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The mariner family is probably the most widely distributed family of transposons in nature. Although these
transposons are related to the well-studied bacterial insertion elements, there is evidence for major differences
in their reaction mechanisms. We report the identification and characterization of complexes that contain the
Himarl transposase bound to a single transposon end. Titrations and mixing experiments with the native
transposase and transposase fusions suggested that they contain different numbers of transposase monomers.
However, the DNA protection footprints of the two most abundant single-end complexes are identical. This
indicates that some transposase monomers may be bound to the transposon end solely by protein-protein
interactions. This would mean that the Himarl transposase can dimerize independently of the second trans-
poson end and that the architecture of the synaptic complex has more in common with V(D)J recombination
than with bacterial insertion elements. Like V(D)J recombination and in contrast to the case for bacterial
elements, Himarl catalysis does not appear to depend on synapsis of the transposon ends, and the single-end
complexes are active for nicking and probably for cleavage. We discuss the role of this single-end activity in

generating the mutations that inactivate the vast majority of mariner elements in eukaryotes.

The Tcl/mariner superfamily of transposons consists of the
Tcl and mariner families of elements in eukaryotes and the
more distantly related IS630-like elements in bacteria (25, 39).
Members of the superfamily have a single transposase gene
expressed in the germ line and/or the soma, transpose via a
“cut and paste” DNA intermediate, and duplicate a TA dinu-
cleotide upon insertion. This is probably the most widespread
family of transposons in nature: members have been identified
in bacteria (IS630), ciliates, fungi, plants, and most animal
phyla, from Porifera (sponges) to humans. Although mariner
elements are widespread, they are unevenly distributed in
closely related species and the vast majority are inactive be-
cause of mutations. This suggests that they have an unusual life
style that involves a high rate of horizontal transfer to new
hosts, followed by a burst of transposition and subsequent
vertical inactivation (37, 43).

Homology-dependent gene silencing serves to control the
spread of transposons, retroviruses, and other repetitive DNA
elements in many eukaryotes. It is mediated by at least three
distinct mechanisms, specifically DNA methylation, histone
deacetylation, and RNA interference. However, depending on
the identity of the organism and the repetitive element in
question, these mechanisms are not always completely effec-
tive. As noted by McClintock, the rate of transposition in a
given germ line can change over time, with cycles of activation
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and silencing lasting several generations (cited in reference
35). Furthermore, although all three mechanisms of homology-
dependent gene silencing operate in plants and are active
against many retrotransposons, some DNA transposons, such
as the mutator element, appear to escape silencing. In Arabi-
dopsis and maize, a low level of transcription is maintained
despite the production of small interfering RNAs (35, 46).
Small interfering RNAs derived from the Tcl element have
also been detected in the germ line of Caenorhabditis elegans
(52). Even so, new insertions are easily isolated. The system is
not completely effective in flies either. Over the last 50 years,
the P-element transposon has invaded every wild population of
Drosophila melanogaster on the planet (4, 20), and elements
such as Himarl can achieve a huge copy number in individual
species such as the horn fly, from which it was isolated (30, 44).

Genetic evidence suggests that the mariner element Mos!
may have a mechanism for self-regulation (38). The MosI
transposase appears to act specifically at the 5’ end of the
element to produce immobilizing mutations, dubbed self-in-
flicted wounds. It is far from clear whether or not these mu-
tations are an adaptive feature maintained by the unusual life
style and evolutionary history of the mariner transposons (see
Discussion). Nevertheless, self-inflicted wounds have not been
documented for other transposons and it would be interesting
to discover the underlying mechanism responsible for them. In
the present work, we have characterized the early intermedi-
ates of Himarl transposition and have documented several
differences compared to bacterial insertion (IS) elements. The
most important difference is that the Himarl transposase is
able to nick and perhaps cleave an isolated transposon end.
The mechanistic significance of this difference is introduced
below and will be discussed later as an explanation for the
generation of self-inflicted wounds.
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One of the earliest steps of a transposition reaction is the
transposase-mediated synapsis of the transposon ends into
paired-end complexes (PECs). These higher-order complexes,
which may also incorporate host proteins, are large and have a
complicated structure that often reflects the presence of so-
phisticated regulatory mechanisms (9, 14, 24). All of the cata-
Iytic steps of the transposition reaction take place within the
PEC, which generally becomes more stable as the reaction
progresses and as thermodynamic energy is lost from the sys-
tem, rendering the reaction essentially irreversible. One con-
sequence of this increasing stability is that early transposition
intermediates such as the initial synaptic complex are usually
the least stable and the most difficult to study.

Bacterial transposons have been under investigation for
many years, but the work is often problematic because the
transposase proteins are highly prone to aggregation and be-
cause reconstitution in vitro has proven to be difficult. Eukary-
otic transposons generally appear to be even more difficult to
reconstitute in vitro, and until recently, very little was known
about their mechanisms except that which could be assumed by
drawing analogies with bacterial elements. Indeed, many of the
analogies are perfectly valid because the Tcl/mariner family
and the bacterial IS elements descended from a common an-
cestor and have a characteristic DDE motif in their active sites
(39). The DDE motif of the transposases is located in the
RNase H-like structural fold that is shared by a diverse group
of proteins such as DNA polymerases, RuvC, and human im-
munodeficiency virus integrase.

One apparently universal feature of the classical DNA trans-
posons from bacteria is that the first nick at the end of the
transposon generates the 3’ OH group that is eventually joined
to the target site by a direct transesterification mechanism (40).
In the nonreplicative, or cut-and-paste, transposons, such as
Tni0 and Tn3, cleavage of the second strand is achieved via a
hairpin intermediate on the transposon end (7, 28). In contrast,
some eukaryotic DNA transposons appear to have a funda-
mental difference in the polarity of the reaction chemistry. The
footprints left behind after the excision of Tam3 from Antir-
rhinum majus provided indirect evidence that excision of the
transposon generates a hairpin end on the flanking DNA (13).
Assuming a direct transesterification mechanism, this would
require a reversal in the polarity of the reaction chemistry such
that the first nick would generate the 5’ P at the end of the
transposon. Indeed, first-strand nicking in Himarl and Mosl
from Drosophila mauritiana generates the 5" P at the end of the
transposon (18; R. Chalmers and N. Buisine, unpublished ob-
servation). However, Mos! does not use a hairpin intermedi-
ate, and the mechanism of second-strand cleavage remains
unclear.

