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m Abstract Transposable elements appear quite disparate in their organization and
in the types of genetic rearrangements they promote. In spite of this diversity, retro-
viruses and many transposons of both prokaryotes and eukaryotes show clear similar-
ities in the chemical reactions involved in their transposition. This is reflected in the
enzymes, integrases and transposases, that catalyze these reactions and that are esse
tial for the mobility of the elements. In this chapter, we examine the structure-function
relationships between these enzymes and the different ways in which the individual
steps are assembled to produce a complete transposition cycle.
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INTRODUCTION

Transposable elements are discrete segments of DNA capable of moving from
one locus to another in their host genome or between different genomes. They are
distributed across the living world and play a fundamental role as motors of genome
plasticity in all three biological kingdoms. They induce various types of genome
rearrangement and are a major source of mutation. In the case of prokaryotic
organisms, they are implicated in the acquisition of “accessory” functions such as
resistance to antibacterial agents, catabolism of “unusual” substances, virulence,
and in the control of expression of neighboring host genes (see 16, 134).

One of the major distinguishing features of transposable elements is whether
their transposition relies exclusively on DNA intermediates or includes an RNA
stage. DNA elements [transposons and insertion sequences (1Ss)] can be found in
both prokaryotes and eukaryotes, whereas those with RNA intermediates (retro-
viruses and retrotransposons) are restricted to eukaryotic organisms. RNA elements
can be divided into those that carry long-terminal repeats (LTR) (retroviruses and
LTR retrotransposons) and those that do not (LINE-type retrotransposons). Retro-
viruses are distinguished from retrotransposons by the presence of an envelope
gene located at the 8nd of a multigenic polyprotein reading frame; this gene is
necessary for the extracellular phase of the viral life cycle (see 20). DNA elements
range from the genetically complex (such as bacteriophage Mu, which, like the
retroviruses, encodes an extensive set of proteins necessary for its viral life-style)
to the genetically elementary ISs composed of two short terminal inverted repeats
flanking a single, or two, short open reading frames. Many hundreds of RNA and
DNA elements have been identified. For bacterial ISs alsi&,families contain-
ing >500 members are currently known (106). Although at first sight RNA and
DNA elements might appear to be fundamentally different, passage of the retro-
viruses and LTR retrotransposons through a double-strand DNA stage provides a
DNA substrate for integration that is analogous to that of the DNA transposons and
is processed in a similar manner. This review focuses on the properties and activi-
ties of the enzymes that catalyze the DNA transactions necessary for the mobility
of these elements. These are called transposases (Tpases) for transposons and ISs;
for the LTR RNA elements, they are called integrases (IN). Discussion will be lim-
ited to a particular group that uses a conserved triad of acidic amino acids (DDE)
for catalysis. Members of this enzyme family are extremely widespread and appear
to represent the majority of known Tpases and IN. However, where appropriate,
information concerning other well-characterized or promising transposition sys-
tems whose Tpases do not exhibit an obvious DDE motif (such d3rtsophila
melanogasteP element and the plant transposons Ac, En/Spm) is included.
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THE TRANSPOSITION CYCLE

Transposition proceeds by endonucleolytic cleavage of the phosphodiester bonds
at the ends of the transposable element and transfer of these ends into a target
DNA molecule. This recombination reaction requires assembly of a highly orga-
nized nucleoprotein ternary complex (the synaptic complex or transpososome),
which includes Tpase or IN, the transposon ends, and target DNA. Historically,
transposition mechanisms have been separated into two principal modes, conser-
vative and replicative, based on whether the element is copied in the course of
its displacement. This is dictated by the nature and order of the cleavages at the
ends (Figure 1): whether the transposon is liberated from its donor backbone by
double-strand cleavages or whether it remains attached following cleavage of only
a single strand.

Conservative Transposition

In conservative or cut-and-paste transposition (Figufearid B), the element

is excised from the donor site and reinserted into a target site without replication.
This implies cleavage of both DNA strands at the ends of the element and their
rejoining to target DNA to generate a simple insertion. Examples of elements
shown to have adopted this strategy include&’ T84), 1S10 and 150 (60, 83),

the Tcariner family (123), and the P element (50). Transposon excision may
introduce a potentially lethal double-strand break in the donor molecule that can
be rescued by double-strand break repair or by gene conversion using a sister
chromosome as a template (32,51, 62). FArOl8nd probably other ISs of the
IS4/1S5 group (181; see 106), passive replication of the element by the host repli-
con activates transposition. This ensures that duplication of the IS occurs before
transposition (see 83).

Replicative Transposition

Replicative transposition (FigureZ)) involves cleavage of only one strand at each
transposon end (the transposon is not excised from the donor molecule) and trans-
fer into a target site in such a way as to create a replication fork. Elements that use
this strategy include bacteriophage Mu (94, 109), members of tBdamily of
bacterial transposons (144), and thé f&mily of ISs (see 106). If transposition is
intermolecular, replication from the nascent fork(s) generates cointegrates in which
donor and target replicons are joined but separated by a directly repeated copy of
the element at each junction. Intramolecular transposition of this type generates
inversions and deletions. Resolution of the cointegrate structures to regenerate the
donor and target molecules, each carrying a single copy of the element, is ac-
complished by recombination between the two elements. This proceeds for some
transposons by site-specific recombination promoted by a specialized transposon-
specific enzyme distinct from the Tpase, the “resolvase” (e.§fdmily; 144), or
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is taken in charge by the host homologous recombination system (6 fgnify;
see 106).

Alternative Routes

Transcription The LTR elements (Figured) undergo amplification by tran-
scription from an integrated DNA copy into RNA copies. A free double-stranded
cDNA copy, designated for integration, is then synthesized by reverse transcrip-
tion (20). This generally carries 2-base-pair (-bp) extensions at each end, compared
with the integrated copy. Single-strand cleavage occurs at both ends to remove two
terminal bases, and the recessed ends are then transferred into a target site to give
simple insertions. Thus, in spite of the fact that cleavages are limited to a single
strand at each end, integration is a conservative event. This is made possible be-
cause the element is separated from the donor backbone by transcription before
initiation of the transposition reactions.

Circle Formation Another alternative transposition strategy to circumvent the
requirement for double-strand end cleavages has recently been described (Figure
1E). Inthe case of IS11IS2 and I3, Tpase promotes single-strand cleavage atone
end of the transposon and its site-specific transfer to the same strand of the opposite
end. This circularizes a single transposon strand, leaving the complementary strand
attached to the donor backbone. This second transposon strand is then resolved to
generate a circular transposon copy in which the transposon ends are abutted. The
resolution mechanism is at present unclear but could involve simple cleavage and
repair or replication promoted by host proteins. The covalently attached ends can
then undergo simultaneous single-strand cleavage and transfer to a suitable target
(154 and references therein). Elements that use this type of strategy involving
site-specific strand transfer may include other members of tBdd®ily and
probably those of the @ and I21 families (see 106). Although site-specific
strand transfer from one end of the element to the other generates transposon
circles, it also may occur between two elements carried by the same molecule.
Transfer of ends between the two IS copies in a plasmid dimer, for example,
would be expected to generate head-to-tail IS dimers. This type of structure has
been observed in the case oRIS(127), IR (150), 130 (120), and 1911 (C.

Turlan B.T.H. and M.C., unpublished) and is extremely active in transposition.

It is clear from the pathways described above that replicative transposition per
se, or more precisely replicative integration, is limited to cases such as Mu and
the Tr8 family of transposons, in which replication of the element is intimately
associated with transfer of the cleaved ends into the target. In the other pathways,
the preintegration intermediate is separated from the donor backbone; as a conse-
guence, the integration event itself is conservative. The major difference between
these pathways is the way in which separation of the preintegration intermediate
occurs. This may simply involve double-strand cleavage at each transposon end or
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entail more elaborate steps such as reverse transcription or circularisation of the
element, as shown in Figure 1.

