence with
two differently structured but similarly composed subterminal regions. The Ac
TPase — though able to bind to each single transposon end — obviously does not
induce double-strand breaks at a single transposon end, whereas DNA cleavage
and coordinate religation of the donor DNA is induced when a left and a right
transposon end come in contact (presumably mediated by the TPase). This lack of
activity at a single transposon end could be explained if the TPase bound to one
end cleaved exclusively at the other end.

3.5 The Chromosomal Chromatin Structure Is Not Required
for Transposition

In the plant genome, the transposable elements are embedded within the highly
organized chromatin structure. Yet a location on a chromosome is not required for
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transposition, as Ac and Ds elements can efficiently excise from a wheat dwarf
virus replicon after naked DNA transfection into maize, wheat, and rice proto-
plasts (Laurs etal. 1990), and also from a maize streak virus vector after
agroinfection into maize plants (SHEN and HonN 1992). Excision of Ac and Ds can
also happen from plasmids transfected into Petunia (Housa-HERIN et al. 1990) and
Nicotiana plumbaginifolia protoplasts. In the latter species, it was shown that the
Ds can also reintegrate into the plant genome (Housa-HERIN et al. 1994). There-
fore, it appears that a chromosomal environment is not necessary for Ac or Ds
excision, although it cannot be excluded that the DNA introduced into the plant
cells aquires a chromatin-like structure before the element transposes.

4 Characteristics of the Transposition Reaction

4.1 Ac transposes in a Nonreplicative Manner
and During Replication

The phenotype of the unstable P-vv allele, kernels with variegated red-striped
pericarp, is caused by the insertion of an Ac element into the P gene. When Ac
transposes from the P-vv allele, about 80% of the time so-called twin-sector
mutations are generated, i.e., contiguous sectors of fully revertant, red peri-
carp and light, variegated pericarp indicative of an increased Ac copy number
(GreenBLATT 1974). Genetic analyses of the reversion patterns and cloning and
sequencing of Ac target sites in mitotic daughter cell lineages of twin sectors led
1o the following conclusions:

1. Ac transposes by a nonreplicative mechanism. The element is physically
excised from the donor site and reinserts in a new position (Fig. 2) (GREENBLATT
and BRriNk 1962).

2. The element transposes primarily, if not exclusively, during or shortly after
replication. Accordingly, during the other phases of the cell cycle, either the
transposon is in a state which is not recognized by the transposition machinery
or there is no active transposase present (GREeNBLATT 1984; CHEN et al. 1987).

3. Actransposes from only one of two daughter chromosomes. This means that
the two daughter Acs have to be physically distinct after replication, and the
transposition apparatus including the transposase can distinguish between
them (FEpororr 1989; CHeN et al. 1992).

4. Ac and Ds elements reinsert into both replicated (Fig. 2a) and unrepli-
cated target sites (Fig. 2b). Thus, the transposition machinery apparently is
insensitive to replication-dependent alterations of the state of the target DNA
(i.e., methylation) (CHeN et al. 1992).

However, it should be noted that the efficient excision of Ac and Ds from
plasmids which supposedly do not replicate in plant cells might indicate that DNA
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replication is not an absolute requirement for the excision reaction (Housa-HEeRIN
etal. 1990, 1994).

4.2 Ac Transposes Preferentially to Physically Linked
Target Sites

In maize, Ac has a pronounced preference for short-range transpositions. In one
study, after transpositions of Ac away from the P-vv allele, 61% of reinserted Acs
remained closely linked to P. However, no reinsertions within 4 cM proximal of
the P gene were found, whereas 23 reinserted Ac elements mapped within the
same distance distal to P (GReensLATT 1984). The asymmetrical distribution around
the donor site is rather unusual, because in several other studies the directions of
transpositions were random, and Ac transposition from P-vv into a site located
15 kb proximal to P was recently described (Cren et al. 1992). In the case of
transposition of Ac from the bz-m2::Ac allele, about 60% of the elements
reintegrate within b cM distance on either side of bz (Dooner and BeLacHew 1989).
Over 250 Ac reinsertions into the P gene were randomly distributed around the
donor site (MoReNo etal. 1992). Schwartz describes four Ac transpositions
0.1-1.1 map units away from the wx-m9::Ac allele (SchwarTz 1989b). Further-
more, frequent Ac and Ds transpositions in a variety of genes over distances
ranging from only 6 bases to several kilobases were isolated (Dowe et al. 1990;
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Fig. 2. Ac transposes shortly after replication (a) into replicated DNA, or (b) into unreplicated target
DNA, which results in an increased copy number of Ac. Only one of the two freshly replicated Ac
elements is capable of transposition (the shaded Ac does not transpose), and reinsertion occurs
frequently into genetically linked sites
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PetersoN 1990; GroTewoLD et al. 1991; ATHma et al. 1992; WEIL et al. 1992; CHeEN
et al. 1992). This high frequency of short-range transpositions can be exploited to
generate large numbers of mutations within a single gene, a strategy which was
termed "cyclic mutagenesis” (Brink and WiLLiams 1973; KermicLE et al. 1989; ATHmA
etal. 1992; WEwL et al. 1992; Moreno et al. 1992; ALLeman and KermicLE 1993).

Different models are suggested to account for the high frequency of nearby
transpositions, which have in common that the Ac donor and recipient site are
somehow physically connected during transposition (GREENBLATT 1984; SCHWARTZ
1989b; Rosains et al. 1989). A physical connection between donor and target
sites is also suggested by the observation that Ac transpositions to genetically
unlinked sites are not random. Ten of 37 Ac transpositions from the bz-m2::Ac
allele on the short arm of chromosome 9 to genetically unlinked sites mapped on
the long arm of the same chromosome, and in the remaining 27 events some
chromosomes are preferred against others (DooNer et al. 1994).

These results imply that it might be of advantage to initiate transposon
tagging experiments with an Acor Ds element closely linked to the desired target
locus. Indeed, this strategy has been successfully used in maize (DeLong et al.
1993). Of course, preferential transposition of Acto closely linked sites would also
be extremely useful for transposon tagging in heterologous plants (see also
Sect. 8), since in some important plant species a collection of transgenic lines
was generated which carry Ac or Ds insertions in many different genomic
positions. Jones and colleagues (1990) have found that in one transgenic tobacco
line, 11 of 14 independent Ac transpositions were to very closely linked sites.
However, short-range transposition is not a universal mechanism in tobacco. The
preference for nearby transpositions varies considerably in different transgenic
lines. In four of six independent transformants a majority of the linked transposed
Acs are clustered within 5 ¢cM of the donor site, whereas in two of them they are
more dispersed. Possibly, the preferred transposition range is a function of the
chromatin structure in the vicinity of the donor site (Dooner and BeLAacHEw 1991).