In this paper, we report the characterization of complexes
between the Himarl transposase and the transposon end. The
behavior of the complexes is significantly different from those
of the well-characterized DDE transposase family members
from bacteria. At least two of the Himarl complexes detected
by electrophoretic mobility shift assays (EMSAs) contained
only a single transposon end, suggesting that the synaptic com-
plex is unstable. In contrast to the bacterial transposons, in
which catalysis is tightly coupled to synapsis of the transposon
ends (3, 17, 49), the Himarl single-end complexes are active
when they are supplemented with Mg?*. Together with differ-
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ences in the polarity of the reaction chemistry, this suggests
that the architecture of the synaptic complex in mariner is
radically different from that in bacterial DDE transposons.
Indeed, mariner appears to be more similar to V(D)J recom-
bination, which uses a tetrameric core, has the same polarity of
the reaction chemistry, and is active in single-end complexes.

MATERIALS AND METHODS

Plasmids, DNA, and bacteria. The wild type or the C9 hyperactive mutant of
Himarl transposase was expressed as a maltose binding protein (MBP) fusion
(1). The C9 mutations Q131R and E137K provide a 50-fold increase in a bac-
terial mating-out assay (29), but they had very little difference in the in vitro
EMSA and activity assays performed here. All of the experiments were per-
formed with both types of protein, except for those shown in Fig. 5, which were
performed only with the wild-type protein. The kanamycin-marked mini-mariner
transposon (Fig. 1A) was called pMarKan (30). DNA fragments for transposition
and EMSAs were prepared by digesting pKL97 and pKL99. For the construction
of pKL97, the 5" end of mariner was copied from p27fh-5" (30) by a PCR with
primers incorporating Xhol sites. The fragment was cloned into XholI-digested
pBluescript II SK(+). pKL99 is identical to pKL97 except that it contains two
tandem copies of the Xhol PCR fragment. Transposon end fragments were
purified by polyacrylamide gel electrophoresis and recovered by a crush and soak
method (48). For the EMSA shown in Fig. 2B, the transposon end was made by
annealing the following two synthetic oligonucleotides: KL143 (5'-GTGTGAT
GGATTATAACAGGTTGGCTGATAAGTCCCCGGTCTGACACATA) and
KL144 (5'-AGGTATGTGTCAGACCGGGGACTTATCAGCCAACCTGTTA
TAATCCATCACAC). DNA preparation and transposase expression were done
with the endonuclease I-deficient Escherichia coli strain DH5a. Hydroxyl radical
and copper phenanthroline footprinting was performed as described previously
(15, 50).

Protein purification. The fusion between Himarl transposase and MBP was
purified essentially as described in the New England Biolabs pMAL protein
fusion purification kit instruction manual and as described previously (1). The
pool of peak fractions from the amylose column was diluted with 3 volumes of
buffer A (10% glycerol, 25 mM Tris [pH 8.0], 1 mM EDTA, 2 mM dithiothreitol,
10 mM n-decyl-B-p-maltopyranoside) and applied to a 1-ml MonoQ column. The
column was equilibrated with buffer A plus 0.05 M NaCl and eluted with a 30-ml
gradient of 0.05 to 1 M NaCl. Peak fractions that eluted at 0.13 M NaCl were
mixed with a 90% glycerol solution to give a final concentration of 50% and were
stored at —20°C.

For some experiments, purified Himarl transposase was treated with New
England Biolabs Factor Xa protease to remove the MBP moiety from the N
terminus. The transposase (0.3 mg/ml) was treated with the protease (final
concentration, 4 pg/ml) for 6 h at 30°C and then rechromatographed on amylose
resin to remove the MBP. The oligomeric state of the native transposase was
then assessed by size exclusion chromatography on a Pharmacia Superdex S200
column (20 ml). The size standards were cytochrome c¢ (12.5 kDa), carbonic
anhydrase (29 kDa), bovine serum albumin (66 kDa), and apoferritin (440 kDa).
The transposase eluted at an apparent molecular mass of 50 kDa, indicating that
it exists as a monomer after purification. Since native MBP is a monomer, we
therefore assumed that the MBP-transposase fusion used in most experiments
also exists as a monomer in solution.