MECHANISM

The development of defined in vitro systems has been essential in understanding
the steps involved in transposition. Such systems are now available for several
retroviruses [human immunodeficiency virus (HIV), avian sarcoma virus (ASV),
and murine leukemia virus], the P element, members of thedighergroup of
eukaryotic 1Ss, the prokaryotic elements Mu,7Tand bacterial 1Ss of the 45

(IS10, 1S50) and I3 (1S911) families (13, 20, 34, 60, 83,109, 110, 126, 154). In

all these cases, the cleavage and strand-joining reactions necessary for transpo-
sition are remarkably similar. They consist of a series of consecutive Tpase- or
IN-catalyzed hydrolysis and transesterification reactions that require no external
energy source (Figures 1 and 2). The overall reaction can be divided into three
stages: detachment of the transposon from its donor site by single- or double-
strand cleavage at the ends, transfer of the cleaved transposon ends to a target site,
and processing of the products by host-encoded enzymes.

First-Strand Donor Cleavage

This important first chemical step initiates separation of transposon and donor
DNA. For elements such as bacteriophage Mu, the retroviruses, and members of
the I3 family (Figures T, 1D, and E, respectively), the Tpases catalyze single-
strand cleavage at the ends liberating@#3 (see 109). For the retroviruses, the
equivalent reaction is called processing and results in the liberation of two bases
from the 3 end of the double-stranded cDNA, leaving a two-baseverhang.

This is a hydrolysis reaction with @ as an attacking nucleophile and it generates

a free 30H (Figure ) (see 109, 111).

Second-Strand Donor Cleavage

For elements in which transposition occurs by excision from the donor molecule,
cleavage of the complementary strand must also take place. Whereas cleavage at
the 3 end appears to be common to all transposable elements analyzed to date, this
is not true for second-strand cleavage. FdrdShis occurs opposite the cleaved
3 strand to generate flush transposon ends (FigBjefbr Tn7, second-strand
cleavage takes place three nucleotides to thside, resulting in a three-base
5 overhang (Figure A). For elements of the Tilariner family and for the P
element, second-strand cleavage occurs several nucleotides within the transposon
(2 for Tcl/3[162]; 3 for themarinerelement, Himat [93]; and 17 for P [13]),
generating a molecule with & 8verhang.

In the case of 1%0, the two breaks are not analogousclgavage occurs subse-
quent to 3cleavage (17), and the fre&JH generated by ®leavage is itself used
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Figure 2 The chemistry of strand cleavage and transfé) gtrand cleavage Bj

strand transfer and disintegration. Only one of the relevant DNA strands is shown
in each case. The transposon DNA is represented as a bold line. Nucleophilic attack
either by HO (Figure ) or a 3 hydroxyl from the exposed transposon end (end) for
strand transfer or from the exposedhydroxyl in the target DNA for disintegration
(Figure B)is shown from the right and indicated by curved arrows. The phosphodiester
bond that undergoes cleavage in these reactions is shown as a chiral form. Although the
chirality of the phosphate is not normally fixed, introduction of a sulphur atom to replace
a nonbridging oxygen (9 fixes one or the other chiral forms. The hydrolysis (Figure
2A) and transesterification (FigureBRreactions shown here result in an inversion

of chirality. The corresponding steps involving double-strand donor and target DNA
together with their polarity are presented on the right of this figure for clarity.
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as the nucleophile in attacking the second strand (78). This generates a hairpin
structure at the transposon ends that is subsequently hydrolyzed to regenerate
the 30H and 5 phosphate ends (Figurd)l This mechanism is reminiscent of
V(D)J recombination, which generates the immunoglobin repertoire, although the
V(D)J hairpin is generated on the equivalent of the donor backbone ends (159).
Interestingly, the V(D)J recombination system can promote inter- and intramolec-
ular transposition and may indeed have derived from an ancestral transposon
(2,69). A similar mechanism has been proposed for the excision/transposition
of a variety of other eukaryotic transposons, such as Ac 3Tawbo, and Ascot-
(8,32, 33).

Few details are available concerning second-strand cleavage of the other ele-
ments. Transposon Ti{Figure 1A) uses a different strategy. Its Tpase is composed
of two distinct polypeptides, TnsA and TnsB, each dedicated to cleavage of a par-
ticular strand (137). For members of the Tc family, early studies with purified
Tpase were unable to detects¥rand cleavage but revealed specificleavage
(167), showing that cleavage of the two strands can be uncoupled. As described
above, for I911and probably a relatively large group of bacterial ISs, the neces-
sity for a B cleavage step is circumvented by the use of asymmetric strand cleavage
and transfer. In the resulting circular intermediate, both ends are abutted and only
two single-strand’Xleavages are required to liberate them for strand transfer into
the target (Figure B) (154).

Strand Transfer

Once cleaved, the’ &nds of the transposon are transferred into the target DNA
molecule. Similar to strand cleavage, strand transfer proceeds by a Tpase- or
IN-catalyzed nucleophilic attack. Here the attacking nucleophile is' @ group

at the free transposon end (Figuri®)Zsee 109, 111). Like strand cleavage, the
reaction does not require an external energy source, suggesting that the energy
in the target phosphodiester bond is used directly in the formation of the new
transposon-target joint. Experiments with Mu and HIV-1, in which chirality was
imposed on the phosphate of the scissile target phosphodiester bond by substitution
of a nonbridging oxygen for a sulfur atom to generate a phosphorothioate group
(49,112), imply that this reaction does not involve the formation of a covalent
protein-DNA intermediate. The target phosphate underwent stereochemical inver-
sion in the course of the reaction, implying a direct single-step in-line nucleophilic
attack (Figure 2). A two-step mechanism using a protein-DNA intermediate would
have regenerated the original stereochemical configuration as a consequence of the
second step, as shown for recombination reactions promoted by patyd 12).

For HIV-1, both cleavage and strand transfer reactions behaved in the same way
(49). It is the direct attack by the 8ansposon end(s) that couples transposon to
target DNA without prior target cleavage. This creates a new phophodiester bond
between transposon and target and leaveé©#l Yroup in the target DNA at the
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point of insertion. Concerted insertion of eachtransposon end into the target
generally occurs in a staggered way (Figure 1). Although the transfer reaction, like
the initial cleavage reaction, is isoenergetic, several in vitro transposition systems
show a requirement for high-energy cofactors [ATP for Mu and (87 107); GTP
for P (77)]. These appear to have a regulatory role, however, and do not intervene
in catalysis. Furthermore, the fact that precleaved substrates can undergo relatively
efficient integration (9, 14, 35, 76, 98, 135, 152) shows that the strand transfer re-
action is not energetically coupled to donor strand cleavage.

IN and Tpases also catalyze a reaction called disintegration that can be con-
sidered as a reversal of integration (14, 30, 126, 167). Joining of th@®poson
end to the target generates a branched molecule and uncovéxid a3the target
DNA. In the disintegraton reaction, it is thisC3H that attacks the newly formed
transposon target junction to liberate the inserted end (FigyeAtthough this
reaction has been useful in the analysis of IN and Tpase function, it is unclear
whether it is biologically relevant.

Post-Transfer Processing

The staggered insertion of the transposon ends into the target site results in the
creation of short, complementary single-strand regions flanking the inserted ele-
ment. Those regions in which the transposon has been separated from the donor
DNA (Figures B, 1B, 1D, and E) are thought to be repaired by the host re-
pair/replication machinery to generate the characteristic short direct-target repeats,
a hallmark of many types of insertion. Where the transposon remains connected
to the donor backbone by it$ Bnds (Figure €), a potential replication fork is
created at each end in which the flankin@B8 of the vector can act as a primer.
Replication across the element would then result in a cointegrate molecule.

