
Fifty years ago, when Watson and Crick published the
structure of DNA in their landmark paper1, who would
have thought that TRANSPOSABLE ELEMENTS would make up
a significant fraction of the DNA of many genomes?
However, recent DNA sequence analyses show that 40%
or more of the human2, mouse3 and rice4,5 genomes are
composed of transposon-derived sequences. In lower
eukaryotes and bacteria this fraction is smaller (1–5%),
but it is still significant. Although many of these ele-
ments, particularly in higher eukaryotes, are ‘fossils’ of
active elements, the mobility of transposons has had an
important role in the structure and evolution of genes
and genomes from bacteria to humans6,7. The insertion
of transposons can both activate and inactivate genes
depending on the location of their target (upstream or
within a gene, respectively). Transposons also promote
inversions and deletions of chromosomal DNA, either
as a direct result of intramolecular transposition, or by
providing dispersed regions of homology that can be
recognized by the DNA recombination machinery of
the host. Transposition of some elements can result
in the transduction of flanking DNA, and so provide
yet another means of rearranging host genes8,9. As many
transposons, especially bacterial elements, encode
additional functions such as antibiotic resistance and
virulence factors, their dissemination among species
(carried by plasmids and viruses) has contributed to
the shared bacterial gene pool. Similarly, in eukaryotes,
transposon-associated functions have been co-opted
by the host to alter the genome structure and gene

expression, as evidenced by V(D)J (variable (diversity)
joining) rearrangements10,11, nuclear intron splicing12

and telomere maintenance13,14.
How do all these different elements move? What

are the different mechanisms of transposition? How
similar are the pathways for related elements found in
different organisms? Many of the answers have been
provided by the elegant genetic, molecular and struc-
tural studies carried out on transposons in model
organisms such as bacteria and yeast. Although the
mechanistic details of different transposition systems
have been determined using a relatively small number
of transposons, these studies have shed light on the
major pathways that are used by all transposons to
‘break-and-join’ or ‘copy-and-join’ DNA. Here, we will
compare and contrast the known transposition mech-
anisms to provide a suitable framework for predicting
the movement and rearrangements caused by ele-
ments still to be characterized.

Classifying transposons by their transposases
In the past, the classification of transposons has been
based on a variety of factors that are not necessarily
related to their mechanism of transposition. Although
this approach has been useful, it is limited because
many of the newly identified transposons do not con-
tain the signature structural elements that are found in
the earlier classes of transposon. For example, not all
elements are flanked by inverted or direct repeats, or
generate target-site duplications on insertion. In this era
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TRANSPOSABLE ELEMENT 

A transposable element or a
transposon is a defined segment
of DNA that has the ability to
move, or copy itself, into a
second location without a
requirement for DNA
homology.
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TRANSPOSASE

An enzyme that is responsible
for the catalysis of transposition.

DDE

A triad of highly conserved
amino acids (aspartate (D),
aspartate, glutamate (E)) that is
found in one class of
transposases, which are required
for the coordination of metal
ions that are necessary for
catalysis.

REVERSE TRANSCRIPTASE

A DNA polymerase that can use
RNA as a template for the
synthesis of a cDNA.

ENDONUCLEASE

An enzyme that catalyzes the
cleavage of a phosphodiester
bond within a DNA molecule.

TYROSINE RECOMBINASE 

An enzyme that is capable of
rearranging DNA using a
conserved tyrosine residue to
cleave and reseal its substrates by
a 3′-phosphotyrosine linkage
(also known as integrase).
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motif, the DDE motif16,17, which is responsible for excis-
ing the transposon from the donor and integrating it
into the target (FIG. 1a).

Two other families of DNA transposons also use a
‘cut-and-paste’ mechanism. These elements encode pro-
teins related to either site-specific TYROSINE18,19 or SERINE20

RECOMBINASES. These protein families are unrelated and
mediate DNA-strand exchange by different mecha-
nisms, but generate similar intermediates and products
of transposition (FIG. 1e,f). The transposon is excised
from its original site to form a circular DNA intermedi-
ate, and the original ‘empty’ site is restored. Following
capture of a target, a reversal of the excision steps results
in transposon insertion. These transposons have been
found almost exclusively in bacteria (where they are
called CONJUGATIVE TRANSPOSONS or integrating conjugative
elements; ICEs)21,22, but there is one family of eukaryotic
elements23,24 that encodes related proteins (for example,
Kangaroo and DIRS1 elements) and are likely to move
by a similar mechanism (FIG. 1d).

The ‘copy’ pathways require the incorporation of a
replicative step in the transposition mechanism. The
RC-transposons of bacteria25 (and probably the related
eukaryotic helitrons26) copy their DNA directly into
the target by DNA replication such that each copy
(new and old) of the transposon contains one newly
synthesized strand (FIG. 1g). This process requires the
DNA replication machinery of the host, but is initi-
ated by a transposon-encoded protein that makes

of large-scale genome sequencing, in which new ele-
ments are being described from diverse organisms at an
unprecedented rate, a more informative way to catego-
rize transposons is by the way they move, which is dic-
tated by their TRANSPOSASE proteins.

So far, five protein families have been described that
mediate transposition: DDE-transposases, rolling-circle
(RC)- or Y2-transposases, tyrosine (Y)-transposases,
serine (S)-transposases, and a fifth family, which
encodes a combination of REVERSE TRANSCRIPTASE and
ENDONUCLEASE activities (RT/En) (FIG. 1). These proteins
have different catalytic mechanisms to mediate the
various DNA breaks and joins that are necessary for
transposition into a new target. Accordingly, some
transposons cut, whereas others copy, themselves out
from their starting site. Similarly, some elements ‘paste’,
whereas others ‘copy’, themselves into the target. The
variations and combinations of mechanisms add layers
of complexity that hint at how these functions were
acquired and spread between organisms, and they indi-
cate that yet more are still to be discovered.