In Arabidopsis, Ds elements transpose with a frequency (68%) similar to that
in maize and tobacco into linked sites. In four independent transformants the
distribution of transposed elements varied around the different donor sites, but no
tight clusters such as those seen in maize and tobacco were observed (BANCROFT
and Dean 1993; KEeLLER et al. 1993b).

In the tomato the transposition pattern of Ac and Ds elements is more
complicated. In several cases it was observed that the introduced autonomous Ac
transposed without preference for short-range transpositions to unlinked and
linked sites as well. Yet the transposed Acs were arranged in small dispersed
clusters of linked insertions (Yoper 1990; OsBornE et al. 1991; BeLziLeE and YODER
1992). Both linked and unlinked clusters of insertions were also obtained with Ds
elements carrying either GUS, NPTII, or HPT as marker genes (RoMMENS et al.
1993; HeaLy et al. 1993; Knaprp et al. 1994). The transposition patterns may be
strikingly different in plants carrying Ds in two different, but very closely linked
T-DNA insertion loci. Whereas in one family the element reinserted preferentially
close to the primary insertion site, in the second family no such preference, but
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rather a small reinsertion cluster on another chromosome was observed (Knapp
et al. 1994). The formation of reinsertion clusters in the tomato could be the
consequence of an early primary transposition event to an unlinked site, followed
by secondary transpositions to linked loci. Less likely is the existence of hot spots
for integration.

4.3 The Ac 5'- and 3'-Ends in Direct Orientation
Induce Chromosome Breakage

One of McClintocks original discoveries was a phenomenon she termed the
"breakage-fusion-bridge cycle" (McCuintock 1942). Chromosome breakage
occurred frequently at a specific genetic locus, which she therefore called
Dissociation (Ds) (McCLinTock 1946). She subsequently detected that the Ds
locus could change its position in the genome, and that chromosome breakage at
Ds, as well as transposition of Ds, requires the activity of a second locus, which
she designated Activator (Ac) (McCuintock 1947, 1948). Two classes of Ds
elements exist which differ in their response to Ac. State-l Ds elements cause
frequent chromosome breaks and rather rare reversions (excisions), whereas
state-ll Ds elements produce higher rates of reversions and barely detectable
rates of chromosome breakage (McCuinTock 1949).

When the structures of the state-| Ds elements from the sh-m5933 (CouraGe-
Tese etal. 1983; Doring and STaRLINGER 1984; Doring etal. 1989) and the
sh-m6233 allele (WEeck et al. 1984) were elucidated, it turned out that they both
contain “double Ds" (dDs) elements, consisting of a 2-kb Ds element (a simple,
internally deleted Ac derivative) inserted in opposite orientation into the center of
a second, identical 2-kb Ds (Fig. 3a) (for review, see DORING and STARLINGER 1986;
Febororr 1989). Another state-| Ds from the sh-m6258 allele contains a similarly
complex 3-kb Ds structure, i.e., a 2-kb Ds flanked by a 1-kb half-Ds. This 3-kb Ds
consists essentially of 1 kb from the 5'-end of Ac, flanked on either side by 1 kb
from the 3'-end in opposite orientation (DARING et al. 1990). The proposed models
to explain chromosome breakage at dDs elements suggest that breakage is a
result of an aberrant transposition attempt involving the two transposon ends
which are in direct orientation (DOriNG and STARLINGER 1984; DoRrING et al. 1989).
These have to be two different ends (one 5'- and one 3'-end), as the insertion of
one transposable element into another in the same orientation gives rise exclu-
sively to excisions but not to chromosome breaks (Fig. 3d) (MicHEeL et al. 1994).

However, neither the inverted orientation of the complete Ds element
relative to the half-Ds nor the close contact of the transposon segments is a
necessary prerequisite for chromosome breakage. At the bronze locus a number
of chromosome breaking structures were characterized which consist of a 3'-half
of Ac and a complete Ac in direct orientation and separated by 0.05 cM (>25 kb)
(RaLston etal. 1989), or pairs of either two very closely linked (<1 cM)
Ac elements, or one Ac and one Ds element (Dooner and BeracHew 1991).
Together with the interval between them, the two elements constitute a
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Fig. 3a-h. Chromosome breakage is a consequence of aberrant transposition attempts between two
different element ends in direct orientation. Arrows marked "L" and "R" indicate the left end (5'-end) and
the right end (3'-end) of Ac, respectively. a—¢ Chromosome breaking structures:(a) insertion of one Ds
in opposite orientation into another Ds = doubleDs structure (DORING et al. 1989); (b) two Ds elements
in opposite orientation (WEIL and WESSLER 1993); (e) left and right Ac ends in direct orientation
(ENGLISH et al. 1993). d Insertion of one Ac into another, equally oriented one (MICHEL et al. 1994).
e Simple Ac or Ds element (MCCLINTOCK 1949). f Two left or nght Ac ends in opposite orientation
(ENGLISH et al. 1993). g The strand-selectivity model for chromosome breakage predicts that after
replication of two directly oriented left and right transposon ends, one end on each daughter chromatid
is transposition incompetent (shaded arrows). After DNA cleavage at the termini of the two competent
ends (filled arrowheads) religation of the two "donor site" halves will lead to a dicentric and
subsequently breaking chromosome if the centromere (filled circle) is located at the left hand side.
h The aberrant intrachromatid transposition model suggests that both transposon ends on one
chromatid are transposition competent. DNA cleavage and religation at the two "donor site" halves and

the "acceptor site" on the sister chromatid will lead to the formation of one acentric and one dicentric
chromosome and subsequent chromosome breakage