Although the transposable elements considered here appear quite diverse in
their transposition cycles, their Tpases or IN catalyze similar types of reaction:
hydrolysis for strand cleavage and transesterification for strand transfer. The dis-
tinctiveness of these elements is not derived from the chemistry of the reactions
but rather in the way these reactions are coordinated during transposition. The
fact that these enzymes carry out similar chemical reactions implies a degree of
functional and structural similarity. This is examined below.

ENZYMES

Tpases and IN are multifunctional enzymes that must accomplish a series of tasks.
To ensure the reactions described above, the enzymes must be able to locate the end:
of the element, bring them together into a synaptic complex, recognize the phos-
phodiester bonds to be cleaved, ensure the incorporation of a target DNA molecule
at an appropriate stage in the pathway, direct strand transfer, and relinquish their
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place to host enzymes recruited for post-transfer processing. These functions in-
volve specific and nonspecific DNA binding, catalysis, the capacity to multimerize
and, in some cases, the capacity to interact with accessory proteins.

Overall Organization

Initial dissection of IN and of various Tpases has often used partial proteolysis in
vitro and deletion analysis in vitro and in vivo to define topologically independent
functional domains. The Mu Tpase (MuA) has been divided in this way into three
major domains: |, I, and Ill (see 94). These have been further sectioned into
subdomains t,8,y), ll(«,8), and lll(«,8), each with specific activities. Similar
types of study have been undertaken with IN, in which partial proteolysis yields
N-terminal and C-terminal fragments together with a central core region (see 5)
and with the Tpases of 19 (91) and 150 (19) (Figure 3).

Although it is convenient to analyze Tpase and IN functions in terms of domain
structure, it should be kept in mind that individual functions are not necessarily
accomplished by a single isolated domain but may be assumed by several different
regions of a single polypeptide or by more than one polypeptide in a multimeric
complex. However, a general pattern for the functional organization of Tpases is
emerging: sequence-specific DNA-binding activities are generally located in the
N-terminal region, whereas the catalytic domain is often localized toward the C-
terminal end (Figure 3). This arrangement has been observedf¢i(g, 183),

IS30 (146), Mu (see 94), Ta(105), 150 (175), 1903 (151), 1PV11 (66, 126),
Tcl/3(see 123), P (14), and Ac (15).

DNA Recognition

DNA recognition operates at several levels. It intervenes in discriminating the
ends of the element from nontransposon DNA, in assembling the transpososome,
in fitting the transposon substrate into the catalytic pocket, and in sequestering
target DNA.

Transposon Ends A key feature of Tpases is their capacity to specifically recog-
nize and bind the transposon ends. In discussing how these enzymes may accom-
plish this, it is important to consider the organization of the ends themselves. With
several notable exceptions (see 106), the majority of ISs exhibit short terminal
inverted repeat sequences (IR) of between 10 and 40 bp, whereas other types
of transposon may carry an array of such sequences. Many transposon ends are
composed of two functional domains. One, located internally, ensures correct
sequence-specific positioning of Tpase on the ends. This corresponds to a short
nucleotide stretch within the single terminal repeats of ISs (8family elements)

or the terminal Tpase-binding sites of certain of the more complex elements, such
as Mu and Ti. The other domain corresponds generally to the 2—4 terminal base
pairs necessary for cleavage and strand transfer. This extreme terminal domain is
identical at both ends of the element and tends to be conserved between related
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Figure 3 Transposase (Tpase) organization. The positions of protease sensitive sites
are delimited by the open boxes. Potential or real helix-turn-helix (HTH) motifs are
shown as dark grey boxes. Potential HTH motifs are indicated by “?.” The catalytic
core is indicated by pale grey and carries the DDE motif. These residues, together
with a number of others referred to in the text, are indicated in uppercase letters above
each Tpase molecule. LZ indicates the leucine zipper motif with the four repeating
heptads observed in thed$1 Tpase. A second region involved in multimerization is
also shown slightly downstream. In those cases investigated, the catalytic core is also
capable of promoting multimerization. Known functions of the different Tpase regions
are indicated below. Tpase alignments are centered on the second aspartate residue.
The length of each protein in amino acids is indicated at the right. The function of each
region, where known, is indicated under the respective proteins.

transposons. One of the most common is the terminal Céiricleotide found
at the ends of Mu, Th I1S30, Tn552, and the IS family elements, as well as the
retroviral genomes (see 125). Binding sites for host proteins are also sometimes
found within or close to the ends (see 106). Such proteins play a role in modu-
lating Tpase expression or in transposition activity by influencing transpososome
assembly and progression through the cycle (see “Assembling the Pieces” below).
Simple single terminal Tpase-binding sites observed for most IS elements and
members of the Taifamily of transposons are to be contrasted with multiple and
asymmetric protein-binding sites carried by Mu (36),/184) and Ti552(133),
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or the eukaryote transposons Ac (89), En/Spm (57), and P (14). These are often
arranged in a different way in the left and right ends and can provide a functional
distinction between the ends either in the assembly or in the activity of the synaptic
complex. The subterminal sites presumably ensure the correct synapsis of two ends
or positioning of Tpase on the terminal site.

Tpase End Binding The bifunctional organization of the terminal Tpase-binding
sites may be reflected in the overall organization of the cognate Tpases, where the
N-terminal sequence-specific DNA recognition domain is frequently topologically
independent of the catalytic domain. The arrangement may allow for flexibility in
the protein, enabling simultaneous contact of the N-terminal region with the in-
ternal domain and the catalytic domain with the external end domain. A common
helix-turn-helix (HTH) motif is often found at the heart of the sequence-specific
DNA-binding domain both in prokaryotic and eukaryotic elements (Figure 3). This
is potentially able to provide binding specificity. The domain may be simple, as
appears to be the case for Tpases of IS elements (see 106), or bipartite and able
to recognize different DNA sequences, as found in the Mu, Ac, and Tc Tpases
(15,27,123). In MuA, the end-binding domain corresponds to the adjacent sub-
domains B and y. Mutations in this region eliminate or reduce Mu end binding
(81). Both subdomains contain an HTH motif, and each recognizes one half of the
binding site (31, 140). Note that domaia Is also a DNA-binding domain that
recognizes another transposon site, the enhancer (or internal activation sequence;
Figure 3) involved in transpososome assembly (see “Assembling the Pieces” be-
low). For the Td/3Tpases, an N-terminal subdomain recognizes an internal bind-
ing site, whereas a second subdomain contacts nucleotides proximal to the terminal
nucleotides. The domain resembles the paired domain found in transcription fac-
tors and, like them, also carries HTH and HTH-like motifs (122, 163, 167). For Ac,
binding to the terminal sites also requires two subdomains, (one in the N-terminal
and the other in the C-terminal regions of the protein) whereas binding to the
internal sites requires only the second, C-terminal, subdomain (15).

Direct DNA binding of the N-terminal Tpase domain to the ends of its cognate
transposon has also been observed fdar(I83), I1S30 (146), 1903 (151), 1H0
(19), 1911(66), Tr3 (105), the P element (96), and Ac (15). Although the protein
domain responsible has not been determined, Tpase binding has also been demon-
strated for TA000(174), Trb52(133), and one of the two Thenzymes (TnsB)
but not the other (TnsA) (6).

Nonspecific Tpase Binding Sequence “independent” DNA binding is thought

to be necessary for target sequestration and to contribute to positioning of the
transposon ends in the catalytic pocket. The catalytic core domain of several Tpases
is involved in interaction with the terminal nucleotides of the ends (see “Catalytic
Domain” below) and/or target DNA. The isolated core domain of MuA and the
Tpases of I$0and Td/3show nonspecific DNA-binding properties (91, 117, 168;
see 123). Like IN (see below), the isolated core domain of tB&1F pase is able
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to carry out efficient disintegration, but not strand transfer, indicating that it must be
capable of efficiently recognizing the branched disintegration substrate (Figure 2;
126). This type of discrimination is also likely to be true forI{@67) and P (14).

