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ABSTRACT

The transposon Tn5090/Tn402 encodes a 559 amino
acid transposase, TniA, with a DDE motif. Gel
mobility shifting and cleavage protection analysis
with DNase I and hydroxyl radical probes revealed
that TniA binds to multiple repeat sequences on
either terminus of Tn5090/Tn402. Four of these TniA-
binding 19mers occurred on the left-hand (t) end and
two on the right-hand (i) end. Hydroxyl radical cleavage
protection demonstrated the presence of 3–6 bp
contact sequences on one face of the DNA helix. The
binding pattern and organisation of repeats
suggested parallels between Tn5090/Tn402 and Mu,
which controls its transpositional activity in the
assembly step of a higher order transpososome
complex. The complex terminal structure and genes
of transposase and nucleotide-binding proteins in
tandem are hallmarks of the handful of Mu-like
elements that are known to date.

INTRODUCTION

Translocation of mobile DNA elements requires cleavage at
each end of the element and subsequent joining of the exposed
ends to a target site (1). The two reactions are mediated by
transposase, which commonly contains a metal-connected
DDE motif in its sequence (2–5). The specific contacts
between the transposase and the ends of its mobile element are
crucial for transposition (6).

Although most transposons carry one inverted repeat
sequence on each end, the transposable phage Mu has been
found to carry multiple sites with a complex organisation (7,8).
These sites are arranged to allow assembly of the tetrameric,
active form of the transposase in a higher order complex with
substrate DNA, which provides checkpoints for efficient
control of transposition (9–12). Through the course of trans-
position the nucleoprotein complex formed by binding to the
repeats is gradually stabilised and converted into a conforma-
tion of tightly knit protomers sharing the active site (the DDE
motif) (13,14). The complex catalysing the strand transfer step
is very stable and disassembly requires a molecular chaperone
and potentially other host factors (15,16).

Multiple transposase-binding repeat sequences organised in
a Mu-like fashion have also been found on the termini of a

small number of non-viral transposons such as Tn7 and Tn552
(17–20). Tn5090/Tn402 (3,21; Fig. 1) and the closely related
Tn5053 (22) could be further examples because several repeats
of 19 bp have been noticed on their ends. The transposase of
Tn5090/Tn402 is 25% identical to those of Tn7 and Tn552,
respectively, and <20% identical to the transposase of Mu (3).
The principal aim of this study was to investigate if and how
the transposase, TniA, binds to the arrayed sequences on the
ends of Tn5090/Tn402. If repeated transposase-binding sites
are shared among these DNA elements this could reflect a
conserved strategy for the assembly and maturation of synaptic
complexes.

MATERIALS AND METHODS

Bacterial strains, plasmids and oligonucleotides

Escherichia coli DH5α [supE44 ∆lacU169 (φ80lacZ′∆M15)
hsdR17 recA1 gyrA96 thi-1 relA] served as a host for
subcloning of DNA fragments. The lysogenic host strain
BL21(DE3) (23) was used to achieve transcription from the T7
promoter of pET vectors. DH5α was grown in 2× TY and
BL21(DE3) in L broth.

The fragment cloned to express transposase was prepared by
PCR amplification of the tniA gene. The forward primer 5′-
CAAAGCGAGGTGCATATGGCGACGGACAC-3′, carrying
an NdeI site that overlapped the translation start codon of tniA,
was combined with the reverse primer 5′-ATGGATCCTAC-
CACTCCTCAATCTGGTC-3′, carrying a linker site for
restriction endonuclease BamHI. The amplified fragment was
cloned in the NdeI and BamHI sites of pET11b (Novagen) to
form pLKO420. The ends of Tn5090/Tn402 on plasmid R751
are identical to those of the derivative in R100.1 (Tn21) (3,24).
The latter plasmid was used as template in PCR amplification
of the transposon ends because the target duplication of 5 bp
(TCCAT) is intact. The t-end of Tn5090/Tn402 was amplified
using the forward primer 5′-ATTAAAGCTTGGGCAT-
GGATGTCATTTTC-3′, containing a HindIII linker site, and
the reverse primer 5′-TACTGCAGCCATGGTCACCTCGCT-
TTGGTGC-3′, containing a PstI site. The resulting amplicon,
comprising 154 bp, was cloned in the HindIII and PstI sites of
pUC19 (pLKO440) to represent the t-end in binding assays. A
fragment containing the i-end of Tn5090/Tn402 was amplified
using the forward primer 5′-ATGAATTCCACCTCCATT-
GTCGTTTTCAG-3′, containing a site for EcoRI, and the
reverse primer 5′-TTAGGTACCCCTGCGCGAAGGCCA-
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TCGG-3′, including a KpnI recognition sequence. The ampli-
fied fragment, comprising 183 bp, was cloned in the EcoRI and
KpnI sites of the pUC19 vector (pLKO441A). The inserted
fragment was shortened to 82 bp in the subclone pLKO441B
by digestion of pLKO441A with BamHI and religation. The
fragment of plasmid pLKO441B included repeats i1 and i2 and
represented the i-end in protein binding assays. The larger
fragment of pLKO441A also included the atypical repeats i3
and i4 and was used in control experiments. All cloned frag-
ments containing transposase-binding sites or the transposase
gene, tniA, were checked by sequencing.