"macrotransposon’. Chromosome breakage at these structures could be ex-
plained by excision of the partially replicated macrotransposon, followed by
reinsertion in opposite orientation before replication of the internal sequences is
complete. In contrast to the breakage model for the "double Ds" elements, the key
feature here is not the recognition of a left and right transposon end in direct
orientation, but rather the presence of left and right transposon ends separated
by a stretch of chromosome that is in a different replication state from one or both
transposon ends at the time of transposition (DooNer and BeLacHew 1991).
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A third kind of chromosome breaking structure has been described (WEiL and
WessLER 1993). In two derivatives of the Wx-mb5 allele two 2-kb Ds elements
[nearly identical to the 2-kb Ds elements comprising the dDs structures in the
sh-mb5933 allele (Do6rING and STARLINGER 1984)] are inserted in opposite relative
orientations in the Waxy gene and separated by only 1.5 kb and 0.45 kb,
respectively (Fig. 3b). Both these structures cause Ac TPase-dependent high-
frequency chromosome breakage. Taking into account the genetic evidence that
after replication only one of each pair of daugther elements is transposition
competent (GREeNBLATT 1984), WEeIL and WEssLER (1993) invoke a model proposing
that after complete replication of both Ds elements an aberrant transposition
event involving the left end of one daughter Ds and the right end of the second
daughter Ds on the other sister chromatid fuses the two sister chromatids and
causes the formation of a dicentric chromosome, which subsequently breaks.
This model is supported by the existence of a fusion product detected by PCR
analysis and having the predicted sequence.

In a very different approach, English and co-workers analyzed the chromo-
some breaking properties of an artificial dDs and several derivatives in transgenic
tobacco (EncLISH et al. 1993). Preferential transposition of state-Il Ds and chromo-
some breakage of state-| Ds elements is obviously not restricted to maize, but
also occurs in transgenic tobacco. Dissection of the dDs revealed that a left and
a right Ds end in direct orientation are the minimal substrate for the Ac TPase to
induce chromosome breakage (Fig. 3c). An aberrant transposition attempt be-
tween two directly oriented left and right transposon ends should cause the
inversion of one half-transposon, and the existence of these predicted products
was verified by PCR analysis. Four different constructs carrying a left and a right
Ds end in direct orientation caused chromosome breakage, whereas seven other
constructs containing complete Ac or Ds elements (Fig. 3e), or consisting of two
inverted left or right Ds ends (Fig. 3f) or a single transposon end, respectively, did
not induce breakage.

The PCR-detected footprints analyzed by Weil and Wessler and English and
co-workers are consistent with two different models for chromosome breakage
induced by aberrant transposition reactions. One model is basically similar to the
one proposed by DOrRING and STARLINGER (1984). It predicts that the two directly
oriented transposon ends are cleaved on the same chromatid and get fused to an
acceptor site on the sister chromatid (Fig. 3h). The other model takes into
account the genetic and molecular evidence, which suggests that Acand Ds
transpose during or soon after replication and that only one of the two daughter
elements is transposition competent (GREENBLATT 1984; CHeN et al. 1987, 1992).
These phenomena could be explained by a strand selectivity of the transposition
machinery (FEpororr 1989), and in fact, the Ac TPase has a strand-specific DNA-
binding capacity in vitro (Kunze and Staruinger 1989). According to the "strand
selectivity model", the left transposon end is cleaved on one chromatid and the
right end on the other chromatid, followed by interchromatid fusion (Fig. 3g).
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5 Expression of Ac

5.1 Transcription of Ac in Maize

Northern blot analysis with various Ac-containing and Ac-free maize lines and cDNA
cloning led to the identification of a 3.5-kb messenger RNA whose appearance is
correlated with Ac activity. The primary transcript spans most of the Ac sequence,
leaving only about 300 bp at the 5'-end and 264 bp at the 3'-end untranscribed
(Fig. 1). Transcription begins at several sites within a 100-bp region, the most
prominent initation site being 334 bp proximal of the 5'-end of Ac. Polyadenylation
takes place 265 bp proximal to the 3'-end (Kunze et al. 1987; FINNEGAN et al. 1988).

The Ac promoter is lacking a CAAT and a TATA box and therefore is
reminiscent of mammalian housekeeping gene promoters {Dynan 1986). Like
these, the Ac promoter is weak and seems to be constitutively active. It gives rise
to an average mRNA abundance of approximately 10 mRNA molecules per cell
(FuRwINKEL et al. 1991), which is low, but not low enough to explain the rareness
of transposition events. The Ac promoter retains its basic properties also in
transgenic tobacco plants, where similarly low transcript levels are expressed
(Kunze et al. 1987; Hent and Baker 1990) and the same multiple initiation sites are
used (FINNEGAN et al. 1988; R.Kunze, unpublished results).

As the analysis of maize cDNA by PCR amplification yielded no alterna-
tively processed Ac transcripts, it is likely that the 3.5-kb mRNA is the only Ac
transcription product (C. Rofsbach and P. Starlinger, unpublished). In this respect,
Ac clearly differs from the En/Spm transposable element, which is transcribed
into various alternatively spliced mRNAs (Pereira et al. 1986; Masson et al. 1989).

The first 600-700 nucleotides of the Ac mRNA constitute an untranslated
leader sequence. To date, there are no unambiguous data regarding whether this
unusually long leader sequence has a particular function. It is obviously dispensa-
ble for the transposition reaction, as in transgenic tobacco plants the deletion of
nearly the whole leader sequence does not abolish autonomous excision of the
Ac derivative (CoupLanp et al. 1988). In Arabidopsis thaliana the deletion of the
leader sequence in an Ac derivative even leads to a significantly increased
transactivation frequency of a Ds element (BancrorT etal. 1992). Thus, in
Arabidopsis the untranslated leader plays an inhibitory role. In flax, however, the
same deletion causes at best a marginal activity increase (FINNEGAN et al. 1993). A
possible explanation for these differences could be that the leader sequence is
responsible for misprocessing of the Ac mRNA or leads to destabilization in
Arabidopsis (GREVELDING et al. 1992), but not in other plants.

5.2 Ac-encoded Protein

The first ATG codon on the Ac mRNA opens a 2421-base open reading frame
(ORFa) which encodes the transposase protein (TPase) (Kunze et al. 1987). In
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Western blotting experiments, a protein with an apparent molecular weight of
112 kD was detected exclusively in nuclear endosperm extracts from maize lines
containing an active Ac element (FUBWINKEL et al. 1991). This protein presumably
is the full-length ORFa protein, the TPase, because the expression of ORFa in
transgenic tobacco plants (CoupLanp et al. 1988) and Petunia protoplasts (Houga-
Herin et al. 1990) leads to the appearance of a protein with the same electro-
phoretic mobility and induces the mobilization of nonautonomous Ds elements.
With an estimated abundance in maize endoperm in the range of 10° molecules
per genome equivalent, the TPase is a quite rare protein.