The best-characterized family of transposons includes
those originally described by Barbara McClintock15. Most
elements of this family move by excised DNA intermedi-
ates, employ a ‘cut-and-paste’ mechanism and are called
DNA transposons, type II transposons and, now proba-
bly more correctly, DDE-transposons (for example, IS, P,
Ac, Tc and Mariner elements)7. These elements all
encode a transposase that has a related amino-acid
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Figure 1 | Transposons move in different ways. Five protein families dictate different transposition pathways: DDE-transposases,
reverse transcriptase/endonucleases (RT/En), tyrosine (Y)-transposases, serine (S)-transposases and rolling-circle (RC)- or 
Y2-transposases. Transposons (blue) can be either ‘cut-out’ or ‘copied-out’ of the flanking donor DNA (green). a | Most DDE-
transposons excise from the flanking DNA to generate an excised linear transposon, which is the substrate for integration into a
target (orange). b | Retrotransposons copy-out by reverse-transcribing (RT) a full-length copy of their RNA (purple) that is generated
by transcription (Txn). Long-terminal repeat (LTR)-retrotransposons make a full-length cDNA copy (pink represents newly replicated
DNA) from their RNA and integrate this into a target using a DDE-transposase. c | TP-retrotransposons use reverse transcriptase
(RT) to copy their RNA directly into a target that has been nicked by a transposon-encoded nuclease (En). d | Y-retrotransposons are
thought to generate a circular cDNA intermediate by reverse transcription. A Y-transposase integrates the element into the target. 
e | and f | Y- and S-transposons encode either a tyrosine or serine transposase, which mediates excision of the transposon to form
a circular intermediate. A reversal of the catalytic steps results in transposon insertion. g | Y2-transposons ‘paste’ one strand of the
transposon into a target and use it as a template for DNA replication. Two models have been proposed for Y2-transposition.
Representatives of each type of transposon are listed below each pathway.
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reaction41. These steps take place within a nucleoprotein
complex, called the TRANSPOSOSOME, which ensures the
concerted insertion of each transposon end into the tar-
get42,43. The NUCLEOPHILIC ATTACK by the two 3′ OH groups
on each strand of the target is staggered and, generally,
separated by 2–9 nucleotides. Repair of this segment
results in a target duplication — a hallmark of DDE-
transposition — the length of which is characteristic for
each transposon.

Mu and Tn3 cleave only one transposon strand.
Although the DDE-transposases perform the same
chemical reactions, the mechanisms that are used to
generate a DNA substrate for strand transfer differ sig-
nificantly between the transposons44 (FIG. 2). Several bac-
terial transposons (epitomized by the Mu and the Tn3
families) simply nick and join the 3′ ends of the trans-
poson to the target45,46. This fuses donor and target
DNAs to form a strand-transfer, or Shapiro, intermedi-
ate47. Replication from the newly exposed 3′ OHs in the
flanking target DNA results in a co-integrate molecule,
in which the donor and target DNAs are joined by two
copies of the transposon (FIG. 2a).

Hairpin formation on the transposon ends. DNA trans-
posons that excise themselves from the donor DNA
have developed a variety of strategies to cleave the non-
transferred strand. Excision of the bacterial elements
IS10 and IS50 is achieved through a hairpin intermedi-
ate48,49 (FIG. 2b). The 3′ OHs at the transposon ends attack
the phosphate backbone at the 5′ ends of the transpo-
son to form a hairpin, a reaction that is chemically
equivalent to strand transfer, except that the target is the
complementary strand. The hairpin is resolved by a
reiteration of the first chemical step — hydrolysis at the
3′ ends to form an excised linear transposon ready for
insertion. The fate of the double-stranded break at the
site of excision is unclear. In bacteria, the chromosome
could be either degraded, or repaired, if a second copy
of the chromosome exists (for example, after replication
and before cell division). In eukaryotes, the gap is
repaired by NON-HOMOLOGOUS END JOINING, or by gene con-
version using the sister chromatid or homologue as a
template50,51.

Hairpin formation on the flanking DNA. Even before
the development of in vitro systems to study transpo-
sition, a model that invokes hairpin formation on the
flanking DNA was proposed based on the ‘footprints’
that are left behind after excision of certain
elements52. These ‘footprints’ consisted of small dele-
tions or insertions of DNA at the empty site and were
often palindromic in nature and were therefore called
P NUCLEOTIDES. These have been described for Tam3
Ac/Ds, Ascot and Hobo elements53. It was proposed
that nicks were introduced at the 5′ ends of the trans-
poson DNA, thereby generating 3′ OH nucleophiles
in the flanking DNA (FIG. 2c). Direct trans-esterifica-
tion by the 3′ OH on the opposing strand would
result in a hairpin and the release of a linear transpo-
son. P nucleotides would be formed if opening of the

nicks at the ends of the transposon and in the target
DNA. The resulting free 3′ OH ends are thought to
prime DNA synthesis using the transposon strand as
a template.

RETROTRANSPOSONS generate a copy of their DNA
(cDNA) by reverse transcription of their RNA genome.
For the purpose of this review, retrotransposons will be
separated into three classes depending on which enzy-
matic activities they encode in addition to reverse tran-
scriptase23,27, as the mechanism with which they insert
into a target is dictated by these other activities. For
example, long-terminal repeat (LTR)- or DDE-retrotrans-
posons (such as Ty1, gypsy and BEL)27 and retroviruses
(such as HIV-1)17,28 have co-opted DDE-transposases to
integrate their cDNA into a target — a step that is
mechanistically equivalent to DDE-transposon inser-
tion (FIG. 1b).

The DIRS1 family forms a second class of retro-
transposons — Y-retrotransposons — that encodes
Y-transposases rather than DDE-transposases and lack
LTRs23,24. These elements are thought to generate
excised circular cDNA copies of their transposon by
reverse transcription of their RNA29. The Y-trans-
posase is proposed to insert the circular DNA interme-
diate into the genome23,24 (FIG. 1d).

The third class of retrotransposons is often referred
to as non-LTR-retrotransposons7. However, this name
has lost its use because of the recent characterization of
DIRS-like elements as another class of retrotransposons
that lack canonical LTRs. Therefore, we will use a name
based on their mechanism of mobility: target-primed.
TP-retrotransposons represent the fifth family of trans-
poson, which encodes an endonuclease in addition to
reverse transcriptase (RT/En). The endonuclease nicks
the target site, and the nick then serves as a primer for
reverse transcription of an RNA copy of their
genome30,31 (FIG. 1c). Therefore, unlike LTR-retrotrans-
posons and Y-retrotransposons, the RNA intermediate
of TP-retrotransposons is an integral component of the
integration process.

DDE-transposons
The invariant DDE residues that are encoded by DDE-
transposases are found in three non-contiguous patches
of more weakly conserved residues16,32,33. Their impor-
tance was established by mutagenesis studies, which
showed that the DDE motif was essential for transposi-
tion in vitro and in vivo7,17. Crystallographic studies have
since shown that, despite the lack of sequence similarity,
the structures of the catalytic domains, including the
location of the invariant DDE residues, are largely super-
imposable for both transposases (Mu, REF. 34; and IS50,
REF. 35) and retroviral INTEGRASES (HIV-1 and ASLV36–38).
This, together with the structural data that locate diva-
lent metal ions and both transposon ends at the active
site, supports the role of the DDE motif in coordinating
the metal ions to facilitate catalysis35,39,40. DDE-enzymes
catalyse two chemical reactions. First, HYDROLYSIS of the
phosphodiester backbone at each end of the transposon
generates free 3′ OH ends. Second, the exposed 3′ OH
ends are joined to the target DNA in a TRANS-ESTERIFICATION

SERINE RECOMBINASE 

Recombination protein (also
known as resolvase or invertase)
that uses an active-site serine
nucleophile to perform strand-
cleavage and religation steps
through a 5′-phosphoserine
intermediate.