In vitro transposition and EMSA. The reaction buffer for transposition and
EMSA reactions contained 25 mM HEPES (pH 7.9), 10% glycerol, 100 mM
NaCl, 20 mM NH,C], 250 pg of bovine serum albumin/ml, 2 mM dithiothreitol,
and 2 mM CaCl,. When indicated, the reactions were supplemented with 10 mM
MgCl,. The plasmid substrate was used at 1 wg per 200-pl reaction, and the
reactions were analyzed in 1.1% agarose-Tris-borate-EDTA (TBE) gels. Trans-
position reactions with linear DNA fragments had 500 cps of radioactively
labeled transposon end (absolute amounts are given in the figure legends) and
125 ng (63 fmol) of supercoiled plasmid as a target when it was present. The
linear topology of the product of insertions into the supercoiled target was
confirmed by two-dimensional agarose gel electrophoresis, with ethidium bro-
mide in the second dimension (10). Transposition reactions were incubated to
completion at 30°C (~5 h), stopped by the addition of a 1/10 volume of 1.5%
sodium dodecyl sulfate plus 150 mM EDTA, and heated to 75°C for 10 min. Most
EMSAs had 500 cps of radioactively labeled transposon end and were incubated
at 30°C for 1.5 h after the addition of transposase, unless noted otherwise. The
reaction mixtures were analyzed by being loaded directly onto native 5% poly-
acrylamide gels in 1X Tris-acetate-EDTA (TAE) at 4°C. The gels were 0.8 mm
thick and 25 cm long, and electrophoresis was carried out at 300 V.
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FIG. 1. Transposition reactions and further purification of Himarl transposase. (A) Transposition reactions were performed with either a
plasmid substrate or linear transposon ends. pMarKan encodes a mini-transposon in which the 5’ end of Himarl is cloned as an inverted repeat
on either side of a kanamycin resistance marker. This construct was used to assay the transposase activity, as measured by the total amount of
excision (left panel). Transposon insertions were measured by use of a linear DNA substrate that also encodes the 5 end of Himarl. The concerted
insertion of a pair of transposon ends into a target plasmid generates a linear product (right panel). Arrowheads, transposon ends; thick lines,
transposon; thin lines, plasmid backbone or target DNA. Amp*, ampicillin resistance; Kan', kanamycin resistance; ori, origin of replication. (B) The
total activities of the amylose- and MonoQ-purified transposases were determined by measuring the amounts of transposon excision from the
supercoiled plasmid substrate, pMarKan. Each reaction (200 wl) contained 396 fmol (1 pg) of pMarKan and 2 pmol (10 nM) of the respective
transposase. Excision of the 2.5-kb transposon leaves behind the plasmid backbone, which contains the origin of replication and the ampicillin
resistance gene. A reverse contrast photograph of an ethidium bromide-stained 1.1% agarose-TBE gel is shown. Intramolecular transposon
insertions dominate the reaction because of the low concentration of target DNA available in vitro and appear as a smear below the supercoiled
substrate. *, intermolecular insertion of the transposon into unreacted substrate plasmid. (C) The MonoQ-purified transposase was tested for its
ability to perform concerted insertion of a pair of transposon ends encoded on a linear DNA fragment into a supercoiled target plasmid. The
reaction (15 pl) contained 53 fmol of transposon end, 30 fmol (2 nM) of transposase, and 63 fmol (125 ng) of supercoiled pBluescript II as a target.
The transposon end fragment was prepared by digesting pKL99 with Sfil and Xhol and was radioactively labeled by end filling. Linear pBluescript
II and a phage A BstEII digestion were end labeled to act as size markers. The products of the reaction are illustrated beside the gel. Thin lines,
pBluescript target; thick lines and arrowhead, transposon end. The concerted insertion of transposon ends linearizes the target plasmid. The
insertion of a single transposon end produces a lariat structure that comigrates with the nicked circular form of the target plasmid. An
autoradiogram of a 0.7% agarose-TBE gel is shown. The size of the transposon arm is shown below the gel. *, position of radioactive label on the
transposon arm; ¥, this band is the result of incomplete deproteination of the linear insertion product (34). The flanking DNA is unlabeled. (D) To
confirm the linear topology of the insertion product, we mixed a duplicate transposition reaction from the work for panel C with radioactively
labeled linear size markers (A BstEII digest) and analyzed it by two-dimensional gel electrophoresis (11). The TAE-buffered gel had 0.9% agarose
in the first dimension and 1.3% agarose plus ethidium bromide in the second dimension. The insertion product migrated on the arc of linear DNA
molecules provided by the size markers.

RESULTS in Materials and Methods. The transposase was recovered in

Further purification of Himarl transposase. Himarl trans-
posase was first purified as a fusion with MBP by use of an
amylose column according to a published protocol (1). The
protein was further purified on a MonoQ column as described

two peaks, one near the start of the gradient (~0.13 M NaCl)
and the other very late in the gradient (0.6 to 0.7 M NaCl). The
late fraction was the most highly purified with respect to other
proteins (as judged by Coomassie blue staining) but had little
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activity. It also had a much higher absorbance at 280 nm than
would be expected from the amount of protein visible by Coo-
massie blue staining. This fraction was found to be fluorescent
in the presence of ethidium bromide and SYBR Green, sug-
gesting that the absorbing material was DNA. This was con-
firmed by a DNase I treatment, which abolished the fluores-
cence in ethidium bromide and produced an increase in
absorption at 260 nm, as expected if free nucleotides were
produced. We can therefore conclude that the late transposase
fraction remains tightly associated with DNA during purifica-
tion.

The activity of the early transposase fraction was assayed by
using both supercoiled plasmid and linear DNA substrates
(Fig. 1). The supercoiled plasmid substrate encodes a mini-
mariner construct in which the DNA between the terminal
inverted repeats has been replaced with a kanamycin marker.
Excision of the transposon from the plasmid leaves behind the
1.5-kb plasmid backbone, which is an end product of the re-
action and is an excellent measure of the total transposase
activity. When a 10 nM concentration of each transposase was
assayed, the MonoQ-purified protein had a threefold higher
specific activity than the amylose-purified material (Fig. 1B).

The activity of the MonoQ-purified transposase was further
tested in an intermolecular transposition assay (Fig. 1C). The
substrate was a linear DNA fragment encoding the terminal 61
bp from the 5’ end of Himarl, together with 50 bp of flanking
DNA. The DNA fragment was labeled at the transposon end,
and supercoiled pBluescript II was provided as a target. The
concerted insertion of a pair of transposon ends was expected
to yield a radioactively labeled linear product that was 122 bp
larger than the target provided. A product of the correct size
was indeed detected (Fig. 1C, rightmost lane) (29). To confirm
the expected linear topology of this product, we mixed an
identical transposition reaction with a set of DNA molecular
weight markers and analyzed it by two-dimensional gel elec-
trophoresis (11). As expected, the Himarl insertion product
migrated on the arc of linear DNA molecules (Fig. 1D).

Two additional minor products were also detected in the
insertion assay (Fig. 1C). The uppermost band comigrated with
the nicked circular pBluescript II which was present in the
reaction as a target. It was produced by the insertion of a single
transposon end, which produced a lariat structure. The band
just above the linear insertion product was due to incomplete
deproteination. Like those from other transposition systems
such as Mu and Tnl0, the Himarl insertion product is ex-
tremely stable, and deproteination requires very harsh condi-
tions: reactions have to be treated with EDTA and sodium
dodecyl sulfate and heated to 75°C for at least 10 min (34; also
see Materials and Methods). Together with previous experi-
ments, these results show that the MonoQ-purified MBP-
transposase behaves like the native transposase at all steps of
the transposition reaction (1, 29, 30).