In addition to the 112-kD protein, small and variable amounts of a second
ORFa-derived protein with an apparent molecular weight of approximately 70 kD
were detected in endosperm extracts (FURWINKEL et al. 1991). Since no corre-
sponding mMRNA was identified, it is assumed that this protein species is a
proteolytic product of the 112-kD TPase. It is not known whether the 70-kD
protein has an influence on the transposition reaction.

By immunostaining the TPase protein in maize endosperm sections, a
fraction of cells was found to contain rod-shaped TPase aggregates about 2 umin
length. It is not known if these aggregates have a function during transposition.
However, as in transfected Petunia protoplasts the expression of increasing
amounts of TPase leads to increasing amounts of TPase aggregates, but not to a
corresponding increase in transposition frequency, it is suggested that the TPase
aggregates are transpositionally inactive (HEINLEIN et al. 1994).

6 The Ac Transposase Protein

6.1 Structural Features of the Transposase Polypeptide

The "Ac" bar in Fig. 4 schematically shows the 807-amino acid TPase protein
{TPase(1-807} with some structurally or functionally distinct segments high-
lighted. The N-terminal 200 amino acids of the Ac protein contain clusters of basic
residues which constitute the nuclear localization signals (NLSs). Three peptides
with NLS activity were identified, encompassing TPase residues 44-62, 169-178,
and 174-206, respectively (Boenm et al. 1995) (Fig. 4). The nuclear targeting
capability of the three NLSs is cumulative, as the nuclear import efficiency of a
N-terminally truncated TPase(103-807) is reduced (HENLEIN et al 1994).

For TPase activity, the N-terminal 102 residues including NLS(44-62) are
dispensable (Li and Starunger 1990). Surprisingly, in transfected Petunia proto-
plasts the N-terminally truncated TPase triggers even higher excision frequencies
than the full-length TPase when expressed at low levels (Housa-HERIN et al. 1990;
Becker et al. 1992). The mechanism by which the N-terminal 102 amino acids
reduce the TPase activity in Petunia cells is not yet understood. However, as high
TPase concentrations seem to have an autoinhibitory effect (Sect. 7.5), it is
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Fig. 4. Structure of the Ac transposase (TPase) protein. The horizontal bar "Ac" schematically shows
the 807-amino acid TPase protein. "NLS" indicates the three nuclear localization signals. Residues
109-129 consist of a tenfold repeat of the dipeptide proline-glutamine. Residues 159-206 are the basic
region which is shown enlarged above the Ac bar in single-letter code. The effects of several deletion
and substitution mutations (shown above the wild-type TPase sequence) on in vitro DNA binding to
the ends of Ac and to synthetic AAACGG repeats are indicated in the column AAACGG binding. Bars
at bottom marked "Tam3" and "hobo" symbolize the putative transposase polypeptides of the Tam3and
hobo transposable elements. Within the Shaded segments, 40-65% of the amino acids are identical
in the three proteins

conceivable that the lower nuclear concentration of the TPase(103-807) protein
causes the apparently higher activity.

Between residues 109 and 128, the Ac TPase consists of a tenfold repeat of
a proline-glutamine dipeptide. This sequence is required for TPase activity (Kunze
et al. 1993), but it is not involved in the DNA-binding reaction (FELDMAR and Kunze
1991).

The DNA-binding domain of the TPase is located between residues 159 and
206 (FeLbmagr and Kunze 1991) and overlaps with two NLSs (Fig. 4). However, the
two functions can be separated (Boenm et al 1995). The basic amino acids
between residues 189 and 200 are presumably directly involved in recognition of
the AAACGG motifs (see Sect. 6.2), as their substitution with alanine and the
reciprocal exchange of His,y, and Arg,q, abolishes DNA binding completely. In
contrast, the basic amino acids between 159 and 183 are not involved in DNA
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recognition, as their substitution by alanines does not affect DNA binding in vitro
(FELomar and Kunze 1991).

The N-terminal 200 amino acids of the TPase with their surplus of positively
charged residues are responsible for an aberrant electrophoretic mobility of the
protein. The calculated molecular mass of the TPase is 92kDa, whereas it
migrates at 112 kDa in SDS gels. After deletion of the N-terminal 200 amino acids,
the residual protein migrates as expected (FugwinkeL et al. 1991; FeLomar and
Kunze 1991; Kunze et al. 1991).

The N-terminal 200 amino acids of the Ac TPase have no homology to any
known protein, whereas the C-terminal 600 amino acids are on average about
30% homologous to the putative transposase of the transposable element Tam3
from Antirrhinum majus (HeHL et al. 1991). In three segments, which are also
conserved in the putative transposase of the hobo element from Drosophila
melanogaster, the degree of homology even exceeds 65% (Fig. 4) (CaLvi et al.
1991; FeLomar and Kunze 1991). Since these three transposons are very similarly
organized, it is likely that their transposition mechanisms are also similar, and the
conserved regions of the TPase proteins presumably have equivalent functions.
In fact, the empty donor sites after hobo excision are unlike those of any other
transposable element in animals but closely resemble those of Ac and Tam3
(ATkINSON et al. 1993). It is tempting to speculate that one of the higly conserved
TPase protein segments interacts with the IRs, yet, there is no experimental proof
for this hypothesis.

6.2 Transposase Binds In Vitro to Subterminal,
Repetitive Sequence Motifs

The DNA-binding properties of the Ac TPase were investigated in gel-shift assays
with TPase protein overexpressed in the eukaryotic baculovirus system (Hauser
etal. 1988) or in E. coli cells {FELomar and Kunze 1991). In these experiments, no
binding of the TPase to the IRs of Ac was detected, but binding to those
subterminal about 250 bp sequences which are required for transposition in vivo
was (CoupLanD et al. 1989; Kunze and STaRLINGER 1989). Within these regions the
TPase binds to repetitive AAACGGs or closely related motifs, but the formation of
stable TPase/DNA complexes in vitro requires several AAACGG motifs on the
target DNA. If the number of AAACGG motifs is reduced to less than about six, the
stability of the complexes decreases drastically, which could indicate a coopera-
tive interaction of TPase molecules on the DNA (Kunze and STARLINGER 1989;
FeLomar and Kunze 1991). These observations are consistent with the gradual
reduction in element excision in vivo by deletions extending progressively into
the TPase-binding region (CourLanD et al. 1988, 1989).