Overexpression of soluble TniA

A single colony of BL21(DE3) transformed with pLKO420
was resuspended in 150 ml of L broth and incubated at 37°C
with agitation. At mid-exponential growth phase the culture
was transferred to a 16°C incubator. IPTG inducer was added
to a concentration of 1 mM and cultivation continued for 20 h.
The cells were harvested and resuspended in 5 ml of 50 mM
Tris–HCl (pH 7.5), 20 mM NaCl, 0.1 mM phenylmethyl-
sulfonyl fluoride (PMSF). Cell lysis was achieved by four
pulses of sonication for 30 s at an amplitude of 18 microns
using a Soniprep 150 apparatus. The soluble and insoluble protein
fractions were separated by centrifugation at 12 000 r.p.m. for
30 min. The soluble fraction was loaded onto a SP Sepharose®

Fast Flow (Pharmacia) column which was washed with 30 ml
of 50 mM Tris–HCl (pH 7.5), 300 mM NaCl, 0.1 mM PMSF.
TniA was eluted with 20 ml of 50 mM Tris–HCl (pH 7.5),
400 mM NaCl, 0.1 mM PMSF (elution buffer). TniA-containing
fractions were identified by SDS–PAGE, pooled and concen-
trated using Centriprep YM-10 (Amicon). Next, the protein
solution was loaded onto a Superdex® 200 HR chromatog-
raphy FPLC column (Pharmacia) equilibrated with elution
buffer (see above) and fractions containing TniA were
collected. The purity and quantity of transposase were checked
by SDS–PAGE and the method of Bradford (25).

End-labelling

Plasmids carrying transposon ends were transformed into
DH5α and purified using Qiagen plasmid purification kits.
DNA was labelled at the 3′-end using the Klenow fragment of
DNA polymerase I and [α-32P]dATP as described by
Sambrook et al. (26). The plasmid pLKO440 was digested
with EcoRI and HindIII to label the top and bottom strands of
the t-end, respectively. The plasmids pLKO441A and
pLKO441B were cut by HindIII and EcoRI to label the top and
bottom strand of the i-end, respectively. The labelled DNA
fragments were cut with a second restriction enzyme and

separated by electrophoresis in a 6% polyacrylamide gel as
described by Dixon et al. (27).

Gel mobility shift assay

Freshly prepared TniA (5 µl), serially diluted in elution buffer,
was mixed with 2 ng 32P-labelled transposon ends (70 c.p.s.) in
15 µl reactions containing final concentrations of 60 mM Tris–HCl
(pH 7.5), 60 mM KCl, 50 µg/ml bovine serum albumin (BSA),
5 mM spermidine, 1 µg poly(dI·dC)·poly(dI·dC), 30 µM PMSF
and 133 mM NaCl at 30°C for 10 min. After addition of 2 µl of
dye solution (100 mM EDTA, 0.2% xylene cyanol, 0.2%
bromophenol blue and 50% sucrose) the protein–DNA
complexes were loaded onto a non-denaturing 6% polyacrylamide
gel and run in TBE buffer at 8°C for 3 h at 10 V/cm. The gel
was dried and the bands were visualised by autoradiography.

DNase I footprinting

The 3′-labelled DNA fragments (5 ng, 200 c.p.s.) were mixed
with TniA (2.5 µg in 5 µl of elution buffer) in 100 µl reactions
containing final concentrations of 47 mM Tris–HCl (pH 7.5),
60 mM KCl, 50 µg/ml BSA, 5 mM spermidine, 1 µg
poly(dI·dC)·poly(dI·dC), 5 µM PMSF and 133 mM NaCl at
30°C for 10 min. The binding mixtures were supplemented
with MgCl2 to 1 mM final concentration and treated with 5 µl
of a 20 µg/ml solution of DNase I (final concentration 1 µg/ml)
for 2 min at 20°C. The stock solution contained 1 mg/ml DNase I,
0.15 M NaCl, 50% glycerol, was routinely stored at –20°C and
was 100-fold diluted in water prior to use. The cleavage
reactions were stopped by adding 2 µl of 0.5 M EDTA, incuba-
tion at 37°C for 30 min with 1 mg/ml proteinase K and ethanol
precipitation. The cleaved DNA samples were dissolved in 4 µl
of formamide dye solution (48% formamide, 10 mM EDTA,
0.025% bromophenol blue, 0.025% xylene cyanol FF), boiled
for 2 min and loaded onto a denaturing 6% polyacrylamide gel.
The acrylamide:bisacrylamide ratio in the gel was 19:1 and the
urea concentration was 8 M. The bands were detected by auto-
radiography.