CONJUGATIVE TRANSPOSON

A transposon that encodes
functions allowing transfer of
the transposon DNA between
donor and recipient bacterial
cells.

RETROTRANSPOSON

A transposon, the movement of
which occurs through an RNA
intermediate, which is copied
into a cDNA molecule.

LTR 

(Long terminal repeat).
A directly repeated sequence at
each end of a retrovirus or
retrotransposon, which is
necessary for reverse
transcription, integration and
transcription.

INTEGRASE

A term used to describe two
different protein families that
integrate one DNA molecule
into another, but by two
different mechanisms.
1: a DDE-containing protein of
LTR-retrotransposons and
retroviruses that catalyses the
integration of a cDNA molecule
into a target DNA. 2: a member
of the tyrosine site-specific
recombinases that is responsible
for catalysing the integration
and excision of DNA, most
notably bacteriophage λ.

DNA HYDROLYSIS 

Cleavage of a DNA backbone by
an activated water molecule,
resulting in the addition of an
OH group to the 3′ or 5′ position
of the ribose.

TRANS-ESTERIFICATION 

The direct exchange of an
alcohol moiety of an ester for
another alcohol. In this case, the
OH group on the 3′ end of the
transposon or an amino acid 
(Y or S) is exchanged for the
phospho-ester group on a DNA
target.
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elements. We note that one difference between the
prokaryotic and eukaryotic DDE-transposases
described so far seems to be the site of hairpin forma-
tion (on the transposon or on flanking DNA, respec-
tively). Whether this is a consequence of small sample
size or selective evolution will require analysis of other
DDE-transposons.

Two proteins release Tn7 from flanking DNA. The bacte-
rial transposon Tn7 requires four proteins for transposi-
tion, of which two, TnsA and TnsB, carry out cleavage
and strand transfer57,58. A second pair of proteins —
either TnsC and TnsD, or TnsC and TnsE — is responsi-
ble for coordinating transposition and target
selection59,60. TnsA and TnsB function as a heterodimer
and each cleaves a different flanking strand. TnsB is a
DDE-transposase, which binds the transposon termini
and nicks precisely at the transposon 3′ ends similar to
IS10 and IS50 (FIG. 2b). However, no hairpin is involved in
second-strand cleavage; instead, TnsA cleaves the trans-
poson at its 5′ ends58,61, and structural studies show that it
most closely resembles a TYPE IIS RESTRICTION ENDONUCLEASE

and not a DDE-transposase62.

hairpins was not precise and required repair of the
break before religation (BOX 1). Recent biochemical
analysis of the Hermes transposon, which is found in
insects, has confirmed that this pathway involves hair-
pin formation and transposon excision using 3′ OH
ends that are generated in the flanking DNA (N. L.
Craig, personal communication). Quite remarkably,
V(D)J immunoglobulin-gene rearrangements occur
by a similar mechanism involving hairpin formation,
P nucleotides and a DDE-related protein. This has led
to the proposal that V(D)J recombination evolved
from a DDE-transposon54,55 (BOX 1).

Similar to Hermes (and V(D)J recombination),
cleavage of the Mariner-like element, Mos1, first occurs
at the 5′ ends of the transposon, but second-strand
cleavage does not seem to occur by a hairpin intermedi-
ate56 (FIG. 2d). Hairpins have not been detected in vitro,
and efficient and accurate second-strand cleavage is still
observed, even in the absence of a 3′ OH group in the
flanking DNA (that is, when using a pre-nicked sub-
strate without 3′ OH ends). It remains to be determined
how Mos1 performs this second hydrolysis cleavage
step, and whether this is true for all related Mariner-like

TRANSPOSOSOME

A protein–DNA complex that
mediates all the steps of
transposition, ensuring the
fidelity of the reaction. The
complex contains both cis-acting
sites (for example, transposon
ends), target and transposase
protein (and sometimes other
host factors).

NUCLEOPHILIC ATTACK

A reaction that involves the
transfer of electrons from 
a nucleophile; for example, a
hydroxyl group from H

2
O or 

a serine or tyrosine residue.

NON-HOMOLOGOUS END-

JOINING

The joining of DNA ends that
share no, or only a few,
nucleotides of DNA homology.
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Figure 2 | DDE-transposases excise their transposon DNA by different mechanisms. Pathways are drawn in parallel to
emphasize the different DDE-transposition pathways. a | Mu and Tn3-like transposases nick each transposon (Tn) at the 3′ end and
join these to the target. The transposon intermediate is replicated using the 3′ OHs in the target to prime DNA replication. 
b–d | The ‘cut-out, paste-in’ pathways sever connections with the donor flank and therefore result in a simple insertion. e | IS3-like
elements only nick at one 3′ end. The resulting 3′ OH attacks the same strand immediately outside the transposon (dotted line with
arrow). Replication is thought to resolve this intermediate releasing a transposon circle with the transposon ends abutted and
regenerating the donor DNA. A second round of 3′-end nicking generates a linear excised transposon. f | LTR-retrotransposons
generate a copy of their genome by transcription (Txn), followed by reverse transcription (RT). The 3′ ends of this cDNA either
contain a terminal CA dinucleotide, or are processed by the DDE-transposase to expose a CA terminal dinucleotide that is joined to
the target. All DDE-transposases insert the transposon between two staggered nicks in the target. Repair of this gap by host-
replication enzymes results in a target-site duplication at both transposon ends (pink/orange duplex). Blue lines represent
transposon DNA; green lines represent donor DNA; orange lines represent target DNA; pink lines represent newly replicated DNA;
purple lines represent RNA; filled circles at the ends of DNA indicate exposed 3′ OH groups.
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renders their RNA-containing virus-like particles (VLPs)
non-infectious. Work on the mechanism of LTR-retro-
transposition has relied heavily on comparing steps in
retrotransposition to known steps in retroviral replica-
tion. LTR-retrotransposons encode Gag, a structural pro-
tein that binds RNA and forms VLPs, and Pol, which
includes three distinct enzymatic activities: an aspartic
protease that is required for protein processing, a reverse
transcriptase and a DDE-transposase, more commonly
known as integrase. Like retroviruses, LTR-retrotrans-
posons generate an extrachromosomal cDNA by reverse
transcription of their RNA transcript within a cytoplas-
mic VLP68,69 (BOX 2). The cDNA is bound by integrase,
forming a pre-integration complex. In retroviruses and
some LTR-retrotransposons, the integrase introduces
nicks at each 3′ end of the proviral cDNA, releasing the
two terminal nucleotides and exposing a 3′-CA dinu-
cleotide, which is conserved among retrotransposons and
retroviruses28,70,71 (FIG. 2f). Other LTR-retrotransposons
have the conserved CA dinucleotide at the 3′ end of the
cDNA, and integrase catalyses the integration reaction
using blunt cDNA ends72. The exposed 3′ OH ends are
joined to the target, where it is thought that host-repair
enzymes, which fill in the single-stranded gaps at the host
junctions, also remove the two unpaired 5′ nucleotides at
the transposon ends (when present). So, these elements
move by a ‘copy-out and paste-in’process.