It is remarkable that most of the asymmetric AAACGG TPase-binding motifs
in the subterminal regions of Ac are directly repeated (Fig. 1). Accordingly, if
individual TPase molecules interact with each other on the DNA, it seems
possible that the TPase oligomers have not a closed structure, like many di- or
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tetrameric prokaryotic repressors or eukaryotic transcription factors, but rather an
open structure with no defined size. Such an oligomerization property is proposed
for the Drosophila melanogaster protein Zeste, whose DNA-binding properties
are reminiscent of those of the Ac TPase (CHeN and PirroTTA 1993).

The properties of the TPase/DNA complexes indicate that several TPase
molecules have to bind to each end of Ac during transposition. However, it is not
known whether each AAACGG motif has to be occupied by TPase simultane-
ously, or if only the occupation of a certain subset promotes transposition and
other occupational patterns result in inhibition of transposition. If this were so, the
likelihood of attaining the correct occupation must be rather low, due to the high
number of individual binding sites in each Ac end. Such a mechanism could
explain why —in spite of the proposed constitutive expression of about 10° TPase
molecules per cell —Ac and Ds elements transpose in only a small fraction of cells,
and why two transposable elements in the same cell usually do not transpose
simultaneously (HeinLEIN and STARLINGER 1991).

6.3 DNA Binding of Transposase Is Methylation Sensitive

A significant fraction of the potential methylation sites (CpG and CpNpG]) in the
ends of Ac are part of the TPase-binding sites, and DNA-binding by the TPase is
indeed strictly dependent on the methylation status of the target DNA. The affinity
of the TPase to its target motifs increases if one or both cytosine residues on the
one strand are replaced by 5-methylcytosine. In contrast, DNA binding is totally

Table 3. Relative efficiencies of TPase binding to target DNAs
consisting of 18 tandem copies of the indicated hexamer
motifs as determined by gel-shift assays (KUNZE et al. 1991)

Target DNA efficiency TPase binding
5-AAACGG-3'

3'-TTTGCC-5' +

5-AAAC GG-3'

3-TTTG™CC-5’ ++

5-AAACG G-3'

3-TTTGC"C-5' ++

5'-AAAC G G-3'

3-TTTG™C™C-5' +++
5'-AAATCGG-3'

3-TTT GCC-5' -

5-AAA™C GG-3'

3-TTT G"CC-5' -

5-AAATCG G-3'

3-TTT GC"C-5' -

5-AAATC G G-3'

3-TTT G"C"C-5' (+)
"C,b-methylcytosine; (+), very weak binding that can be ob-
scured by Increasing the competitor-DNA concentration
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inhibited by C-methylation on the other strand, irrespective of whether the
cytosine residues on the complementary strand are methylated or not (Table 3)
(Kunze and StarLINGER 1989; Kunze et al. 1991). This differential recognition of the
two hemimethylated forms of the binding site emphasizes the asymmetric nature
of the TPase-DNA interaction.

It is intriguing to speculate that the selective recognition of only one hemi-
methylated DNA species by the TPase and inhibition of TPase binding to the other
species is the mechanism that couples transposition to replication (see Sect. 4.1).
Such a phenomenon is well known from the bacterial /S10 element, which
transposes preferentially from one of the two differentially hemimethylated
daughter molecules after replication (RoBerTs et al. 1985; for review see KLECKNER
1990). According to this hypothesis, before replication the Ac element is holo-
methylated and stable. As the majority of AAACGG motifs in the 5'-end of Ac are
inversely oriented to those in the 3'-end, after replication the two hemimethylated
daughter elements would differ, in that one will preferentially bind TPase at its
5'-end but not atits 3'-end, whereas the opposite happens at the other daughter Ac.

Of course, a prerequisite for this scenario is that the TPase-binding sites in
maize are methylated in vivo. As the asymmetric AAACGG motifs are not
accessible by restriction analysis, this question can be approached only by
genomic sequencing. However, the methylation states of the Hpall restriction
sites of an active (wx-m9::Ac) and a transiently inactivated Ac (wx-m9::Ds-cy)
have been investigated. Three Hpall sites at the right end of Ac which are located
between TPase-binding motifs are always methylated (ScHwaRTz and DEenNIS
1986). It will be interesting to see whether the methylation state of these Hpall
sites reflects the methylation state of the TPase-binding motifs in their vicinity. If
s0, the TPase-binding sites at the right end of Ac should always be methylated.
Immediately after replication the two daughter elements were differentially
hemimethylated, and this could account for the strand selectivity of transposition
(GREeNBLATT 1984; FEpOROFF 1989).

One Hpall site in the left Acend (nt 178) is situatedin a 10-bp spacer between
two AAACGG motifs. This site is unmethylated in the active Ac but methylated in
the inactive phase. The BamH]I site (nt 181) which overlaps this Hpall site and one
AAACGG motif is cleavable, and hence unmethylated in the active Ac but
uncleavable and presumably methylated in the inactive wx-m9::Ds-cy allele and
the wx-m39::Ds allele as well (ScHwarTz 1989a). If an active Ac is crossed in, the
BamHlI site of the wx-m9::Ds and, to a lesser degree, that of the wx-m9::Ds-cy
become demethylated. This could indicate a protection of the BamHI site by the
TPase against methylation. Since reactivation of wx-m9::Ds-cy is greatly en-
hanced in the presence of an active Ac (Schwartz 1989a), and reactivation is
correlated with the reappearance of the Ac mRNA (Kunze et al. 1988), it seems
possible that the TPase-binding region and the promoter of Ac overlap, and that
the promoter remains protected against inactivation by methylation by TPase
bound to it. This would imply that the TPase is permanently bound to the left end
of Ac but binds only after replication to the right end in only one of the two
daughter elements.
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Ott and co-workers have generated genomic sequences of the 5'-sub-
terminal Ac regions in five transgenic tobacco plants (OTT et al. 1992). Only at one
single C residue did they detect methylation, whereas at least 80% of the C
residues at any other analyzed site (including nine AAACGG motifs) are unmethy-
lated. Accordingly, methylation is unlikely to play a role during transposition of Ac
in tobacco. As the TPase binds also to unmethylated AAACGG motifs, it is
conceivable that Ac transposition in tobacco is — unlike in maize — not coupled to
replication.