Specific transposase-transposon end complexes. An EMSA
was performed to analyze complexes formed between the
transposase and the transposon end. When a DNA fragment
encoding the 5’ end of Himarl was incubated with the trans-
posase, two major complexes were detected (Fig. 2A). To test
whether these complexes were specific, we challenged the as-
sembly of the complex by mixing unlabeled competitor DNA
with the labeled transposon end before the addition of trans-
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FIG. 2. Specific complexes between transposase and 5’ end of
Himarl. (A) A linear DNA fragment encoding the 5" end of Himarl
was used to form complexes with purified transposase (15-pl reactions
with 10 fmol of transposon end and 15 fmol [1 nM] of transposase).
Assembly of the complexes was challenged with the nonspecific com-
petitor poly(dI-dC) or supercoiled pBluescript II (1 pg of competitor
corresponds to a 300-fold excess in nucleotides over the labeled trans-
poson end substrates). The unlabeled (cold) transposon end was also
used as a specific competitor (right panel). The competitor DNA was
present in the reaction mixture before the addition of transposase. The
transposon end fragment was created by annealing oligonucleotides
KL143 and KL144. An autoradiogram of an EMSA is shown. *, posi-
tion of radioactive label on the transposon arm. (B) The complex
assembly reaction was titrated with transposase. The DNA fragments
were prepared by digesting pKL97 with PstI-Sall or Sfil-Xbal to pro-
vide the 67- and 124-bp transposon arms, respectively. The reactions
(15 pl) contained 29 and 50 fmol of the short and long fragments,
respectively. The maximum amount of transposase (64 nM) corre-
sponds to 960 fmol. An autoradiogram of an EMSA is shown. *,
position of radioactive label on the transposon arm. T’ase, transposase;
Cpx., complex.

posase. Both complexes were resistant to a very large excess of
poly(dI-dC) or pBluescript II DNA. In contrast, both com-
plexes were very sensitive to a challenge with an unlabeled
DNA fragment encoding the transposon end. However, if the
complexes were allowed to assemble for 15 min, they were
resistant to a challenge with unlabeled transposon ends (not
shown). This indicates that once they are formed, the com-
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FIG. 3. Stoichiometry of transposon ends in Himarl complexes.
(A) Complexes were assembled in 15-pl reactions with 60 fmol (4 nM)
of transposase and transposon end fragments with a range of different
lengths. The DNA fragments (with amounts in parentheses) were
prepared by digesting pKL97 as follows: 827 bp (50 fmol), Nael-Sapl;
480 bp (33 fmol), Sfil-Sapl; 174 bp (22 fmol), Sfil-Xbal; 78 bp (50
fmol), PstI-Sall. Note that all lanes contained 500 cps of label but that
the actual amount of DNA (given above) is variable because of dif-
ferences in the efficiency of labeling and the crush and soak purifica-
tion. All of the lanes shown came from the same gel, but intervening
lanes have been removed. An autoradiogram of an EMSA is shown.
(B) Complexes were assembled with either short, long, or a mixture of
short and long radioactively labeled transposon end fragments. The
sizes of the fragments used are indicated below the panels. The pres-
ence of short or long DNA fragments is shown above each lane, with
the radioactive label indicated with an asterisk. (Left) The short and
long fragments were prepared by digesting pKL97 with Sall-PstI and
Apal-Sapl, respectively. Each reaction (20 wl) had approximately 50
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plexes are stable and are not in equilibrium, i.e., the trans-
posase does not go through cycles of association and dissoci-
ation as simple DNA binding proteins, such as transcriptional
repressors, do.

Transposase titration reveals additional complexes. To in-
vestigate the relationship between complexes 1 and 2, we ti-
trated the complex formation reaction with an increasing
amount of transposase (Fig. 2B). This was performed with two
different DNA fragments, with a 67- or 124-bp transposon arm
and different lengths of flanking DNA. Complexes 1 and 2
were both present at the lowest transposase concentration
tested. As the transposase concentration was increased, com-
plex 2 began to dominate the reaction. With 16 nM trans-
posase, only complex 2 was present, the free DNA had disap-
peared, and a significant amount of material had aggregated in
the wells. The concentration profile of the complexes exactly
coincided with the reported Himarl insertion activity profile,
with a peak at 8 to 10 nM transposase (31).

Transposase titration of the DNA fragment with the 124-bp
transposon arm revealed two new bands, complexes 3 and 4
(Fig. 2B, right panel). Presumably, these complexes require the
longer transposon arm, either for assembly or to impart sta-
bility during electrophoresis. At higher transposase concentra-
tions, complex 4 increased at the expense of complex 3. There
appears to be a relationship between the two sets of complexes,
as the transition from complex 3 to complex 4 occurred at the
same transposase concentration as the transition from complex
1 to complex 2.

Complexes 1 and 2 contain a single transposon end. The
analysis of complexes formed from mixtures of long and short
DNA fragments is a well-established method to determine
whether a complex contains one or a pair of transposon arms
(8, 47). If a reaction containing a labeled transposon end frag-
ment is supplemented with a longer unlabeled fragment, an
additional complex with a decreased mobility will be detected
if the complex contains two transposon ends. One prerequisite
for this experiment is that complexes containing long and short
DNA fragments are sufficiently well resolved during electro-
phoresis to visualize mixed complexes containing one long and
one short fragment. We therefore tested the relative mobilities
of complexes assembled with DNA fragments ranging in size
from 78 to 827 bp (Fig. 3A). The mobilities of the complexes
were clearly dominated by the protein component rather than
the length of the DNA fragment used.

For a determination of the stoichiometry of the transposon
ends, the complexes were assembled with various mixtures of
short and long DNA fragments that were either labeled or
unlabeled. The experiment was performed first under condi-
tions in which complexes 1 and 2 were the major species
present (Fig. 3B, left panel). Complexes formed with either the

fmol of transposon end and 80 fmol (4 nM) of transposase. At this
ratio of protein to DNA, only complexes 1 and 2 are detected and the
background smear is minimal. (Right) The short fragment (31 fmol)
was prepared by digesting pKL97 with Sfil-Xbal. The long fragment
(47 fmol) was prepared by digesting pKL97 with Sfil-Sapl. Each reac-
tion (15 pl) had 120 fmol (8 nM) of transposase so that complexes 1,
2, and 3 were detected; complex 4 was not present because it only
appears at the very highest transposase levels (compare with Fig. 2B).
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short fragment or the long fragment alone produced a set of
short complexes and a set of long complexes, respectively,
which were well resolved from each other in the gel (compare
the extreme left and right lanes in Fig. 3B, left panel). When
short and long fragments were both included in the reaction
mixture (central lane), both sets of long and short complexes
were produced, but no new bands were detected.