Excision of the IS3 family requires replication. The exci-
sion of IS911, IS2, IS3 and probably many other related
elements requires host-replicative proteins to facilitate
excision, and results in the formation of a circular inter-
mediate63–65 (FIG. 2e). Unlike other DDE-transposon
reactions, the first step is asymmetric and involves the
generation of a nick at just one 3′ end of the transposon.
This exposed 3′ OH then acts as a nucleophile and directs
strand transfer to the phosphodiester backbone of the
same strand immediately outside the other transposon
end. This targeted strand-transfer reaction is presumably
facilitated by the juxtaposition of the two ends that are
held together by the transposase in a SYNAPTIC COMPLEX66. It
is thought that DNA replication that is primed from the
nick at the transposon junction resolves this intermediate
into an excised transposon circle (and also regenerates the
parent molecule).A linear excised transposon that is suit-
able for insertion is generated from this circle by nicking
at each transposon end67. Therefore, in contrast to other
DDE-transposons in which the excised transposon DNA
is generated by multiple cleavages, DNA replication is
required to generate an excised linear transposon inter-
mediate that is suitable for insertion into a target.

LTR-retrotransposons ‘copy-out and paste-in’. LTR-retro-
transposons are structurally and mechanistically related
to retroviruses, except that they lack an env gene, which

P NUCLEOTIDE

(Palindromic nucleotide).
A small, palindromic DNA
sequence that is introduced at
the site of hairpin resolution
during excision of Tam3-related
elements and V(D)J signal
sequences.

TYPE IIS RESTRICTION

ENDONUCLEASE

A DNA endonuclease that
recognizes an asymmetric
sequence and cleaves both DNA
strands at fixed positions outside
the recognition site.

RAG PROTEIN

Protein product of the
recombination-activating genes
that are required for V(D)J
recombination.

SYNAPTIC COMPLEX

A protein–DNA complex, or
transpososome, that contains
DNA sites in the correct
alignment for effective
recombination.

Box 1 | V(D)J recombination and transposition  

There are remarkable similarities between V(D)J (variable (diversity) joining) recombination and transposition at
both the protein and the mechanistic level, which indicates that V(D)J recombination evolved from a DDE-
transposon54,55. The recombination-activating gene (RAG)1 protein contains a DDE motif, which, when mutated,
abolishes nicking and hairpin formation during V(D)J recombination119–121. Together with RAG2, RAG1 recognizes
specific binding sites, known as signal sequences, which are
formally equivalent to the inverted repeats that are found
at the ends of DDE-transposons and flank the
immunoglobulin coding regions. The excision of blunt-
ended signal sequences (equivalent to an excised
transposon) and the formation of a hairpin occurs as 
in FIG. 2c (REFS 122,123). The hairpins at the coding ends 
are opened and rejoined by host-encoded proteins124,125.
The opening is not always precise and, if nicked off-centre,
results in the formation of single-strand extensions, which
can be filled in by host-repair enzymes and then religated.
The nucleotides at the new junction are palindromic (P)
with respect to each flank.

To strengthen the transposon connection even further,
in vitro reactions have shown that the RAG PROTEINS will
integrate the released signal sequences into a DNA target in a
step that is equivalent to strand transfer. Furthermore, if
insertions are coupled, a five-base-pair staggered cleavage
occurs in the target similar to DDE-transposition10,11. The
chemistry of the hydrolysis and trans-esterification
reactions is identical to that of DDE-transposases. It had
been thought that signal-sequence ends were always
precisely joined to produce circles in vivo, and so prevent
deleterious insertions into essential genes. But recently,
products that are consistent with intermolecular
transposition of signal sequences have been described,
which indicates that they can insert like a transposon in vivo,
although the frequency of these events is unknown126.

AC

TG

AT

TA

ACGT

TGCA

TAT

ATA

AC GT

TG CA

T AT

A TA

TGCA

TAT

A

V D

P

VD coding joint

Signal sequences

V D

Nick at 5′ ends

VD joint formation

Hairpin formation
on flank

Signal joint

Transposition in vivo?
Fill-in

Nick

Ligate

© 2003        Nature  Publishing Group



6 |  NOVEMBER 2003 | VOLUME 4 www.nature.com/reviews/molcellbio

R E V I E W S

is probably more correct to consider the ends of RC-ele-
ments in their functional role as a replication origin
(ori) and terminus (ter).

Although RC-transposases and phage-encoded
replication proteins share several conserved amino-acid
motifs, the most striking is the absolute conservation of
a pair of tyrosines that are separated by three residues25.
No structural information is available for these proteins
— however, some insight is provided from crystallo-
graphic studies of the adeno-associated virus (AAV)
replicase protein75. This protein contains the same con-
served tyrosine motif and is proposed to nick DNA,
thereby forming 5′ phosphotyrosine intermediates and
3′ OH ends that are suitable for priming viral DNA syn-
thesis76,77. The replicase structure shows that both
tyrosines are located in the active site in close proximity
to a pair of highly conserved histidines, which are
responsible for metal-ion coordination. Substitution of
the tyrosine residues in the IS91 transposase abolishes
transposition78. In keeping with using the catalytic motif
to define a family, we will call IS91 and related elements
Y2-transposons.