Surprisingly, de novo methylation of Acin tobacco is generally very low. Of
87 cytosine residues in Ac analyzed with C-methylation-sensitive restriction
enzymes, only three were partially methylated. Even three Hpall sites that are
always methylated in maize are unmethylated in tobacco (NELsEn-SaLz and
DoriNGg  1990).

6.4 The Transpositionally Active Transposase
Is an Oligomeric Protein

Houba-Hérin et al. have developed a transient excision assay that enables a
much quicker investigation of mutant derivatives of the TPase protein than is
possible with transgenic plants (Housa-HERIN et al. 1990). A variety of deletion and
two-amino acid insertion mutants were tested for their transpositional activity and
their influence upon coexpression with the wild-type TPase. It turned out that a
deletion of the PQ repeat (residues 109-128; Fig. 4), as well as of the carboxy-
terminal 54 amino acids, inactivates the protein, indicating that these sequences
have essential functions during transposition. The appearance of dominant,
transposition-negative, and DNA-binding-deficient mutants indicates that the
active TPase is an oligomeric protein (Kunze et al. 1993). Furthermore, by com-
plementation analysis with several inactive, but recessive TPase mutants, func-
tionally distinct domains of the TPase were located on the polypeptide chain
(R. Kunze, unpublished results).

7 Regulation of Transposition

7.1 The Transposase Concentration Is Not the Only
Transposition-limiting Factor

In maize, the Ac element transposes usually only in a fraction of the cells, but the
transposition frequencies vary over a wide range. The germinal excision frequen-
cies of Ac or Ds at different loci may vary in the range of 0.01%to more than 15%
(for review see DoRING 1989), and the frequency of Ds2-element excision from the
bz2::Ds2 allele in the aleurone cells is in the range of 0.2-1% (Levy and WaLsoT
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1990). The simplest explanation for these low transposition frequencies would be
an extremely low TPase concentration, as described for the IS10 element (RALEIGH
and KLeckner 1986). In maize endosperm, the average abundance of the TPase
was estimated in the range of 10° molecules per genome equivalent (FUBWINKEL
etal. 1991), but it is not known whether these TPase molecules are evenly
distributed among the cells. Indeed, the appearance of TPase aggregates in only
a fraction of endosperm cells could be an indication for uneven expression
(HEINnLEIN et al. 1994). If the TPase concentration were the transposition fre-
quency-limiting factor, one would expect a high coincidence of excisions of
different Ac and Ds elements in the few cells having enough of the enzyme. Yet,
as co-excision of Ds elements is rather the exception than the rule (HeinLen and
STARLINGER 1991), the scarcity of transposition events cannot be explained easily
by a lack of TPase. Rather, the probability of assembling a functional transposition
complex might be low. Conceivably, the TPase protein stochastically binds to
some of the multiple TPase-binding sites in the ends of the element, but only the
occupation of a certain subset of them promotes the excision reaction.

7.2 Is the Transposition Frequency
Modulated by (a) Host Factor(s)?

In analyzing variegation patterns in maize endosperm it becomes obvious that not
only the frequency, but also the developmental timing of transposition is control-
led (McCuntock 1951). The excision frequency of the Ds2 element from the
bz2::Ds? allele fluctuates between 0.2 and 1% during proliferation of the aleurone
layer (Levy and WatgoT 1990). These changes reflect either temporal fluctuations
in TPase expression or the influence of a transposition-modulating host factor. It
has been genetically shown that the two identical Acs in the wx-m7::Ac and the
wx-m9::Ac alleles induce very different excision patterns of the Ds in the
bz-m2(DI) allele, and that these distinct phenotypes are not due to the presence
of a modifier gene somewhere in the maize genome (HeinLEIN 1995). Though this
does not exclude the existence of a modulating host factor, it implies that subtle
differences in TPase expression may result in spatially and temporally distinct
transposition patterns.

7.3 Ac Can Have an Inverse or Positive Dosage Effect in Maize

McClintock has described a peculiar phenomenon in the regulation of Ac
transposition, which is called the "dosage effect". In maize endosperm with two
or three Ac elements in the genome, Ac and Ds excisions are developmentally
delayed compared with plants with only one Ac, resulting in less and smaller
revertant sectors on the kernels (McCuntock 1951). This has led to the conclu-
sion that Ac senses its own copy number as well as the developmental stage
of the endosperm, which means it interacts somehow with a cellular signal
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(ScHwarTz 1984). However, this signal does not interact equally with all Ac
elements, as the dosage effects of different Acs are not uniform and may even
change from negative to positive during endosperm development (HEINLEIN and
STARLINGER 1991).

How could sensing of its own copy number be achieved? Direct interactions
between Ac elements are unlikely, because the overall number of Ac-homolo-
gous sequences, including the Ds elements, is so high that one or two additional
elements do not make much of a difference. The dosage effect is rather
dependent on expression of the TPase protein, because the deletions in the
wx-m9::Ds and bz-m2(Dl) alleles, which destroy the TPase-coding region, mutate
Acinto Ds elements that do not contribute to the dosage effect any more (DooNEr
et al. 1986), and even an Ac element which is transiently inactivated by methyla-
tion and not transcribed behaves like Ds and does not contribute to the dosage
effect (McCLINTock 1964, 1965; ScHwaRTz 1986; Kunze et al. 1988).

Sensing its own copy number could be achieved by negative autoregulation
at the transcriptional or translational level. However, this also seems unlikely,
because in endosperm (Kunze et al. 1987) and also in seedlings (BRUTNELL and
DeLarorTA 1994) the Ac mRNA concentration and the 112-kD TPase concentra-
tion as well (FURWINKEL et al. 1991) increase with Ac copy number. Therefore, it
is more likely that the Ac dosage effect is manifested at a post-translational
stage.