In addition, other domains of these proteins can contribute to sequence-indepen-
dent DNA binding. For example, domaindibf the MuA Tpase (Figure 3) exhibits
a nonspecific DNA-binding activity associated with a string of basic amino acids,
RRRQK (177). These types of motif can be found in many Tpases, although their
role has not been determined. Domaimltollaborates with the core domain (I1)
for catalysis and might stabilize interactions between the catalytic domain and its
substrate (see “Assembling the Pieces” below).

Integrase-DNA Interaction IN-DNA interactions have received considerable
attention. In contrast to the Tpases, IN shows no conspicuous specific DNA-
binding activity, as judged by standard gel retardation and footprinting procedures
(92,157), although cross-linking and competition experiments indicate that it is
able to form stable complexes with viral DNA in vitro (44, 164). Moreover, in
spite of the fact that the N-terminal domain carries an HTH motif, this appears to
be involved in protein multimerization (26). The absence of pronounced binding
specificity in the case of IN may reflect the difference in the biology of the LTR-
RNA elements and DNA transposons. The DNA substrates of IN are contained
within a large nucleoprotein particle (preintegration complex) in close contact
with the enzyme (172; see 20), whereas Tpases must recognize and bind the ends
of their cognate DNA elements while these are embedded in the host DNA. An
important component in recognition of viral DNA ends may simply be the fact
that they are the physical ends of the molecule.

Close DNA contacts have been mapped in all three proteolytically defined IN
domains. Photo-cross-linking experiments have shown that the N-terminal domain
is in close proximity to both viral DNA and target DNA @ the site of integration
(67). As for Tpases, the catalytic core domain also participates in viral and tar-
get DNA binding (48,52, 68, 71). The use of chimeric IN proteins derived from
HIV and feline immunodeficiency virus demonstrated that this domain determines
target site selection (145). The observation that the isolated core domaijp, IN
[50-212], is capable of catalyzing disintegration but not the forward processing
or strand-transfer reactions suggests that it might have enhanced affinity for the
branched substrate (25). Photo-cross-linking has also revealed an interaction with
the terminal nucleotides of the viral LTRs (52, 67). This specificity is provided
by several residues observed to be exposed in the crystal structure (see “Catalytic
Domain” below). The C-terminal domain is also involved in viral DNA binding
(48,80,103) and recognizes DNA features proximal to the terminal nucleotides
(52,67, 68). This domain is organized in an SH3-like fold, which produces a large
cleft proposed to accept DNA (42,100). Analysis ofy|\N by mutagenesis re-
vealed that a stretch of basic residues, R262, R263, and K264 (RRKAK, similar
to the RRRQK stretch in MuA), is important for DNA binding (103). The C- and
N-terminal domains appear to be involved in stabilization of IN interactions with
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the LTRs by allowing, for example, tighter binding of the core domain to the
terminal sequences (44,52, 68, 164).

Catalytic Domain

Some of the earliest comparisons between retroviral IN proteins and Tpases re-
vealed a highly conserved triad of acidic amino acids with a characteristic spacing
known as the DD(35)E motif and several additional conserved residues, in par-
ticular, a K or R residue seven amino acids downstream (54, 71, 80, 87,125, 132).
Subsequent studies generalized this signature to many other bacterial ISs and re-
vealed three relatively well conserved regions (called N2, N3, and C1) centered on
the D, D, and E residues, respectively (129) (Figures 3 and 4) . The triad was also
detected in bacteriophage Mu [MuUA (10)] and7TfTnsA and B (137)] Tpases,

in eukaryotic ISs of the Tatarinergroup (38), and in Tpases of the Ifamily

(182). A recent compilation includes a majority of known ISs (106) (Figure 4).
Although both the spacing and conservation is somewhat variable from group to
group and not all groups have been analyzed in sufficient detail to confirm the bio-
logical significance of these residues, the conservation is nevertheless remarkable.
One essential role of this triad is to coordinate the divalent cations necessary for
catalysis (see “Catalysis”).

The importance of the DDE residues has been demonstrated by site-directed
mutagenesis of enzymes of several members of the family. These include different
IN proteins and the Tpases of bacteriophage Mu (107,(I87), ISLO(74), Tcl/3
(167), and 1911(65).

Integrases In the case of IN, mutation of the conserved amino acids was found
to abolish processing, joining, and disintegration, indicating that all three re-
actions are catalyzed by a single active site (40,47,87,158), although residual
disintegration activity was observed in N mutants in which the second D (D116)

Figure 4 DDE maotifs in transposases (Tpases) and integrases (INs). In addition to
those enzymes described in detail in the text, the figure includes representative Tpases
from various insertion sequence (IS) families. The source or relevant IS family is
indicated to the left. Where the enzymes shown are not those of the founding member
of the family, this is included between brackets where appropriate. The DDE triad is
shown in large bold letters together with the associated downstream basic lysine or
arginine. The number of residues between the first and second D residue and between
the second D and the E residue is shown between brackets. The regions N2, N3, and C1
are those defined by (129). Note the presence of additional relatively well conserved
residues. These incleda W orother hydrophobic amino acid three residues upstream
from the first Q a G tworesidues downstream from the second D, a basic residue four
residues upstream, and four residues downstream from the final E. Uppercase bold
letters indicate conserved residues shown in the case of IN to cross-link to nucleotides
in the viral ends.
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and E (E152) residues were exchanged (47). In addition, the observation that the
core fragment IN,,[50—-212], which carries the DD(35)E motif, is capable of cat-
alyzing disintegration but not the processing and joining reactions indicated that
it contained the active site of the enzyme (25, 88, 165). Mutation of other amino
acids in the vicinity of the DD(35)E residues can change the specificity both for
the type of divalent cation and for the nucleophile used in the processing reaction
(47,156). These results therefore provide strong evidence that the DD(35)E triad
lies at the heart of the catalytic site.

64 116 152

HIV-1 (IN) wql D eth (51) vht [ ngsnf (35) ynpqsQgvi E smNKelK
269 336 392

Mu (MuA) ingDavl (66) iti[ntrga (55) kowggakpv E rafgvg
28 114 149

Tn7 (TnsA) (hok D vip) (85) mst [ flvde (34) ertleklel E rrywaaK
273 361 396

Tn7 (TnsB) yei D ati (87) 1lla D rgelm (34) rrfdaKgiv E stfRtl
166 240 276

Tn552 waa D htl (73) £yt hgsdf (35) gvprgRoki E rffQtv
689 765 895

Tn3 asa D gmr (75) imt D tagas (129) riltglNrg E eravaR
207 287 323

1S911 (IS3)  weg D vty (59) fhs D ggshy (35) gncwdNspm E rffRs1K
97 161 292

1S10 (1S4) viv Dwsd (63) ivs [ agfkv (130) niyskRugi E etfRda1K
119 188 326

1S50 (1S4) sig Dksr (67) ave Dreadi (136) diythRwri E efikawK
121 193 259

1IS903 (IS5) 1vi D stg (71) asa)gaydt (65) tdynrRsia E tamyrvK
78 138 173

1S26 (1S6) whn [) ety (59) int [) kapay (36) qikyrNNvi E cangriK
237 293 327

1S30 weqg D lvs (55) 1ltw D rgmel (33) gspwqRgtn E ntNgliR
122 184 230

1IS21 (|StA) lgh D wge (61) vliv D ngkaa (46) rrartKgkv E rvale
181 261 297

1S630 fye[Deva (80) liv[ nyiih (35) vyspwvNhv E rlwQalH
112 192 237

18982 sii Dsfp (79) vig[Dmoylg (45) nfskrRKvi E rvisfl
167 233 341

1S256 Int D vly (65) vis[)ahkgl (107) nrlkstNli E riNgevR
86 177 286

Tec1 iws D esk (90) quD ndpkh (108) sgspdlNpi E hmweeleR

L ] ] L )
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Other studies have suggested that D116 @f|Mlso contributes to stable bind-
ing of DNA substrates (39, 164), whereas E152 may provide the specificity for the
terminal viral A/T base pair (Figure4) (56). Furthermore, cross-linking exper-
iments and directed mutagenesis have suggested that the neighboring and highly
conserved K159 and the less well conserved K156 are involved in positioning the
terminal viral-CA3bases (FigureA) (71), whereas another nearby residue, Q148
(and, less strongly Y143), may be involved in interactions with thribleotide at
the processed viral end (52, 56). Finally, Q62 was found to cross-link to the penul-
timate 5 C nucleotide (Figure &) (52). Mutation at these and other neighboring
residues also increases the salt sensitivity of the enzyme, suggesting that they may
disrupt interactions with DNA (56).