Models of Y2-transposition. Two models have been pro-
posed to describe Y2-transposition, which differ primar-
ily in the order of cleavage events observed (that is,
whether donor and target cleavages are sequential or con-
certed; see FIG. 3). Each model involves multiple rounds of
tyrosine-mediated cleavage (trans-esterification) and

Y2-transposons: a ‘rolling-circle’ mechanism
Rolling-circle or Y2-transposons are typified by the IS91
family of bacterial insertion sequences25. The RC-trans-
posases are related to a family of bacterial proteins that
are required for plasmid and bacteriophage replication,
which occurs by an RC mechanism73,74 (BOX 3). Indeed,
insights from analyses of these related proteins have
provided the foundation for understanding the mode
of transposition9. This family is a relative newcomer to
the transposon collection, in part because they are diffi-
cult to identify; they lack terminal inverted repeats, the
two ends of the transposon are different and they do not
generate target duplications. However, it is these proper-
ties that add further clues to support models for their
mechanism of transposition. One transposon end con-
tains conserved structural elements that are related to
those found in the origin region of RC-plasmids and
phage. Moreover, a conserved tetranucleotide (5′ CTTG,
or 5′ GTTC for IS91) is the site of plasmid- and phage-
origin nicking, as well as a preferred transposon insertion
site (that is, the site of transposase cleavage). The 3′ ends
of IS91 are defined by a related 5′ CTCG sequence at the
terminus and a region of twofold symmetry, which
resembles terminator sequences of RC-plasmids. The
different functions that are performed by each end are
highlighted by the fact that the 3′ ends are not essential
for transposition; in the absence of a normal 3′ end,
longer segments of DNA transpose and terminate at a
CTTG (or GTTC) sequence in the flanking DNA9. So, it

RNASE H 

An enzyme that degrades the
RNA strand of an RNA–DNA
duplex.

Box 2 | Reverse transcription of LTR-retrotransposon RNA  

A terminally redundant RNA, and two critical strand-
transfer events during retrotransposition, allow a full-
length long terminal repeat (LTR)-retrotransposon
cDNA to be synthesized from a terminally truncated
transcript. The transcript of LTR-retrotransposons (wavy
line), and retroviruses, begins and ends within the LTRs,
using transposon-encoded promoter and termination
sequences. The RNA contains a region that is repeated at
either end (R), a segment of the upstream LTR that is
unique to the 5′ end (U5), a segment of the downstream
LTR that is unique to the 3′ end (U3), and the primer-
binding site (PBS) — which typically hybridizes to the 
3′ end of a cellular tRNA (red cloverleaf structure) that
primes reverse transcription. The first product of reverse
transcription is minus-strand cDNA (pink strand with
attached cloverleaf). The RNASE H activity of reverse
transcriptase (RT) degrades the complementary RNA,
and the elongating cDNA is transferred to the 3′ end of
the retrotransposon transcript, hybridizing to the 
R region. Reverse transcription extends minus-strand
cDNA to the end of the RNA template. The RNA strand
of the RNA–cDNA hybrid is partially degraded, leaving
short RNA fragments, one of which primes synthesis of
plus-strand cDNA. Plus-strand synthesis continues into
the tRNA primer, copying the PBS. Following RNaseH
degradation, the plus-strand cDNA is transferred to 
the 5′ end of the minus-strand cDNA, hybridizing in the
PBS region. Extension from both 3′ ends of the cDNA by
RT completes synthesis of the full-length double-
stranded cDNA.
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a carboxy-terminal HELICASE domain, which is presumed
to unwind and displace the transposon DNA during
replacement-strand synthesis9 (FIG. 3). Many of these ele-
ments have acquired additional host genes, which are
found at the 3′ ends of the transposon. This is consistent
with the 3′ end acting as a ter sequence, which, if not rec-
ognized by the transposase, can be substituted by pseudo-
ter sites in the flanking DNA and thereby allowing ‘cap-
ture’ of flanking genes (as proposed originally for
ter-defective prokaryotic Y2 elements9).A sequence that
is related to helitrons has recently been described in
maize, except that it does not encode a DNA helicase;
instead, it carries a pseudo-gene for a DEAD-BOX RNA heli-
case81. Intriguingly, the genome of Saccharomyces cere-
visiae harbours a sub-telomeric repeat, coincidentally
named Y′, which also encodes an RNA helicase82.Y′ ele-
ments can be excised as circular DNA molecules and
reintegrated, a process which has been implicated in pro-
moting telomeric rearrangements83. So, might Y′ sub-
telomeric repeats be specialized helitrons?

Y- and S-transposons
Two families of proteins that mediate DNA recombina-
tion in prokaryotes are the Y- and S-recombinases,
exemplified by λ-integrase and γδ-resolvase,
respectively19,20. These proteins generally mediate site-
specific recombination between two homologous sites.
This results in integration if the sites are on different
DNAs (for example, attB and attP of bacteriophage λ)
and excision (the reverse of integration) when the sites
are on the same molecule84. However, several trans-
posons have been described that use these recombinases
to mediate transposition to many different, rather than
specific, target sites. As we will discuss, the mechanistic
steps of transposition (equivalent to integration and
excision) are likely to be identical to those of their site-
specific cousins, with the most important difference
being the ability of Y- and S-transposons to recognize
unrelated targets for insertion.

The largest and best-studied group of these elements
are the conjugative transposons21, which use a Y-recombi-
nase (hereafter referred to as Y-transposase to distinguish
between site-specific recombination and transposition),
such as Tn916, although a few encode S-transposases,
such as Tn5397 (REF. 85). The conjugative transposons are
so-called because they encode transfer functions that
allow the excised transposon to be transferred from a
donor to a recipient bacterium. A word of caution here:
the literature and databases are full of alleged conjuga-
tive transposons (also known as CONSTINs or
ICEs22,86). However, most of these integrate into specific
sites and so do not fit the strict definition of a transpo-
son. Indeed, even Tn916 and Tn5397 exhibit site-spe-
cific insertion in some bacterial hosts and not others,
thereby adding to the confusion. Moreover, there are
examples of these transposons that are not conjugative
(for example, IS607; REF. 87) and it is assumed that there
will be more. We will focus on the mechanism of trans-
position of those elements that use multiple target sites
and will designate each family depending on its active-
site nucleophile — Y or S.

DNA replication, primed from a 3′ OH exposed at the
cleavage site. The sequential model (FIG. 3a) is more similar
to that proposed for replication of bacteriophage φX174
and involves excision of a single strand of the transposon
to form a circular intermediate79. So, cleavage at each end
of the transposon occurs before target cleavage. This ‘cut-
out and copy-in’ model is supported by the detection of
in vivo single-stranded circular DNA intermediates for
IS91, the formation of which is dependent on the pres-
ence of both conserved tyrosine residues78.

In the concerted cleavage, or ‘copy-in’, model (FIG. 3b), a
transposase dimer binds to the ori end of the transposon
and a target CTTG, and nicks to form two 5′ phosphoty-
rosyl linkages9,25. The ori-bound transpose then catalyses
the first strand-transfer event by joining the 5′ end of the
transposon to the 3′ end of the target. Replacement-
strand synthesis of the donor transposon, followed by a
second tyrosine-mediated cleavage and strand-transfer
event at ter, results in a single pre-existing strand of the
transposon being transferred to the target DNA.