7.4 Ac Has a Positive Dosage Effect in Heterologous Plants

The dosage effect of Ac has also been investigated in transgenic plants. In
tobacco, plants homozygous for Acclearly show more frequent transposition than
heterozygous plants, which suggests a positive dosage effect (Jones et al. 1989;
HeHL and Baker 1990). Surprisingly, the major transposition frequency-determin-
ing factor seems to be the copy number of the TPase source, rather than the
number of mobile elements (Jones et al. 1991). Furthermore, Ac tends to trans-
pose earlier in homozygous plants than in heterozygotes (KeLLER et al. 1993a).

In Arabidopsis thaliana, Ac has an extremely low transposition frequency
(ScHmipT and WiLLmitzer 1989). As transformants with several Ac elements tend
to have a higher transposition frequency than single-Ac lines, the dosage effect
of Acin this plant also seems to be positive (KeELLER et al. 1992; Dean et al. 1992).
By using a two-element system consisting of a stable TPase source and a Ds
element, it was shown that — as in tobacco — increasing the copy number of the
TPase source causes a higher transposition frequency, whereas altering the
number of Ds elements has no effect (BancrorT and Dean 1993). This could
indicate that the TPase concentration conditions the general TPase activity state,
and that the distribution of the total TPase activity over an increasing number of
elements reduces the probability of transposition for each single element.

In other heterologous plants Ac dosage effects have not yet been analyzed in
great detail. In the tomato, no obvious reduction in transposition frequency was
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detectable when more than one Ac copy was present (BeLziLE et al. 1989; Yoper
1990). In Nicotiana Plumbaginifolia the transposition frequency increases with Ac
copy number (MaRion-PoLL et al. 1993).

In conclusion, a delay in timing and decrease in frequency of Ac or Ds
transpositions upon an increase in the copy number of Ac in the genome has so
far not been observed in any heterologous plant. Since the inverse dosage effect
in maize is presumably expressed at the post-translational level, it is conceivable
that the TPase interacts specifically with a signal in maize but not in transgenic
plants.

7.5 Autoinhibition of Transposition
at High Transposase Expression Levels

Most, if not all, transposable elements underlie mechanisms which limit transpo-
sition frequencies to levels that are not detrimental to the host organism. These
mechanisms may be either intrinsic to the element itself or based on interactions
with a host factor.

The inverse dose effect of Acis caused by such an autoregualatory mecha-
nism. As the TPase protein concentration increases with Ac copy number,
apparently an inverse relation exists between TPase concentration and transposi-
tion frequency. Though the inverse dose effect has not been described in
transgenic plants, it was observed that raising the Ac transcription level in tobacco
about 1000-fold does not necessarily lead to increased germinal transposition
rates (ScorieLD et al. 1992). Furthermore, in developing tobacco cotyledons, this
high TPase-expression level triggers transpositions early during development but
causes a complete loss of transposition events at later stages. Since this
phenotype is dominant over different transposition patterns caused by low
expression of TPase, it was proposed that TPase levels above a certain threshold
inhibit the transposition reaction (ScorieLp et al. 1993). Based on the observation
that the TPase aggregates in vivo, the possibility is discussed that beyond this
threshold TPase starts to aggregate and transpositions cease, because either the
TPase aggregates actively inhibit transposition or all soluble TPase is sequestered
into inactive aggregates (HEINLEIN et al. 1994).

7.6 Ac Can Be Reversibly Inactivated by Methylation

Ac can undergo a reversible change in activity, called "change in phase" by
McCuintock. The inactivation of Acis a somatic process (BRUTNELL and DELLAPORTA
1994). In the inactive phase, the element behaves like a Ds and does not
contribute to the dosage effect (McCLinTock 1964, 1965).

Three Ac elements in the inactive phase (wx-m3::Ds-cy, wx-m7::inactive,
and P-vv:l) and a metastable Ac (P-vv::Cy) were molecularly analyzed. All ten
Hpall sites at the left end of Ac[one at nt 178 in the TPase-binding region and nine
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within the untranslated leader region (5-UTR)] were found to be fully methylated
in the inactive wx-m9::Ds-cy allele (Schwartz and Dennis 1986). Similarly, all nine
EcoRll and Sstll sites in the 5'-UTR of the wx-m7:inactive allele are fully
methylated (CHoMET et al. 1987), and most of the Aval, Ncil, Nrul, and Sstll sites
in the P-vv::/ allele near the transcription start are methylated (BrutnelL and
DeLLaporTa 1994). In contrast, the corresponding active Ac elements are hypo-
methylated at these sites. In the metastable P-vv::Cy allele, an intermediate level
of methylation was observed (BRUTNELL and DeLLaPORTA 1994). Methylation of the
Ac untranslated leader sequence and/or the promoter is accompanied by a
dramatically reduced transcript level, and hence no or very little TPase is ex-
pressed (Kunze et al. 1988), i.e., the Ac-mRNA level in the inactive P-vv::/ allele is
reduced to about 2% (BRUTNELL and DeLLAPORTA 1994). This residual level of Ac
message is not sufficient to induce transpositions. As the inactive Ac itself
behaves like a Ds and does not contribute to the dosage effect, this effect is
expressed at the level of the TPase protein.

In a usually small fraction of the kernels on an ear (<10%) the inactive
element reverts spontaneously back to the active phase. Reappearance of
TPase activity is accompanied by demethylation and expression of the 3.5-kb
Ac transcript, but reversion to full activity apparently is a multistep process,
because the revertant element remains partially methylated and the mRNA
level is lower than normal (ScHwartz 1986; Kunze et al. 1988; BRUTNELL and
DELLAPORTA 1994).

A spontaneous appearance of transposable element activity in the progeny of
plants lacking an active transposon was observed after the induction of chromo-
some breakage by different means (for review, see Fepororr 1983), called
‘genomic stress" by McCuLinTock (1984). Tissue culture conditions may also cause
"genomic stress”, as in some maize plants regenerated from material lacking Ac
activity an active Ac element was detected (PescHke et al. 1987). This spontane-
ous appearance of Ac may in fact be a demethylation-associated reactivation of a
silent element like the wx-m9::Ds-cy (BReTTELL and Dennis 1991). Activation of
transposable elements as a response to "genomic stress" may be a widespread
phenomenon, as not only DNA-based transposons but also retransposons can be
activated during tissue culture (HIROCHIKA 1993).