Many of these results can now be understood from the known structure of
the INy,, and INygy catalytic domains, and mutagenic studies were indeed often
directed by a structure-based approach. Although the crystal structure of intact
IN has yet to be determined, that of the core domaing(I[$0-212] and INsy
[52-207]) has been resolved (see FiguB).gor IN,,[50-212], the mutation
F185K was introduced to increase solubility. Initial studies (41) showed that the
domain crystallizes as a dimer in which each monomer consists of a five-stranded
B-sheet surrounded by six-helices with the two Asp residues, D64 and D116,
located close together gii ands4, respectively. The crystal structure of an F185H
mutant subsequently revealed that E152 lies close to the Asp residues in a region
(residues 141-153) that was disordered in the initial study (21). More recently, two
additional mutant forms of IN.; were used to generate crystals in which one of
the a-helices ¢4) was observed to be extended to include E152. This structure
showed that the side chains of all three members of the triad face toward each
other (Figure B) (58). The crystal structure of wild-type jyy [52—207] showed
similar overall topology to that of HIV (23, 24) with some differences (including
an ordered active site). The flexible nature of the{Nregion containing E152
and Q148 and other amino acids that have been shown to influence the choice
of nucleophile for the processing reaction (160) suggests that it plays a role in
positioning both the nucleophile and viral DNA. In the N structure, the DDE
triad is clustered at the surface close to the important K156 and K159 residues and
other residues shown to undergo cross-linking with viral DNA ends (FigBje 5

Tpases Although mutational studies of Tpases have not been as extensive as for
IN, they have provided complementary evidence concerning the importance of the
DD(35)E motif in catalysis. For MuA, directed mutagenesis based on primary se-
guence alignments demonstrated that D269 (equivalent to the first of the two Asp
residues) and E392 were essential for donor cleavage and strand transfer (Figure
4) (10, 82). The second Asp residue, D336, which could not be predicted from
sequence alignments or localized by mutagenesis, was identified from the crystal
structure of the catalytic domain ¢land 8; 131). Remarkably, one of the two
subdomains (bt; Figure 3) can be superimposed on theNstructure with the

two active-site Asp residues located in identical positions. The third member of the
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a)

K156JIK159

'
-
--‘-i

AAATCTCTAGCA'GT

TTTAGAGATCGTCA
Qs2lQ148] V143

Figure 5 (A) The HIV end. The sequence of HIV-1 ends showing the dinucleotide,
which is removed during processing (in italics). The amino acids within the catalytic
core that have been shown to cross-link to specific bases are indiét&€te(structure

of the catalytic domain of IN,y. The structure shown is taken from (58). Relevant
amino acids are indicated as is a single2¥lgpn. We thank F Dyda for providing us
with this figure.
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triad, E392, was found to extend away from the active site and was proposed to re-
quire activation by a conformational change induced by protein-protein or protein-
DNA interactions, consistent with the tightly regulated Mu transposition cycle (see
“Assembling the Pieces”) (131). The second subdoma#) {drms a six-stranded

B barrel, and, because of a large area of positive electrostatic potential located on
its surface, it has been proposed to be involved in nonspecific DNA binding.

The crystal structure of the Inh protein ofa@ a regulatory derivative of the
Tpase lacking the first 55 amino acids (128) has recently been determined (37a).
Here, too, the DDE triad (D119, D188, E326) forms a distinct catalytic pocket
with a similar fold to that found in IN and MuA. In this case, the presence of R322,

a residue that is conserved in several Tpases (Figure 4), appears to occupy the
pocket. This raises the possibility that the protein may undergo a conformational
change to displace R322 before catalytic activation. In the case of the related IS
Tpase, the equivalent residue (R288) is essential for catalytic activity (18).

Although the crystal structure of thel8Tpase is not available, sequence align-
ments coupled with directed mutagenesis of 18 conserved positions identified D97,
D161, and E292 as the carboxylate triad. A variety of elegant screening procedures
also distinguished several additional pertinent residues. Mutation of this DDE triad
(Figure 4) gave an absolute defect in all catalytic reactions, whereas mutation of
the highly conserved K299 downstream of E292 was found to compromise target
capture and strand transfer (18). Mutants of K299 (K299A) together with those of
the partially conserved R102 (R102H) and P167 (P167S) retained their ability to
induce the host SOS response, presumably as a result of their wild-type capacity
to catalyze strand cleavage, but they were defective for transposition (79). Three
other residues, A162, M289, and E263, were also shown to influence catalysis.
Mutations A162V(T) and M289I (Figure 4) and E263K generated a hypernicking
phenotype (83).

The situation for Tid is more complex than for other transposons because two
proteins, TnsA and TnsB, are involved in the double-strand cleavages at each end
and are both physically required for all cleavage and strand-transfer reactions (see
“Mechanism” above). TnsB binds to the transposon ends, whereas TnsA is directed
to the ends by interaction with TnsB. TnsB exhibits a well-defined DD(35)E motif
(D237, D361, and E396), whereas in TnsA, the first Asp residue is less obvious
(D114, E149) (Figure 4). Mutation of D114 or E149 of TnsA reduced or abolished
cleavage at the’®2nd while leaving 3cleavage and’3trand transfer unaffected.
This resulted in conversion of the normal cut-and-pastédathway into a coin-
tegrate mode (108). Similarly, mutations of triad members in TnsB resulted in a
blockin 3 cleavage (and strand transfer), leavihgiad cleavage unaffected (137).

The limited information available for other systems serves to generalize the
importance of the DDE triad. As a member of thé f8mily, 1IS903also carries the
DDE core domain. Site-directed mutants at these residues (D121, D193, and E259)
were found to exhibit severely reduced transposition in vivo (151), as were mutants
of the partially conserved Y196, Y252, and R255 (Figure 4). No mechanistic
analysis has yet been possible. For th8 &ement, mutants in the potential DDE
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motif (D144, D231, and E266) were also severely compromised for catalysis
(162).

One important observation that stems from the structural studies of the catalytic
core is that all exhibit similar topologies not only within the Tpase/IN group but
also with the catalytic domains of other enzymes that promote phosphoryltransfer
reactions, notably RNaseH and the RuvC resolvase. This has led to the notion that
such enzymes belong to a superfamily of proteins known as polynucleotidyltrans-
ferases (61, 130).

Comparison of the ensemble of structural and mutagenic data is beginning to
provide a general picture of the detailed functions of the catalytic core and its
interaction with the transposon ends, especially in the C1 region (Figure 4). In
IN v, this region formsx4 (Figure B). K159 or K156, which cross-link to the
terminal CA3 dinucleotide, are located on the same side ofdHeelix and are
strongly conserved in those Tpases shown in Figure 4. Q148 also lies on the same
side and appears to interact with tHeA5on the nonprocessed strand (Figurg.5
Anamide or basic amino acid is highly conserved at this or the neighboring position
(Figure 4), and mutation results in severe impairment of catalysis [IN (5@ IS
(18); 160 (WS Reznikoff, personal communication);9@3 (151)]. Additional
convergences in the structure-function relationships of the catalytic domains and
their role in target sequestration and positioning will certainly be forthcoming.