Both models account for the unusual features of this
family of transposons. The ends are different, as they
perform distinct roles in transposition, initiation and
termination. The target specificity is directly linked to
cleavage specificity at both ends of the transposon, and
there are no target duplications as only one strand of
transposon DNA is inserted into a target. The ability to
transduce DNA that flanks the 3′ end of the transposon
to a new target DNA is due to inefficient ter recognition,
and, instead, transposase recognises an arbitrary CTTG
sequence in the flanking DNA and so extends the seg-
ment of transposed DNA.

Eukaryotic Y2 elements. Elements related to Y2-trans-
posons, known as helitrons, have recently been identified
by computer-assisted searches in the genomes of
Arabidopsis,Caenorhabditis, rice and Drosophila26,80.These
elements encode Y2-transposases that contain conserved
tyrosine and histidine motifs, have a preferred target site
(5′ CTRR (where R is a purine)), and do not generate
direct repeats on insertion. In contrast to prokaryotic
Y2-transposases, the helitron Y2-transposases also encode

Box 3 | Rolling-circle replication

Rolling-circle (RC) replication is a form of DNA replication that is often used by
bacterial plasmids and bacteriophage73,74. Replication is primed from a 3′ OH that is
generated by a single-stranded nick in the plasmid or phage DNA and uses the uncut
strand as a template (compare with replacement-strand synthesis in the sequential
model of FIG. 3). The site-specific nick is introduced by the replication protein through
an active-site tyrosine residue, which becomes covalently attached to the 5′ end of the
nick. As the newly synthesized strand is extended, the pre-existing strand is displaced.
As the plasmid/phage DNAs are circular, continuous replication around the molecule
can result in the generation of multiple tandem copies of a single-stranded DNA if
replication is not terminated — hence the name ‘rolling-circle’ replication. For protein A
of the bacteriophage φx174, strand cleavage in the origin is catalysed by one of two
conserved tyrosine residues and results in a 5′ phosphotyrosine linkage127,128. The
second tyrosine residue is required for terminating DNA replication and resealing the
newly synthesized single strand. Conserved tyrosines in related motifs of RC-
transposases, replication proteins and CONJUGAL RELAXASES are thought to perform a
comparable role25,73,129.

CONJUGAL RELAXASE

A protein that is responsible for
initiating DNA transfer in
bacteria. It contains a conserved
tyrosine motif that is required to
nick the transferred DNA strand
at oriT, which it forms a 
5′-phosphotyrosine bond with.

HELICASE

An enzyme that promotes ATP-
dependent disassociation of the
complementary DNA or RNA
strands of a duplex molecule.

DEAD BOX

An evolutionarily conserved
array of amino acids, also known
as the Walker B motif, that
confers ATP-binding activity.
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target duplication21. In addition to the Y-transposase,
many elements also encode a small basic protein, Xis,
which is required for efficient excision. Xis is thought to
have a structural role in facilitating synapsis of the
transposon ends, based on the role of λXis in λ
excision19,88. Following synapsis, excision is initiated by
cleavages on the same DNA strand at each transposon
end by the active-site tyrosine nucleophile (FIG. 4a). This
results in the generation of a 3′ phosphotyrosine link-
age and an exposed 5′ OH. The exposed 5′ OH then
attacks the phosphotyrosine linkage at the opposite end
to promote strand exchange. This process is repeated
on the opposite strand (that is, strand cleavage is
sequential), but the cleavages are staggered, to complete
excision and regeneration of the target site88.
Integration is thought to occur by a reverse process
after target capture.

An important difference between the reaction that is
mediated by the site-specific Y-recombinases and the Y-
transposases is that the junctions formed in the circular
intermediates by Y-transposases can accommodate mis-
matches. For the site-specific Y-recombinases, the stag-
gered cleavages occur in a region of homology (the core)
and therefore the two strands are complementary. Base-
pairing within this region is crucial for strand exchange,
as it has been shown that mismatches introduced within
the cross-over sites are sufficient to block strand join-
ing89,90. By contrast, the equivalent core regions of Tn916
(known as coupling sequences), found at the transpo-
son flanks, are not necessarily complementary and
therefore might contain mismatches, but still allow
strand exchange for both excision and integration91,92.
The lack of a requirement for homology of the coupling
sequences allows these elements to insert into and excise
out of nonhomologous sites, and so contributes to their
relaxed target specificity and their classification as trans-
posons. How these Y-transposases accommodate these
mismatches within their active sites will clearly require
more detailed mechanistic and structural studies. Such
studies will also reveal which components of the process
contribute to the relaxed specificity of target capture.

Finally, we note that putative open-reading frames
that encode Y-recombinases have recently been identi-
fied in Tec elements of the ciliate Euplotes crassus93,94.
These elements are precisely removed from the
micronucleus during differentiation into a macronu-
cleus. This process involves the formation of excised, cir-
cular transposons that contain mismatched DNA at
their junctions, the sequence of which is derived from
the original transposon flanks93,95. The mechanistic sim-
ilarity to Y-transposons indicates that the Tec-encoded
Y-recombinase mediates this process.

Transposons that encode an S-transposase. A few bac-
terial transposons encode a protein that is closely
related to the site-specific S-recombinases87,96,97. The
S-recombinases (for example, γδ-resolvase and Hin
invertase) carry out recombination between a pair of
identical sites in which a serine nucleophile is used to
generate strand cleavages20,98. Each crossover site is rec-
ognized by a dimer of proteins. Recombination occurs

Y-transposons cleave DNA strands sequentially.
Consistent with a mechanism that is similar to site-
specific recombination18,41, Y- or conjugative trans-
posons excise precisely from a target and regenerate
the original target site. They generate a circular inter-
mediate and, following insertion, do not generate a
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Attack by each 3′ OH
on 5′-phosphotyrosine
linkage
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strand synthesis

Y-cleavage
at ter 
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of target
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Figure 3 | Y2-transposases form phosphotyrosine linkages
during transposition. Two models for Y2-transposition are
outlined. a | In the sequential pathway, the transposase cleaves
the ori end of the transposon forming a 5′-phosphotyrosine
linkage (Y in circle). The 3′ OH of the flanking DNA is used to
prime replacement-strand synthesis (pink dotted line). The 
Y-mediated cleavage at ter results in transposon excision. 
A nucleophilic attack by the 3′-OH group of the nascent DNA
strand on the phosphotyrosine linkage at ter is thought to reseal
the donor DNA (indicated by arrow). A second tyrosine cleavage
nicks the target DNA adjacent to the preferred target sequence,
and the attack by each exposed 3′ OH on the 5′-phosphotyrosine
linkage on the opposite strand of DNA results in insertion.
Passive DNA replication by the host completes the process, and
therefore each transposon contains one newly synthesized
strand. b | In the concerted pathway, the 5′ ends at the ori and
the target are cleaved together. The transposon strand is joined
to the 3′ OH at the target and is displaced by DNA synthesis
from the flanking donor DNA. Cleavage at ter releases the
transposon strand. Each junction is resealed by an attack on the
phosphotyrosine linkage by the exposed 3′ OH. The transposon
strand is copied in the target by host replication. Blue lines
represent transposon DNA; green lines represent donor DNA;
orange lines represent target DNA; pink lines represent newly
replicated DNA; filled circles represent exposed 3′ OH groups.
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these transposases must recognize specific sequences
at their transposon ends to allow synapsis and exci-
sion, the variable nature of their target sites indicates
that they recognize a target (flanking a conserved din-
ucleotide) with relaxed specificity.