The experiment was next performed under conditions in
which complexes 1, 2, and 3 were all detected (Fig. 3B, right
panel). As before, the short and long DNA fragments pro-
duced sets of short and long complexes, respectively. When the
labeled long fragment was supplemented with an unlabeled
short fragment, no additional bands were detected. Likewise,
when the labeled short fragment was supplemented with an
unlabeled long fragment, no additional bands were detected.
Finally, when the complexes were formed with a mixture of
labeled short and labeled long DNA fragments, both sets of
short and long complexes were detected, but no additional
bands were present. These results clearly show that complexes
1 and 2 contain only a single transposon end. The result for
complex 3 is more difficult to interpret because of the high
background in this region of the gel. However, there is no
indication of an extra band in the mixed lanes and we can
conclude that complex 3 probably also contains a single trans-
poson end.

Complexes 1 and 2 probably arise by decay of the PEC
during electrophoresis. The concerted integration of two Himarl
transposon ends into the TA dinucleotide target implies that
the active species in solution is a PEC (30). If the single-end
complexes arose by decay of the PEC during the EMSA, then
they should disappear when the PEC performs insertions in the
presence of Mg?*. A transposition reaction mixture was as-
sembled with transposon ends encoded by a 78-bp DNA frag-
ment and with sufficient transposase to form complexes 1 and
2 (Fig. 4A). When transposition was initiated by the addition of
Mg**, the transposon ends in the PEC inserted into the free
transposon ends, which were present in excess and were the
only potential target sites available in this reaction. This pro-
duced a strand transfer complex (STC), which is extremely
stable and requires very harsh conditions to disrupt. The STC
appeared to form at the expense of the single-end complexes
and the free transposon ends, which all diminished during the
course of the reaction. This is a strong indication that the
single-end complexes 1 and 2 are precursors of the PEC or that
they arise by decay of the PEC during electrophoresis.

To further investigate the relationship between the single-
end complexes and the PEC, we treated a transposition reac-
tion mixture with hydroxyl radicals to produce a DNA protec-
tion pattern. Briefly, a transposition reaction was assembled
under standard conditions, treated with hydroxyl radicals, and
visualized by an EMSA. The free (uncomplexed) DNA, com-
plex 1, and complex 2 were recovered from the gel, and the
footprints were displayed on a denaturing DNA sequencing gel
(Fig. 4B). There were two strong patches of hydroxyl radical
protection centered on bp +10 and +20 of the transposon end.
These patches were in phase with the helical repeat of DNA,
indicating that the transposase interacts with one face of the
helix. The 10-bp phasing of transposase contacts was similar to
that obtained with hydroxyl radicals from bacterial transposon
systems such as Tn/0, Tn5, and phage Mu (8, 15, 61).
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FIG. 4. Complexes 1 and 2 are probably derived from the Himarl
PEC. (A) Transposition reactions were supplemented with 10 mM
MgCl, to initiate the reaction and were incubated at 30°C for the
indicated times. An autoradiogram of an EMSA is shown. The smear-
ing of the STC band at the 1.5-h time point makes it appear to have
more counts than in the 6-h time point. However, quantification with
a phosphorimager showed that there were 1.2-fold more counts in the
STC band at the 6-h time point. The DNA fragment was prepared by
digesting pKL97 with Pstl-Sall. The complexes were assembled in
15-pl reactions with 60 fmol of DNA and 60 fmol of transposase (4
nM). *, position of radioactive label on the transposon arm. Cpx.,
complex. (B) Hydroxyl radical footprints. Complexes were assembled
with the same DNA fragment as that used for panel A, with the
radioactive label on the nontransferred strand. The reactions (20 l)
contained 80 fmol of transposase (4 nM) and 37 fmol of transposon
end. The reaction mixture was treated with hydroxyl radicals to gen-
erate a footprint as described previously (15, 51). Complex 1, complex
2, and the free DNA from nine such reactions were purified in an
EMSA and pooled, and the footprint was displayed on a DNA se-
quencing gel. Traces were generated with Fuji Image Gauge software.
The region of the sequencing gel containing the footprint of the com-
plexes is shown aligned below the traces. The arrowhead shows the
position of the transposon end. The numbers of base pairs inside the
transposon end are indicated. Shaded boxes indicate regions of hy-
droxyl radical protection. (C) Copper phenanthroline footprints. The
complex assembly reaction (100 pl) contained 100 fmol of transposon
end and 600 fmol of transposase (30 nM). The DNA was prepared by
digesting pKL97 with Xbal-Acc651 and were labeled on the nontrans-
ferred stand by end filling. The reaction was treated with 20 ng of
heparin (to reduce the background smear) and loaded into five lanes
of an EMSA gel. The complexes were treated with copper phenanth-
roline in the gel as described previously (42), and the footprints were
displayed on a DNA sequencing gel. The open box indicates a region
of protection extending from the transposon end to bp +28. The
shaded box indicates a strong region of protection centered on bp +14.
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The complexes were also footprinted after separation by
EMSA by a treatment of the gel with copper phenanthroline
(Fig. 4C). Despite the fact that this technique produced a
strong sequence-dependent cleavage pattern on the free DNA,
superimposed on this was a region of protection extending
from the transposon end to bp +28. Within this region there
was an area of strong protection centered on bp +14. Notably,
complexes 1 and 2 had almost identical protection patterns.

Since complexes 1 and 2 each contains a single transposon
end, the difference in mobility must be due to differences in
conformation or in the numbers of transposase monomers that
are bound. In either case, the complexes might therefore be
expected to have different footprints. The identical hydroxyl
radical footprints could be explained if complexes 1 and 2 were
both components of the PEC before electrophoresis, when the
treatment was performed. However, the copper phenanthro-
line treatment was performed in the gel after the separation of
the complexes. The most likely explanation for the identical
footprints is that complex 2 is retarded by additional trans-
posase monomers bound to the transposon end solely by pro-
tein-protein interactions.