Multimerization

Multimerization is another fundamental property of many Tpases of both prokary-
otic and eukaryotic origin (see 5, 19, 27, 66, 90, 101, 173). It is important in the
assembly of the ternary synaptic complex, in ensuring collaboration between pro-
tomers for catalysis, and in regulating Tpase activity (see “Assembling the Pieces”
below).

The self-association properties of Tpases are complex and still poorly under-
stood. This is presumably because the proteins undergo a series of conformational
changes during the course of the transposition reaction, and these involve changes
in protein-protein interactions. Multimerization has been demonstrated physically
in the case of IN (see 5) and for the Mu (95, 110)50919, 173), and 1811
(66) Tpases. Itis also implied from complementation experiments in vivo and in
vitro (see “Assembling the pieces” below) and from experiments using the yeast
two-hybrid system (55, 75, 89, 101). In the case of bacteriophage Mu, MuA is a
monomer in solution and oligomerizes only in the presence of its cognate DNA-
binding sites (95, 114), but the nature of the interactions and the regions of the
protein involved have not been probed. This type of information is available for a
very limited number of enzymes.

For IN (Figure 3), which has been shown to form both dimers and tetramers,
all three isolated domains (the N-terminal, core, and C-terminal) carry determi-
nants for self-association and dimerize independently. It has been argued (26)
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that although the C-terminal and core dimers are compatible (i.e. can both bridge
the same pair of full-length protein molecules), the N-terminal dimers are not
and must therefore bridge two dimers to generate a tetramer. Dimerization of the
N-terminal domain involves an HTH motif similar to that used for DNA recog-
nition by DNA-binding proteins. It is stabilized by coordination ofZZrwith a
Cys,-His, motif also located in this domain (26, 43), and’*Zrhas been shown

to enhance tetramerization of the entire protein (184). Moreover, IN derivatives
deleted for the N-terminal domain form both dimers and tetramers, suggesting
that a C-terminal domain dimer may bridge a core dimer (4, 23,41, 42,70, 100).
Although the type of active multimer of IN is still unclear, circumstantial evidence
indicates that the ability to form tetramers is important for activity?*Zmot only
stimulates tetramerization but also processing and strand transfer (97, 184), and
mutation L241A in the C-terminal domain inhibits tetramerization, processing,
and strand-transfer activities (102).

For the 1911 Tpase, OrfAB, three distinct self-interaction regions have been
identified (Figure 3). In addition to the catalytic core (homologous to IN and
also able to dimerize), a leucine zipper motif also promotes multimerization. This
permits binding to the IRs, whereas an adjacent region appears involved in mul-
timerization leading to synapsis (65, 66). This coiled-coil motif is common to a
majority of the members of this IS family (66).

In the IS0 Tpase, Tnp, partial proteolysis uncovered two distinct regions ca-
pable of interacting with full-length Tnp (19). One of these regions, 114-314,
overlaps the catalytic domain. The other, 441-476, lies at the extreme C-terminus,
and mutations within this region (Figure 3) have significant effects on transposition
activity.

ROLE OF DIVALENT METAL IONS

Catalysis

Based on a reaction mechanism proposed for several transesterification reactions
(see 180), it was suggested that the acidic DDE triad plays a central role in the
catalytic activity of Tpases and IN by coordinating the divalent metal ions es-
sential for activity (80). In this two-metal ion model, one metal ion is proposed
to function as a general base. It increases the partial negative charge of the in-
coming nucleophile by deprotonation. The second is proposed to act as a general
acid that assists the leaving 8xyanion and stabilizes a pentacovalent transi-
tion state by coordination of the nonbridging oxygen atoms at the cleavage site
(Figure 6).

Several lines of evidence support the idea that the DDE triad is responsible for
divalent cation coordination. The structure of crystals ofd{§52—207] includes
a single bound Mg or Mn?* ion (24) complexed by the two Asp residues, D64
and D121 (equivalent to Iy, D64 and D116), and four molecules of water with
octahedral coordination. Recent studies with new crystal forms of thg ddre
have shown that a single Mg ion can also be coordinated by D64 and D116
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substrate nucleophile

3R1 d— = B R3s:

Figure 6 Role of divalent metal ions in catalysis. This figure represents the catalytic
pocket containing the pentacoordinated phosphate in the (hypothetical) transition state.
One M¢t ions proposed to act as a Lewis acid is shown to be coordinated with two
aspartate residues, the oxyanion of the leaving group (R1 and a nonbridging oxygen).
The second M§" is also shown to complex with the nonbridging oxygen and to act
as a base for deprotonization of the incoming nucleophile. The substraRlid23,

and the product is'83-R25.

(Figure B), together with two water molecules in a similar configuration (58).
Other metal ions such as €a zn?*, and Cd* also bind the active site of the
ASV core (22). The involvement of the DDE triad in coordinating metal ions
has also received support from studies orv.Thhese have exploited the fact
that, compared to Mg, Mn?* shows a preference for coordination with sulfur-
substituted components. Substitution of an oxygen ligand by sulfur can change the
metal-ion specificity of reactions. This approach was first used in demonstrating
interaction between metal ion and substrate in RNA self-splicing (37,121), and
in RNaseH activity (155). A D114C mutation in TnsA, which abolishédttand
cleavage in the presence of kfg was found to be rescued if the reaction was
carried out in MA*+ (137).

Although the biologically relevant cation is generally thought to béMgther
cations can be used in the in vitro reactions. Indeed, in the case of IN from several
sources, MA™ was initially found to be the preferred cation (143, 158). However,
Mn?* is known to reduce the specificity of some reactions. Under optimized assay
conditions, Mg@* also supports a robust activity (52). In other systems?May
Mn?*+ are essential for cleavage and strand transfer and cannot be substituted by
Ca&t [IS10 (73, 135), Ti7 (137), 1911 (126)]. Although Z&* can support the
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IN Asy processing reaction, which uses an external nucleophile, it is inefficient for
strand transfer, which uses the viral DNAOBH end (22). In addition to Mgy

and Mrft, MuA can also use Zt or C&* for donor cleavage (170). Moreover,
although C&" does not support cleavage, itis able to promote strand transfer in this
case (139). That certain cations can support cleavage but not strand transfer whereas
others support strand transfer but not cleavage in these systems is consistent with
a two-metal ion mechanism for catalysis.

Structural Role

Besides their fundamental role as cofactors in the catalytic activities of Tpases
and IN, divalent metal ions also appear to intervene in the assembly of the trans-
pososome. For retroviruses, Kig Mn?*, or C&* is necessary for the formation

of stable interactions between J)j and the viral LTRs (44, 164). Mri-induced
conformational changes correlated with an enhancement of catalytic activity have
been revealed by a variety of methods. These changes affect both the self-assembly
of IN (45, 176) and the organization of its structural domains within the multimer,

as judged by the use of monoclonal antibodies directed against each of the three
domains and by changes in proteolysis patterns of the full-length protein (7).

For Mu, divalent cations are also required for assembly of an active Tpase
tetramer on the ends of the element (see “Assembling the Pieces” below; 11, 114).
C&t stabilizes the Mu transpososome but does not promote first-strand cleavage.
Conversely, although 2 and C8+ permit catalysis of first-strand cleavage, they
are inefficient in assembly of the synaptic complex (170). Furthermore, a mutant
derivative of MuA has been obtained that specifically use$"@ar assembly
of the synaptic complex and Mn for first-strand cleavage (82). This mutation,
G348D, lies within the catalytic core. These results reflect a differential action of
divalent metal ions in transpososome assembly and in catalysis. For@g,
which does not support catalysis, stabilizes both the synaptic complex (135) and
interaction with the target (136). As for IN, the stabilizing effect of these cations
may result from changes in protein conformation.