DIRS1 retrotransposons encode a Y-transposase. Given
the abundance of Y- and S-recombinases in prokaryotes
(both site-specific- and transposon-recombinases) and
the myriad of rearrangements they mediate, it is sur-
prising that so few mechanistically similar elements
from eukaryotes have been described (which is why we
anticipate many more). Intriguingly, a family of
retroelements in eukaryotes, the DIRS1-like family,
encodes both a reverse transcriptase and a Y-trans-
posase and integrates without generating target-site
duplications23,24 — therefore, we propose that they be
named Y-retrotransposons. Although originally
thought to be a variant type of LTR-retrotransposon
because of homology between the reverse transcriptase
domains in the two families, Y-retrotransposons lack
the characteristic aspartic proteases and DDE-integrases
of LTR-retrotransposons. Furthermore, they lack
directly repeated LTR sequences, and instead have either
inverted terminal repeats (DIRS1) or ‘split’ direct
repeats (PAT, Kangaroo). These repeats are likely to have
dual functions — namely, to produce full-length cDNA
from terminally truncated RNAs and serve as recombi-
nation sites for the Y-transposase. Although the mecha-
nism of retrotransposition of this family has not been
determined experimentally, molecules that are consis-
tent with a closed circular DNA of the highly mobile
element, Kangaroo, have been detected in Volvox
carteri 24. This fact, combined with the lack of target-site
duplications and the presence of a Y-recombinase, indi-
cates that these elements transpose by a mechanism that
resembles that used by Y-transposons — namely, that a
closed circular DNA intermediate is generated by
reverse transcription and integrated by Y-mediated
recombination (FIG. 4b). Related elements have been
found in slime mold, green algae, nematodes and fish,
which indicates that this new family of retrotransposons
is only beginning to be appreciated.

TP-retrotransposons: combining RT/En activities
The fifth class of transposon — TP-retrotransposons
— are more ancient and structurally more simple than
LTR-retrotransposons27. They are typified by the
mammalian LINE-1, or L1, elements, the most abun-
dant and active transposable elements in the human
genome (500,000 copies)101. They lack terminal repeats
altogether, but often have a polyA or A-rich sequence
at their 3′ end. At least one open-reading frame is pre-
sent, which encodes a protein with at least two distinct
activities: reverse transcriptase and endonuclease. In
some TP-retrotransposons, a second open-reading
frame with nucleic-acid-binding activity is present. In
mouse L1 elements, the nucleic-acid-binding domain
also has chaperone activity, which is thought to facili-
tate formation of the DNA-primer–RNA-template
complex for the initiation of reverse transcription102.

through a concerted four-strand cleavage (in contrast to
the Y-recombinases), strand switching and rejoining
event (FIG. 4c). Staggered cleavages at each crossover site
result in a two-base-pair 3′overhang with the catalytic
serines linked to the 5′ phosphate ends. After strand
switching, the exposed 3′ OH residues attack each phos-
phoserine linkage to rejoin the four DNA strands.

Little is known regarding the precise mechanism of
the S-transposons, although the similarity of their
transposases to S-recombinases and the nature of the
transposition products indicate that these elements
transpose by an almost identical mechanism. A circu-
lar intermediate has been detected for three S-trans-
posons — Tn5397, Tn4451 and IS607 (REFS 85,99; and
N.D.F. Grindley, personal communication). These
excised circles have the predicted transposon joints
with a two-base-pair coupling sequence and regenerate
the original target. There is a strong preference for
complementarity within the coupling sequence, which
is also consistent with mismatches in the crossover site
inhibiting site-specific recombination96,100. Although
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Figure 4 | Tyrosine and serine transposition involves a series of protein–DNA covalent
intermediates. a | Tyrosine (Y)-transposases nick each end of one transposon strand forming 
3′ phosphotyrosine intermediates. The exposed 5′ OHs attack the phosphotyrosine linkage at the
opposite end (dotted lines with arrows) to circularize one transposon strand and join the two
flanking DNAs. This is repeated on the bottom strand to regenerate the host DNA and a circular
intermediate. Nicking occurs with a stagger such that the circle junctions might contain
mismatches (which are thought to be resolved by DNA replication). Following target capture, the
sequential strand cleavage and joining process is repeated and results in an insertion. b | The 
Y-retrotransposons have been proposed to generate a circular cDNA of the element by reverse
transcription (RT), and then integrate this circular intermediate by a process that is identical to 
Y-transposons. c | Serine (S)-transposition occurs through concerted double-stranded breaks at
each transposon end, which results in 5′ phosphoserine linkages. A concerted nucleophilic attack
by the 3′ OHs on the phosphoserine linkages at the other junction results in a circular intermediate
and joins the original flanking DNA. The circular intermediate is inserted into a target by a repeat of
the above process. The cleavages result in a two-base-pair 3′ overhang. Blue lines represent
transposon DNA; green lines represent donor DNA; orange lines represent target DNA; pink lines
represent newly replicated DNA; purple lines represent RNA; S in circle, 5′-phosphoserine; Txn,
transcription; Y in circle, 3′-phosphotyrosine.
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endonuclease-mediated nicking of the target31,107.
Reverse transcription of TP-retrotransposons rarely
proceeds all the way to the 5′ end of the RNA, which
accounts for the fact that most members of LINE-like
retrotransposon families are truncated at the 5′ end.

The endonuclease of TP-retrotransposons30, or pos-
sibly a host-encoded activity31, cleaves the top strand of
the target, which generates a double-stranded break.
Often, top-strand cleavage occurs downstream of the
lower-strand nick, which creates a staggered cut that is
repaired to create a variable target-site duplication27.
Many questions remain about how the cDNA is
attached to the upstream end of the target and how
second-strand synthesis occurs. One currently
favoured model suggests that the top strand of the target
anneals to the first-strand cDNA through microhomol-
ogy, and the 3′ OH of the top strand primes second-
strand cDNA synthesis using the first-strand cDNA as a
template102,108. In a second model, the reverse transcrip-
tase switches templates, or ‘jumps’, from the RNA to the
top strand of the target DNA, where it continues synthe-
sis of the first-strand cDNA109. Second-strand synthesis
would then occur by reverse transcriptase or host-repair
enzymes.