Transposase multimers. To determine whether complexes 1
and 2 contain different numbers of transposase monomers, we
performed a second mixing experiment with long and short
versions of the transposase (Fig. 5A). The long transposase was
provided by the standard MBP fusion used in all of the other
experiments presented. The short version was provided by the
native transposase, which was generated by cleaving off the
MBP moiety by use of the Factor Xa site encoded by the
expression vector (see Materials and Methods). As before, the
rationale for this experiment was that the long and short ver-
sions of the transposase would produce a set of long and short
complexes when used alone but would produce a set of extra
bands when mixed. One prerequisite for this experiment was
that the purified transposase was a monomer in solution before
the assembly of the complex. This was confirmed by size ex-
clusion chromatography as described in Materials and Meth-
ods.

In the experiment with long and short transposon ends de-
scribed above, a single extra band would have indicated the
presence of a PEC. However, the number of extra bands pro-
duced in this experiment depended on the numbers of trans-
posase monomers in complexes 1 and 2. For resolution of the
various complexes produced in this experiment, it was neces-
sary to change the properties of the standard EMSA gel: the
acrylamide concentration was increased from 5 to 16%, and
the ratio of acrylamide to bisacrylamide was increased from
19:1 to 130:1. Under these conditions, the wild-type trans-
posase produced a pair of well-separated complexes in the
middle of the gel, whereas the MBP fusion produced a pair of
complexes close together near the top of the gel (Fig. 5A,
compare lanes 4 and 6). When the long and short transposases
were mixed, a set of three extra bands was produced (M1, M2,
and M3) (lanes 2 and 5). This pattern of bands was extremely
reproducible and was observed over a range of different trans-
posase concentrations (for example, compare lanes 1 to 3 with
lanes 4 to 6).

The three new bands demonstrated that transposase mul-
timers are present on a single transposon end. Unfortunately,
the appearance of three new bands did not immediately sug-
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FIG. 5. Transposase stoichiometry in Himarl complexes. (A) Long
and short versions of Himarl transposase were used to form complexes
as indicated. The reactions (20 wl) contained 12 fmol of the transposon
end, which was generated by Spel digestion of pKL97. The long trans-
posase was provided by the standard MBP fusion used in all of the
other experiments. The short version was the native transposase gen-
erated by digestion of the MBP fusion with the protease Factor Xa (see
Materials and Methods). Assembly of the complexes was initiated by
the addition of transposase, and the reaction was treated with 20 ng of
heparin to reduce the background smear on the gel. The gel was 16%
acrylamide with a 1:130 acrylamide/bisacrylamide ratio and TAE
buffer. Tase, transposase; L. Cpx., long complex; S. Cpx., short com-
plex; M1-3, mixed complexes. Note that the minor bands running
below long complex 1 in lanes 3 and 6 do not have the same mobilities
as bands M1, M2, and M3. (B) Tentative model showing the number
of transposase monomers in the Himarl PEC. The transposon end is
illustrated by arrowheads, and the long and short versions of trans-
posase are indicated with filled and open ovals, respectively. If com-
plexes 1 and 2 contain a dimer and a tetramer of transposase, respec-
tively, then four mixed complexes are expected. This assumes that the
method of detection is sensitive to the absolute numbers of long and
short subunits in the multimer but is not sensitive to the relative
positions of the individual long and short subunits within a mixed
multimer. For example, if the gel was sensitive to all of the possible
positions of a given subunit within the multimer, we would expect 2
isomers of the mixed dimer and 14 isomers of the mixed tetramer.
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gest the stoichiometry. If complexes 1 and 2 represent trans-
posase monomers and dimers, we would expect one new band
in the mixed reaction. In contrast, if complexes 1 and 2 repre-
sent dimers and tetramers, we would expect four new bands.
Thus, even though the appearance of three new bands clearly
indicates that multimers are present, the result is difficult to
interpret. The most parsimonious explanation is that there are
in reality four new bands but that two of them comigrated. We
would therefore like to propose a tentative model for the
oligomeric structure of the Himarl complexes (Fig. 5B). The
relationship between these complexes and the active PEC re-
mains an open question. If the active conformation is a tet-
ramer, then complex 1 is essentially half of a PEC, while
complex 2 can be viewed as a PEC lacking one of the two
transposon ends. Alternatively, if the active PEC contains a
transposase dimer, then the tetramer might represent the in-
hibitory complex that mediates overproduction inhibition (31).
Note that the model illustrates only the number of subunits
present and is not intended to show the three-dimensional
pairwise interactions within the multimer.

Nicking and cleavage in single-end complexes. For all of the
well-characterized transposons from bacteria, the assembly of
a synaptic complex containing two transposon ends is an ab-
solute requirement for the catalytic steps of the reaction. In
contrast, very little is known about the molecular mechanism of
eukaryotic transposons and whether the catalytic steps are
coupled to synapsis of the ends.

Standard transposition reaction mixtures were assembled in
the absence of catalytic metal ions and with sufficient trans-
posase to form complexes 1, 2, and 3. The three complexes
were then separated by a standard TAE-buffered EMSA (see
Fig. 2B as an example). After electrophoresis, the entire gel
was removed from between the glass plates and incubated at
30°C in standard reaction buffer, either with or without 10%
glycerol. The gel was next transferred to a solution of EDTA to
chelate the Mg®" and to stop any reaction that may have taken
place. After an overnight exposure to photographic film to
locate the positions of the single-end complexes, the gel slices
were excised from the wet gel and the DNA was recovered.
Finally, to reveal the extent of any reaction that had taken
place, the DNA was displayed on a denaturing DNA sequenc-
ing gel (Fig. 6).

As a control for the activity of the single-end complexes, a
standard transposition reaction was included in the gel (Fig. 6,
lane 1). In solution, when the active species was presumably a
PEC, the nontransferred strand of Himarl was nicked at sev-
eral positions around the 5" end of the transposon (30). In
contrast, the transferred strand, which contained the 3’ end of
the transposon, was cleaved almost exclusively at the end of the
element.