ASSEMBLING THE PIECES

We have so far discussed the different steps in the transposition process and de-
scribed the different functions of IN and the various Tpases associated with these
transposons. In the following text, we attempt to show how these different el-
ements are integrated into the overall transposition process. This is understood
in some detail from studies on Mu andl@ in which transposition is initiated

by the formation of a highly organized nucleoprotein synaptic complex (83, 114)
and proceeds through a series of ordered steps showing consecutive increases in
complex stability to temperature and protein-denaturing agents (135, 148). Sev-
eral other systems are being actively investigated, and although certain steps
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may be well defined, the overall transposition pathway is generally less well
understood.

End Synapsis

Tpase-mediated synapsis has been formally demonstrated for Mu (11, 139) and
for IS10(135). In both cases, synapsis also involves accessory factors and implies
a two-step mechanism leading to activation of the Tpase multimer. In a first step,
a transitory constrained complex is formed. This then undergoes conformational
changes during which the accessory factors are ejected and the active sites of the
enzyme monomers are presumably brought closer to the reactive phosphodiester
bonds (28,110,171).

Bacteriophage Mu has three Tpase-binding sites at each end arranged in differ-
ent configurations. In an initial stage, a multimeric MUA complex is assembled on
these sites using domaigi) (Figure 3). Three of the six synapsed sites (including
the two terminal sites) together with a MuA tetramer compose the transpososome
core (see 94). MuA bound to the remaining three sites can be removed without
compromising activity. Assembly is facilitated by transitory interaction with the
enhancer (internal activation sequence) by way of domaiwf MuA (Figure 3).

The enhancer DNA sequence, locatetl kilobase from the left end of the phage
genome, binds MuA and presents it to the nascent complex (left end—enhancer—
right end complex). Formation of this complex (LER) requires divalent metal ions
and two small host proteins, IHF and HU, in addition to a supercoiled donor DNA
molecule carrying both ends in their natural configuration. IHF acts indirectly at
the level of the enhancer by influencing protein binding at this site, whereas HU
binds at the Mu left end and directly facilitates transpososome formation on the Mu
ends. Assembly can be arrested in vitro at a stage called the stable synaptic complex
(SSC or type 0 complex) by use of €anstead of Md" in the reaction (110).

The transition from LER to SSC is blocked either by mutation of the terminal base
pair or by mutation in domain Il of MUuA (see “DNA Recognition” above). This
implies a conformational change involving domairxlh which the Mu ends are
engaged for catalysis. In the SSC, the two Mu ends are held together by a tetramer
of MuUA, no strand cleavage has yet occurred, and the Mu-host junction appears
unwound or otherwise distorted (95, 139, 170).

For ISLO, the short terminal IRs, which are not strictly equivalent, are defined
as outside and inside ends (OE and IE) with respect to their relationship within
the parental transposon I® They are distinguished by different dispositions of
dammethylation sites and the presence of an IHF-binding site proximal to OE. A
precleavage synaptic complex has been identified using short linear OE carrying
fragments including the IHF site (135). Formation of this complex (paired ends
complex), composed of two ends bridged by Tpase, is dependent on IHF but noton
divalent metal ions. It is thought that this is a transitory complex because titration
of IHF from this complex changes its conformation and renders it competent for
subsequent target capture and strand transfer (83). It is worthwhile noting that in
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addition to 19.0, several elements also carry IHF-binding sites within or proximal
to their terminal IRs. In the case of TAG0Q IHF binding to an IR proximal site
has been shown to enhance Tpase binding (174).

The types of nucleoprotein complexes formed with other elements during synap-
sis are not well characterized. However, for retroviruses, analysis of the preintegra-
tion complex of murine leukemia virus has implicated both IN and host proteins
in a higher-order structure that also includes an extensive region of the retroviral
LTRs (172). For HIV-1, the host HMG I(Y) protein has been identified in such
structures and appears to be required for integration (53). These host factors may
play a similar architectural role to IHF and HU in18and Mu transposition.

Target Capture and the Catalytic Steps

The strand cleavage and transfer steps must be orchestrated in a precise manner.
For Mu, progression through these steps is well characterized. Following the for-
mation of the SSC, strand cleavage occurs at both ends in the presence of the
appropriate metal ion to generate a cleaved donor complex (CDC). This may be
facilitated by local unwinding of the DNA at the Mu termini, which occurs in the
SSC (170), probably driven by the supercoiling in the donor DNA molecule (169).

In addition to the terminal binding sites, MuA was shown to protet© bp of
neighboring host DNA (113). This complex gives rise to a strand transfer complex
(STC) in the presence of target DNA. At this stage, theanhsposon ends have
been inserted into the target DNA, and MUA protection is extended by 20 bp into
the target (113). The MuA H domain is implicated in the transition between the
cleaved donor complex and strand transfer complex because mutation of exposed
lysine residues (K506, 515, 529, and 530) to alanine in this domain (see “Catalytic
Domain” above) blocks this step (84).

Capture of a target molecule can occur at any step in the assembly process
(116) and is stimulated by a second Mu protein, MuB. MuB binds target DNA
in an ATP-dependent manner and delivers it to the transposome by interaction
with domain 1118 of MuA (Figure 3). ATP hydrolysis is not required for this step.
However, interaction with MuA stimulates hydrolysis, which releases MuB from
the target DNA (1, 178). These properties give rise to a phenomenon known as
target immunity, which prevents insertion into a target molecule already carrying
a Mu copy. Here, binding of MuA to Mu ends in the target stimulates the MuB
ATPase activity and purges MuB from the immune target.

Strand cleavage and transfer by MuA is also directly stimulated by MuB
(12,107,149). The in vitro reaction results in concerted integration of both ends.
Recent complementation studies using a supercoiled substrate and a mixture of
wild-type MUA and a catalytically inactive mutant have suggested not only that
the same catalytic core is used for both cleavage and strand transfer but that both
reactions are carried out by the MuA monomer located on the terminal binding
site of the opposite end (118). In other words, cleavage and strand transfer occurs
in trans (3, 138).
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Several additional observations reinforce the notion of an intimately interwound
Mu transpososome architecture. Complementation data suggest that a competent
active site is assembled from region bf one MUA monomer and region tlof
a second (179). In addition to its nonspecific DNA binding, domaia é&khibits
weak endonuclease activity, which suggests that, in binding, it may render the ap-
propriate phophodiester bond more susceptible to core-catalyzed cleavage (177).
It has also been established that domaghidl not part of the same complemen-
tation group as t (119) but like llkr, is supplied by a different Tpase subunit
(84). Moreover, the nucleoprotein complexes become increasingly resistant to de-
naturation as they progress through the cycle. Finally, a mutation of the terminal
nucleotides at one end abolishes cleavage of both ends (149). The interwound
transpososome organization thus imposes concerted reactions at both extremities,
an important constraint if the transposon is to avoid nonproductive events involving
a single end.

After strand transfer, MuA is liberated from the complex and exchanged for the
replication machinery necessary to complete formation of the cointegrate transpo-
sition product. This process involves several host proteins, namely the chaperone
ClpX and components of the replication apparatus (PriA, PriB, DnaT, DnaBC)
and occurs in a highly ordered way (72, 85, 99).