Methylation seems to be a widely used mechanism for reversible inactivation
of transposable elements in plants. Like Ac, maize transposons En/Spm (Banks
and Fepororr 1989) and Mutator (CHanDLER and WaLBoOT 1986; BENNETZEN 1987), and
presumably the Antirrhinum majus Tam3 element also (MarTIN et al. 1989) can be
inactivated by methylation.

Inactivation of Ac by methylation has not yet been unambiguosly observed in
heterologous plants. In Arabidopsis thaliana, no correlation between Ac activity
and methylation at the two Pvull sites within Ac was observed: inactive and active
Acelements alike were unmethylated at both Pvull sites, which are methylated in
wx-m7:inactive (KeLLer et al. 1992). However, in another case inactivated Ac
elements in Arabidopsis were found to be methylated at the Hpall sites in the
5-UTR (Van Stuys et al. 1993).
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8 Ac Transposes in Many Heterologous Plants

In maize, Ac has been successfully used for transposon tagging (for reviews, see
DoRriING 1989; BaLceLLs et al. 1991; WaLsoT 1992). Consequently, the suitability of
Ac as a mutagen in heterologous plants was analyzed (Baker et al. 1986). Since
Ac is apparently able to transpose in almost any plant (Table 4), it is extensively
used for transposon tagging strategies in a variety of plants in which no endo-
genous transposable elements are known (for review see BalLceLis et al. 1991;
WaLsoT 1992).

The transposition frequencies of Ac vary widely in different species, however
(HARING et al. 1991). In the tomato, Ac usually is very active. It was estimated that
about 30% of the progeny inherit a transposed Ac from their parent (BeLziLE et al.
1989). In tobacco Ac can also be very active, but the germinal excision frequen-
cies in individual transformants vary over a wide range from almost 0 to 83%, the
majority of plants showing between 2 and 5% germinal excisions {HeHL and Baker
1990; Jones et al. 1989, 1991; RomMmeENs et al. 1992; ScoriELD et al. 1992). Even
within a single plant, Ac excision frequency varies randomly from flower to flower,
and transpositions occur at various times during flower development (KeLLER et al.
1993a). As mentioned before (see Sect. 7.5), replacing the weak Ac promoter in
tobacco with the at least 1000-fold stronger CaMV 35S promoter causes only a
slight increase of germinal excisions to an average of 6% (ScorieLD et al. 1992).

Table 4. Transposition of the maize element Ac in heterologous plants

Plant species Family Class Transformation  Reference
Maize Poaceae Monocot -~ MCCLINTOCK {1948)
Rice Poaceae Monocot  Transient LAUFs et al. (1990)
Rice Poaceae Monocot  Transgenic IZAwWA et al. (1991)
Rice Poaceae Monocot  Transgenic JING-LiU et al. (1991)
Rice Poaceae Monocot ~ Transgenic MURAI et al. (1991)
Wheat Poaceae Monocot  Transient LAUFS et al. {1990)
Tobacco Solanaceae Dicot Transgenic BAKER et al. (1986)
Nicotiana

plumbaginifolia Solanaceae Dicot Transgenic MARION-POLL et al. (1993)
Tomato Solanaceae Dicot Transgenic YODER et al. {1988)
Potato Solanaceae Dicot Transgenic KNAPP et al. (1988)
Petunia Solanaceae Dicot Transgenic HARING et al. (1989)
Datura innoxia Solanaceae Dicot Transgenic SCHMIDT-ROGGE et al. (1994)
Carrot Umbelliferae Dicot Transgenic VAN SLUYS et al. (1987)
Parsley Umbelliferae Dicot Transient R. LUTTICKE and R. KUNZE

{unpublished)

Arabidopsis Brassicaceae Dicot Transgenic VAN SLUYS et al. (1987)
Soybean Fabaceae Dicot Transgenic ZHoU and ATHERLY (1990)
Flax Linaceae Dicot Transgenic ROBERTS et al. (1990)

Lettuce Compositae Dicot Transgenic YANG et al. (1993)
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In contrast, the germinal transposition frequency of Ac is rather low in
Arabidopsis, ranging from 0.07 to 5.7 % with a peak between 0.2 and 2% (ScHMIDT
and WiLLmiizer 1989; Dean et al. 1992). Surprisingly, 30-560% of transformed
plants carrying one or more Ac elements showed no evidence of germinal
transposition, although somatic Ac excision was detected by a variegated
phenotype (DeaN et al. 1992; KeLLER et al. 1992). In contrast to tobacco, the level
of excision can be greatly increased in Arabidopsis by fusing stronger promoters
like the 35S promoters to the TPase reading frame (GRevelpinGg et al. 1992;
SWINBURNE et al. 1992; Honma et al 1993). Interestingly, when TPase expression
is driven by the 35S promoter, large somatic excision and reintegration sectors
occur that frequently cover entire flowers, while this rarely occurs with the also
strong Arabidopsis rbcS promoter or the weak Ac promoter (Honma et al. 1993;
Long et al. 1993b). Low Ac transposition frequencies are also observed in flax
(ELus etal. 1992), in Nicotiana plumbaginifolia (MarioN-PoLL et al. 1993), in
lettuce (YanG et al. 1993), and in Petunia (HarinG etal. 1989; RossiNs et al.
1994). In the latter species the primary rate of transposition of Acfrom the T-DNA
is significantly below 1%. Remarkably, the secondary transposition frequency in
progeny of primary germinal transpositions is enhanced to 10% or more. This
increase in Ac activity is not accompanied by changes in the methylation state
(Roeeins et al. 1994).

Meanwhile, several genes have been isolated in heterologous plants by non-
targeted tagging with Ac. A flower-color gene was isolated in Petunia (CHuck et al.
1993), and in Arabidopsis thaliana two genes, one causing abnormal morpho-
genesis (BAnCROFT et al. 1993) and the other an albino phenotype (LonG et al.
1993a), were tagged. Another gene causing a male sterile phenotype was tagged
in Arabidopsis with the maize element En/Spm (AarTs et al. 1993). These first
successes in heterologous plants demonstrate the general usefulness of trans-
poson tagging. The first genes tagged on purpose will be reported soon, and it is
expected that the progress made in understanding the transposition mechanism
and its regulation will lead to a further improvement of the transposon tagging
efficiency.
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