When they were incubated in the absence of glycerol, the
three single-end complexes produced different sets of reaction
products (Fig. 6). Complex 1 nicked the DNA quite efficiently
at an aberrant position on the top strand just outside the
transposon end (lane 5). A low level of nicking at this position
was also detected in the control reaction, in which the active
species is presumably the PEC (lane 1). Complex 2 was almost
completely inactive (lane 6). Finally, complex 3 was similar to
the control reaction and cleaved both strands of DNA at the
transposon end (lane 7).
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FIG. 6. Catalysis in single-end complexes. Complexes were assem-
bled in 20-pl reactions in the absence of divalent metal ions with 100
fmol of transposase (5 nM) and 40 fmol of transposon end. The
transposon end was generated by Spel digestion of pKL97. After
incubation for 10 min at 30°C, the complexes were separated by
EMSA. The gel was incubated in standard reaction buffer (10 mM
MgCl,) in the presence or absence of glycerol for 2 or 15 h. Finally, the
gel was incubated in EDTA to stop any reaction that may have taken
place. The wet gel was exposed to photographic film to locate the
complexes, which were then excised from the gel, and the DNAs were
recovered by the crush and soak method (48). The DNAs were dis-
played on a denaturing sequencing gel along with a control transposi-
tion reaction performed in solution. The lane containing the control
reaction is labeled “PEC” because this is presumably the active species
in solution. The middle section of the gel is not shown, as indicated by
sets of double forward slashes. In the illustration of the transposon end
below the gel, both strands of the DNA are shown. Thick arrowheads,
locations of the transposon ends; thin arrowheads, positions of nicks
on either strand; asterisk, position of the 3’-end label.

One potential caveat regarding the activities of the single-
end complexes is that the long incubation time may have al-
lowed the components of the complexes to rearrange and to
assemble a new PEC. However, two aspects of the results
suggest that this was not the case. The first aspect is that the
reaction with complex 1 was aberrant: it nicked the top strand
just outside the transposon end and failed to nick the bottom
strand. The second aspect is that the efficient reassembly of the
PEC in lanes 2 to 7 should have been prevented by the absence
of glycerol, which was included in the standard transposition
reaction because it stimulates the activity 10- to 20-fold.
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When the in-gel cleavage experiments were repeated with
10% glycerol in the reaction buffer, complexes 1 and 2 were
fully active and able to cleave both strands at the transposon
end (Fig. 6, lanes 8 and 9). The presence of glycerol may have
promoted reassembly of the PEC. However, even if this were
true, it would support the notion that the products detected in
the absence of glycerol were from genuine single-end reactions
and were not derived from a PEC reassembled in the gel
during the incubation period.

DISCUSSION

Himarl PEC is unstable during electrophoresis. All of the
classical DNA transposition reactions characterized to date
take place within a PEC that contains both transposon ends
(for examples, see references 8, 18, 47, 53, and 58). PEC
assembly is important because it defines the transposon frag-
ment to be moved and ensures a concerted insertion of the
transposon ends at the target site. Two aspects of Himarl
transposition provide indirect evidence for the existence of a
PEC. The first is that the transposon ends insert into a TA
dinucleotide target and that single-end insertions are insignif-
icant compared to double-end insertions (Fig. 1C) (2, 30, 45).
The second is that the single-end complexes 1 and 2 disap-
peared as the STC accumulated (Fig. 4). Taken together, these
results suggest that a PEC was present in our transposition
reactions but that it dissociated into complex 1, complex 2, or
both during electrophoresis.

Stoichiometry of Himarl transposase complexes. Up to four
complexes were detected when the 5’ end of Himarl was ti-
trated with transposase (Fig. 2). An analysis of the stoichiom-
etry by the use of long and short transposon ends demon-
strated that the major complexes 1 and 2 contained only one
transposon end (Fig. 3). The minor complexes 3 and 4 were
more difficult to interpret because of the high background
level, but there was no indication that they contained more
than one transposon end. An analysis of the protein contents
of the single-end complexes demonstrated that multimers were
present and that complexes 1 and 2 probably correspond to
dimers and tetramers (Fig. 5). Multiple single-end complexes
appear to be a general feature of this family of transposons.
The only other members of the mariner family that have been
reconstituted in vitro are Tcl/3, Mosl, and Sleeping Beauty
(SB). MosI appears to produce a pair of complexes under some
circumstances (5) but not others (60). The multiple complexes
produced by SB have been studied in more detail (27, 57, 59).
Each end of SB encodes a bipartite transposase recognition
site that appears to be related to the recombination signal
sequences (RSSs) in V(D)J recombination. The presence of
more than one transposase recognition site at each end pro-
vides a rationale for the existence of multiple complexes. In-
deed, titration of the SB transposase produced an increase in
complex 2 at the expense of complex 1, as also shown here for
Himarl. Together with supporting data, this suggested a model
in which SB transposition involves a tetramer of transposase,
with a single transposase monomer bound to each of the two
recognition sites at each end of the transposon.

The bacterial cut-and-paste transposons, such as Tn/0 and
Tn5, use a monomer of transposase to cleave both strands of
DNA at the transposon end via a hairpin intermediate (7, 28).
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However, MosI does not appear to utilize a hairpin interme-
diate (18) and the mariner family of transposons may therefore
require a dimer of transposase at each end to achieve cleavages
of both strands. The recruitment of additional transposase
monomers can certainly be used as a model to explain the
multiple Himarl complexes. However, in contrast to SB, which
has a bipartite transposase recognition site, Mos! and Himarl
have simple inverted repeats. All of our data could be accom-
modated by a model in which the active PEC contains a dimer
of transposase while the tetrameric structure proposed for
complex 2 mediates overproduction inhibition. This is sup-
ported by the activity profile of the in vitro reaction, which has
a sharp peak at 10 nM transposase (31), exactly the concen-
tration above which complex 1 disappears from the EMSA gel
(Fig. 2B).

Architecture of the Himarl PEC. In all of the bacterial
transposons examined so far, the catalytic steps of the reaction
are tightly coupled to synapsis of the transposon ends. It was
therefore slightly surprising to find that the Himarl single-end
complexes have both nicking and cleavage activities (Fig. 6).
However, the phenotype of the L.124S mutation in the MosI
element already provided evidence that mariner family trans-
posases are active on a single, unsynapsed transposon end (60).
Although this mutant can catalyze a low level of normal trans-
position with plasmid substrates, the vast majority of the reac-
tion products are cleaved at only one of the two transposon
ends. However, this result should be interpreted cautiously, as
this phenotype could be explained by several mechanisms
other than single-end activity. For example, the apparent sin-
gle-end cleavage during Tn/0 transposition is not due to ca-
talysis without synapsis but results from synapses of the trans-
poson ends on different molecules (11). Another alternative is
that if a mutation were to destabilize the synaptic complex, it
might dissociate during a conformational change at some in-
termediate stage of the reaction (16).