Transposition of 120, like that of Mu, proceeds through a series of well-
defined steps, with a progressive increase in stability. In the presence?of(btg
Mn?* but not C&"), the precleavage synaptic complex (PEC) assembled in vitro
undergoes double-strand cleavage to generate complexes with single- (SEB) or
double- (DEB) end breaks. Kinetic data are consistent with the notion that the DEB
is generated from the SEB. Cleavage of each strand at the ends occursina sequential
manner, with cleavage of the transferred strand taking place before that of the
complementary strand (17). This allows the liberat&dt8 of the first strand to
cleave the second strand (see “Mechanism” above). DEB complexes are competent
for strand transfer which occurs in a coordinated way (135). The DEB complexes
are equivalent to a characteristic early intermediate ibOlI8ansposition, the
excised transposon fragmentor ETF, observed both invivo and in vitro, in which the
entire elementis excised from the donor backbone and in which the two transposon
ends are held together by a Tpase bridge (29, 63). Cleavage requires both ends but
does not necessarily occur simultaneously at each end (64). Moreover, a single
catalytic site appears to be repeatedly used for the consecutive hydrolysis and
transesterification reactions. In contrast to MuA, a Tpase dimer may catalyze the
entire transposition reaction (both &1d 3 cleavages and strand transfer), each
acting on a distinct end without conspicuous domain sharing between monomers
(18). This suggests that the transpososome architecture in the cad® &f I6ss
constrained than that of Mu. This notion is supported by the observation that,
in contrast to Mu, a mutation of the terminal nucleotides at one end does not
significantly affect cleavage of the wild-type end (64). Fot0Sthe absence of
a mechanism to ensure concerted cleavage at both ends, as in the case of Mu, is
compensated by the late entry of the target into the synaptic complex subsequent
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to IR cleavage (64). Stable synaptic complexes (SSCs) including target DNA have
been detected only with the DEB complex, indicating that prior cleavage at both
ends is a requirement for target capture (136).

Although neither the stoichiometric composition nor the temporal evolution
of the retroviral synaptic complex is known in detail, some information is avail-
able concerning its activity and structure. IN activity requires a physical DNA
end. Extending the ends of the viral DNA substrate severely reduces the pro-
cessing reaction, whereas mismatches in the terminal region can increase activity
(141, 166). These observations suggest that unwinding or DNA distortion assists
IN activity. Other data clearly indicate that the complex is multimeric and that
monomers collaborate with each other within the assembled structure. This is im-
plied from complementation assays of mutant retroviral IN derivatives. Although
the C-terminal domain seems to be able to act together with an active site on the
same (incis) or another IN monomer in the complex (irans), the N-terminal
domain is required to act imans and part of the C-terminal domain is required in
cis (45, 46, 161). Moreover, a combination of cross-linking and complementation
experiments has suggested that the active site of an IN monomer maytractsin
on substrates bound to a partner monomer in the complex, further substantiating
this view. Finally, like Mu, mutation at one end abolishes cleavage of both ends,
reinforcing the idea of close collaboration between monomers (86, 115).

Modeling the known structures of the separated domains with suitable DNA
molecules has led to the proposal that the active complex of IN may have an
octameric architecture, with a tetramer acting on each LTR of the viral DNA (67).
In this model, two of the four core domains assembled on each end are directly
involved in catalysis and recognize the reactive terminal CHN3e remaining two
intervene indirectly by interacting with target DNA (68).

For other systems, knowledge of the steps involved in progression through the
transposition cycle is sketchy. For Trthe nature of the synaptic and catalytic
complexes has yet to be determined. However, like Mu, target capture ¥or Tn
is relatively elaborate. Thtransposition occurs in two alternative conservative
modes: site-specific integration at a single chromosomalatifen7, and random
insertion. The site-specific integration pathway has been extensively studied and
involves four TrY-encoded proteins (34). In addition to the strand-specific Tpases,
TnsA and B, these include TnsD, which binds directly to the target DNA site,
and TnsC, which is recruited to the target site by TnsD. Interestiggisherichia
coli ribosomal protein L29 and acyl carrier protein (ACP) have also been impli-
cated in Ti7 transposition both in vivo and in vitro, and L29 stimulates binding
of TnsD to its target attTnsite (142). TnsC appears to assume a similar function
to that of the MuB protein in both target capture and immunity, and, like MuB, it
exhibits Tpase- (TnsB) dependent ATPase activity (147). However, unlike bacte-
riophage Mu, transposition in vitro into attTmot only necessitates the presence
of the target DNA before donor strand cleavage but also requires the complete
set of transposition proteins. This ensures tight control in the commitment of the
transpososome to successful transposition (34).
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IS911transposition probably involves two sets of cleavage and strand transfer
reactions: one that generates the single-strand transfer product and the other that
leads to integration of the transposon circles. This implies the formation of two
distinct kinds of synaptic complex. Current evidence from both in vivo and in
vitro studies indicates that the Tpase, OrfAB, alone is sufficient for the first set of
reactions that are essential for subsequent circle formation (124, 126, 153). The first
synaptic complex that comes into play presumably involves only OrfAB and must
show an asymmetric functional organization because only one IS end undergoes
cleavage, whereas the other functions as atarget (see “Transposition Cycle” above).
After evolution of this complex for accomplishing strand cleavage and transfer,
it must presumably be disassembled to allow second-strand processing and to
generate the transposon circle. The single-strand transfer product forms a branched
structure resembling that formed in the Mu strand transfer product, and this step,
like the transition of the Mu (STC) to the replication complex, may occur in a
highly ordered way.

A second type of synaptic complex must then be assembled on the circle junc-
tion. For the second set of reactions, a secorfil18:ncoded protein, OrfA, is
required (153, 154). The f21 Tpase, OrfAB, like that of other members of the
IS3 family, is a fusion protein produced by translational frame shifting between
two consecutive reading frames (see 106). OrfA is the product of the first read-
ing frame and therefore carries the N-terminal domain of OrfAB, including the
leucine zipper motif (Figure 3). This motif is required for the formation of OrfAB
and OrfA homomultimers and for generating heteromultimers between the two
proteins essential for circle integration (65). Although circle integration requires
both proteins, OrfAB alone is sufficient for cleavage of both ends in the circle
junction, suggesting that OrfA is involved in target capture.

CONCLUSIONS AND PERSPECTIVES

Over the past several years, it has become clear that many transposable elements
have adopted an identical chemistry for their displacement. This is reflected in sim-
ilarities in the primary sequence of their Tpases and INs. The accumulating data
concerning the structure of the catalytic domains of these enzymes demonstrate
an even higher degree of similarity in their topological organization. As yet, the
number of known structures is quite limited, especially in view of the range and di-
versity of these elements. It will, therefore, be of considerable interest to determine
and compare the structures of Tpases from the major groups of transposons.

Of the structures so far determined, not a single example of a full-length protein
has been obtained. In the most complete case, Inh&d ($7a), 55 N-terminal
amino acids that determine sequence-specific binding to the transposon ends are
not present. For IN and MuA, the structures of all the individual domains are avail-
able, although the manner in which these are connected is a matter of conjecture. A
major challenge will therefore be to determine how the different domains of these
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enzymes are articulated. Moreover, because transposition invariably necessitates
the assembly of higher-order nucleoprotein complexes, it will be of importance to
ascertain the way in which the individual components are integrated into such com-
plexes and to define both protein-protein and protein-DNA interactions involved.

Transposition is a dynamic process. Lessons from phage Mu ahd Have
shown that transposition proceeds through a series of well-defined steps. Not only
do these need to be defined for the other important transposition systems, but
the structural details of these transitions need to be documented, as is currently
being undertaken in the case of certain site-specific recombinases (59). In regard
to the chemistry of the reactions, although a two-metal ion mechanism is currently
favored, this has yet to receive direct experimental proof. In particular, knowledge
of the transition states would obviously provide invaluable information.

Finally, although not addressed in this review and often overlooked in a purely
in vitro approach, the way in which transposition activity is controlled both by
the element itself and by the host represents an important aspect of transposon
biology.
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