Group II introns reverse-splice into DNA. A fascinating
class of mobile elements are the GROUP II INTRONS, which
are found primarily in bacteria and eukaryotic
organelles. Group II introns are mobile, autocatalytic
introns capable of both retrohoming (movement to a
cognate DNA allele that lacks the intron) and TP-retro-
transposition110,111. Like the LINE-like elements, group II
introns encode reverse transcriptase and endonuclease
activities. But their target site is chosen by a different and
remarkable mechanism: intron RNA, which has excised
itself out of pre-mRNA, reverse-splices itself into DNA,
which results in the covalent attachment of each end of
the intron RNA to one strand in the DNA target112,113

(FIG. 5b). Target specificity for group II introns is primar-
ily determined by RNA–DNA base-pairing interactions,
although the endonuclease does show some specificity
for nucleotides around the cleavage site. Once the intron
is inserted, the intron-encoded endonuclease cleaves the
bottom strand of the DNA slightly downstream of
the intron insertion site. The resulting 3′ OH is used as a
primer for reverse transcriptase to copy the top-strand
RNA into a bottom-stand cDNA114,115. As with LINE-
like elements, it is not clear whether synthesis of the
second-strand cDNA is carried out by the reverse tran-
scriptase or by host-repair enzymes. Interestingly, the
endonuclease is essential for retrohoming but dispens-
able for retrotransposition116, which indicates that the
3′ OH that serves as a primer for reverse transcriptase
might be generated by a different mechanism during
retrotransposition, possibly by random nicks or by DNA
replication.

Telomeres are synthesized by TP reverse transcription.
Target-primed reverse transcription is essential for the
maintenance of most eukaryotic genomes, as it is the
mechanism by which telomeric DNA, which consists of

Three endonuclease-domain families have been
described so far, including apurinic-apyrimidinic
endonucleases (APE; found in L1, I and R1 ele-
ments103,104), site-specific endonucleases that resemble
type II restriction endonucleases (found in R2Bm105)
and a third, recently identified class of GIY-YIG
endonucleases (found in Penelope-like elements, a
phylogenetically separate class of presumed TP-retro-
transposons106). A complex of full-length RNA and
RT/En protein initiates transposition when the
endonuclease activity cleaves the bottom strand of the
target, generating a 3′ OH that serves as the primer for
reverse transcription of the retrotransposon RNA30,103

(FIG. 5a). Importantly, studies of human L1 target-
primed reverse transcription both in vitro and in vivo
have demonstrated that pre-existing DNA nicks and
double-stranded breaks can serve as targets, indicating
that reverse transcription is not necessarily coupled to

GROUP II INTRON

An autocatalytic intron from
one of two families that catalyses
its own splicing from an RNA
transcript and encodes a protein
that mediates its mobility as a
DNA element. Group II introns
are the likely progenitors of
spliceosomal introns.
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Figure 5 | TP-retrotransposons insert by reverse-transcribing RNA into a target. Target-
primed (TP) retrotransposons include LINE-like elements and group II introns. a | LINE elements
encode an endonuclease, which makes a nick in the target DNA. The resulting 3′ OH primes cDNA
synthesis, which uses the retrotransposon RNA as a template. The top strand is cleaved by the
endonuclease or by a host enzyme. The nascent cDNA anneals to the top strand of the target by
microhomologies, allowing the top strand to act as a primer for second-strand cDNA synthesis. The
gaps are filled by host enzymes. Alternatively, reverse transcriptase (RT) might switch templates from
the RNA to the top strand of the target, continuing first-strand cDNA synthesis. Either RT or host-
repair enzymes synthesize the second strand and seal the gap. b | Group II introns splice
themselves out of a pre-mRNA. The 3′ OH of the resulting lariat RNA attacks one strand of the
target DNA (trans-esterification), leaving a 3′ OH in the target DNA. The 3′ OH of the target attacks
the lariat branch point, which results in complete reverse-splicing of the intron RNA into the top
strand of the target. A nick that is made downstream of the intron insertion site by the endonuclease
primes cDNA synthesis, using the intron RNA as a template. Second-strand synthesis by RT or
host-repair functions displaces the RNA and reseals the gap. Blue lines represent transposon DNA;
green lines represent donor DNA; orange lines represent target DNA; pink lines represent newly
replicated DNA; purple lines represent RNA; filled circles represent exposed 3′ OH groups.
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note in particular how retrotransposons can be divided
into three mechanistic subgroups depending on which
other transposon-associated activity they have acquired
(DDE,Y or En).

Who would have predicted Y-retrotransposons?
With only a little hindsight, we might predict that
S-retrotransposons will be described (see FIG. 4). What
other combinations of activity might we anticipate to
expand the mechanistic repertoire of how to move
‘out and in’ to a new target? Recently, an LAGLIDADG
endonuclease and a GIY-YIG endonuclease, which are
normally associated with mobile group I introns, were
identified in group II introns118 and Penelope retro-
transposons106, respectively. These discoveries add fur-
ther fuel to the transposon shuffle and hint that novel
endonucleases will be found in future TP-retrotrans-
posons. The presence of type IIS endonucleases in
both Tn7 and TP-retrotransposons62,105 further
strengthens the argument that transposons are capa-
ble of acquiring, and presumably disseminating,
functions that are necessary for strand-breakage and
joining. Consequently, we anticipate that novel host
processes involving DNA rearrangements will find
their roots buried in the sequence of our favourite
transposons.

short tandem DNA repeats at the ends of linear chro-
mosomes, are synthesized. Telomerase, a reverse tran-
scriptase that is related to TP-retrotransposon reverse
transcriptases, synthesizes telomeric DNA using the
3′ OH at the end of the chromosome as a primer. A
remarkable exception to this standard eukaryotic mech-
anism is found in Drosophila, which lacks telomerase
and simple telomeric repeats. Instead, Drosophila chro-
mosomal ends are maintained by repeated transposi-
tion of the specialized TP-retrotransposons, HeT-A and
TART117. Although the mechanistic parallels between
TP-retrotransposons and telomerase are clear — and in
Drosophila this even extends to a functional parallel — it
is not known if they both evolved from an ancient prog-
enitor or whether one is the progenitor of the other13,14.

Concluding remarks
Transposon biology has come a long way since the eluci-
dation of the DNA double helix. Transposable elements
are far more diverse and abundant than previously
imagined, and new forms of transposons will inevitably
be discovered as more genomes are analysed. It is espe-
cially striking how different ‘blends’ of transposon have
evolved as a consequence of shuffling transposon-asso-
ciated catalytic activities (even between kingdoms). We
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