The requirement for synapsis in bacterial systems is imposed
by the architecture of the PEC: transposase catalyzes the re-
action in frans to the transposon end at which it is bound, i.e.,
a transposase subunit engaged in sequence-specific interac-
tions with one transposon end performs the catalytic steps at
the opposite transposon end (3, 17, 49). Single-end activity is
precluded because the transposases are unable to dimerize in
the absence of the second transposon end. This is most clearly
illustrated in the cocrystal structure of the Tn5 transpososome,
in which protein-DNA interactions provide two-thirds of the
dimer interface (17).

Further insight into the problem of single-end activity can be
gained by considering V(D)J recombination, which has been
thoroughly characterized (22, 23). V(D)J recombination takes
place within a synaptic complex that contains a pair of RSSs,
the equivalent of transposon ends. The complex has a tet-
rameric protein core, within which the Ragl recombinase acts
in trans to catalyze the reaction (54-56). However, even though
catalysis is performed in trans, the nicking step in V(D)J re-
combination is uncoupled from synapsis of the RSS (22, 23,
58). This is possible because Ragl can dimerize in solution or
on a single RSS and does not require the partner DNA seg-
ment. The present results suggest that the Himarl transposase
can multimerize on a single transposon end and that the ar-
chitecture of the mariner synaptic complex therefore has more
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in common with V(D)J recombination than with bacterial
transposons.

It has been suggested that single-end nicking in V(D)J may
be an adaptive characteristic that allows a wider array of cod-
ing segments to contribute to the immune repertoire (58).
Single-end activity may also be adaptive in mariner transposi-
tion, as it provides a mechanism for generating the self-in-
flicted wounds that are proposed to curb the burst of transpo-
sition after the invasion of a genome.

Regulation of mariner transposition and generation of self-
inflicted wounds. The distribution of mariner elements in in-
sects has two peculiar features (see references 26, 37, 38, and
44 and references therein). The first is that the presence or
absence of mariner is not correlated with the established phy-
logeny of the host species or strains, suggesting frequent hor-
izontal transfer. The second peculiar feature is that there is a
large variation in copy number and that most of the elements
are inactive due to large numbers of point mutations and
deletions. Indeed, the only active examples of mariner identi-
fied in insects to date are the MosI elements from D. mauriti-
ana and Drosophila simulans and a newly discovered mariner
element from an earwig (6). These observations suggest that
after horizontal transfer to a new host, there is a burst of
transposition, followed by inactivation of the element and its
subsequent loss over time by mutation and genetic drift. This
raises an important biological question. If the rate of mariner
transposition is sufficient to achieve high copy numbers and to
ensure frequent horizontal transfer, why do most genomes
contain only inactive elements?

Three mechanisms, operating at the level of the transposase,
have been proposed to limit the rate of mariner transposition
(26). The first is overproduction inhibition, which has been
documented for both mariner and the bacterial IS elements
and probably reflects a concentration-dependent aggregation
of transposases (12, 26, 31, 36). The second and third mecha-
nisms depend on the presence of defective copies of the ele-
ment (26, 37, 38). Defective transposase monomers produced
by these elements have the potential to assemble into multim-
ers with wild-type transposase and to “poison” the activity of
the complex by dominant-negative complementation (19, 26,
36). Finally, if the defective elements retain their transposase
binding sites, they will titrate the wild-type elements by acting
as a sink to absorb the active transposase, thereby curbing the
rate of transposition.

These last two mechanisms for limiting the rate of transpo-
sition depend on the generation of mutations within the trans-
posase gene. However, there is a fourth mechanism that de-
pends on the generation of mutations in the terminal inverted
repeats that flank the element on either side (38). These mu-
tations were recovered at a very high frequency by an elegant
genetic screen involving the excision of peach, a nonautono-
mous Mosl element, from the promoter region of the Drosoph-
ila white gene. The most common class of mutation was a
characteristic short deletion at the 5’ end. These mutations
were not the result of bona fide transposition events because
they were not recovered at the 3" end of peach unless the 5’
end had been inactivated beforehand. Instead, it was suggested
that the 5’ end of peach is preferred over the 3’ end, and
controversially, that transposase acted on a single transposon
end to generate these self-inflicted wounds. It was subse-
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quently shown that the 5" end of the element is indeed a better
substrate than the 3" end in vitro (60). Furthermore, the nick-
ing activity of the single-end complexes described here (Fig. 6)
provides a feasible mechanism for the initiation of lesions at a
single, isolated transposon end.

There are an estimated 17,000 copies of Himarl in the horn
fly, Haematobia irritans. All of the copies examined contain
inactivating mutations in the transposase gene or in the termi-
nal inverted repeats (44). It was recently shown that single-end
nicking during V(D)J recombination stimulates homologous
recombination in mammalian fibroblasts, although it was not
clear whether this is a direct effect or is due to the generation
of double-strand breaks during subsequent DNA replication
(33). If this is also true in other organisms, the single-end
nicking and/or cleavage activity of Himarl suggests an expla-
nation for why eukaryotes in general have such a high propor-
tion of inactive mariner elements.

DNA repair by homologous recombination can spread mu-
tations among repetitive DNA elements by gene conversion
(for example, see reference 21). The failure to complete the
process can also generate internal deletions, as is frequently
observed in the Drosophila P elements (for examples, see ref-
erences 32 and 41). It is perhaps not unreasonable to assume
that at some point during the invasion of a genome by mariner,
bona fide transposition events will be outnumbered by single-
end events. The point at which this occurs will depend on a
range of different factors, such as the host defenses against
transposase expression, the titrating effect of the increasing
number of transposon ends, and dominant-negative comple-
mentation. In this situation, a wild-type transposon end that
interacts well with transposase will experience a higher rate of
gene conversion than a mutant end. Since each such event is
associated with a risk of conversion to the mutant state, this
process has the potential to help purge the genome of active
mariner elements.
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