Hydroxyl radical footprinting

TniA (2.5 µg in 5 µl of elution buffer) was incubated at 30°C
for 10 min with 10 ng 3′-labelled transposon ends (400 c.p.s.)
in 10 µl reactions containing 69 mM Tris–HCl (pH 7.5),
60 mM KCl, 50 µg/ml BSA, 5 mM spermidine, 1 µg
poly(dI·dC)·poly(dI·dC), 5 µM PMSF, 200 mM NaCl (final
concentrations). Hydroxyl radical cleavage was carried out by
adding 10 µl of a solution containing 70 µM ferrous ammonium
sulphate, 0.33 mM EDTA, 0.1% H2O2, 10 mM ascorbic acid to
the binding reaction mixture. After 10 min the reaction was
quenched by adding glycerol to 5% final concentration. For
analysis of the i-end the reaction mixtures were treated with
proteinase K as described above and the DNA was recovered
by ethanol precipitation, dissolved in 4 µl of formamide dye
(see above), boiled for 2 min and analysed on a denaturing 6%
polyacrylamide gel (further specified above). Hydroxyl
radical-treated t-end substrates were quenched as described
above and loaded on a non-denaturing 6% polyacrylamide gel.
Free DNA and protein–DNA complexes were eluted from the
gel as described by Dixon et al. (27). The recovered DNA was
then dissolved in 4 µl of formamide dye, boiled for 2 min and
loaded on a denaturing 6% polyacrylamide gel. The bands
were visualised by autoradiography.

Figure 1. Physical map of Tn5090/Tn402. Arrows indicate structural genes; an
open circle denotes the resolvase (TniC) site, res. The integron carried by
Tn5090/Tn402 is shown without details. Filled boxes represent transposon
ends.
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RESULTS

Expression of transposase

The Tn5090/Tn402 encoded transposase, TniA, was over-
expressed using the pET11b expression vector. Aggregation of
the protein was reduced by decreasing the induction temperature
(see Materials and Methods). A significant fraction of the
induced TniA was soluble under these conditions and was
purified to near homogeneity using ion exchange chromato-
graphy and gel filtration (Fig. 2). At a concentration of 1 mg/ml
TniA co-eluted in the gel filtration step with BSA (67 kDa; the
calculated size of TniA is 62.95 kDa). This observation
suggests that TniA is a monomer in solution.

Gel mobility retardation

TniA of increasing concentration was incubated with either
transposon end and several electrophoretic mobility shifts were
observed. This suggested the presence of multiple binding sites
on both ends (Fig. 3). The complexes formed between TniA
and the fragments containing the t-end resulted in six retarded
bands (Fig. 3A). Three of these complexes (I, II and III) were
formed with 16-fold diluted TniA and two further complexes,
IV and V, with 4-fold diluted protein. The binding mixtures
with undiluted TniA contained the slowest migrating
complexes, V and VI.

Gel retardation of the mixtures containing the i-end fragment
of 82 bp from pLKO441B gave a different band pattern than
those containing the t-end fragments (Fig. 3B). Band I and,
particularly, band III were intense and appeared at a lower
concentration of transposase than band II, which was faint but
observed reproducibly. Repeats i1 and i2 resemble the repeats
on the t-end whereas repeats i3 and i4 differ significantly from
the consensus sequence (3). In order to assess whether these
atypical repeats influence the binding of transposase gel
retardation of the i-end fragments from pLKO441B (excluding
i3 and i4) and pLKO441A (including repeats i3 and i4) were
compared. The electrophoretic retardation patterns (not

shown) were very similar, indicating that the transposase,
TniA, binds to repeats i1 and i2 but does not bind to i3 and i4.

TniA at the highest concentration did not influence the
electrophoretic mobility of a negative control fragment from
the tniC area of Tn5090/Tn402 (3).

Enzymatic cleavage protection

DNase I footprinting revealed that TniA recognises four 19 bp
repeats on the t-end and two repeats at the i-end (Fig. 4). The
fourth repeat at the t-end (shown as t4 in the figures) escaped
notice in the original sequence report of Tn5090/Tn402 (3)
because the sequence of its first part differs from the consensus
sequence. Consistent with the gel retardation data (see above),
TniA binds to repeats i1 and i2 but did not, even at the highest
concentration, protect repeats further in the element, i3 and i4,
from nuclease digestion. Equivalents of these two unverified
repeats are, furthermore, missing in the closely related and
functional transposon Tn5053 (22).

The phosphodiester linkages in the DNA outside both ends
of the transposon were fully exposed to cleavage by DNase I.
Protection by transposase started very close to either end and
progressed inward through repeats i1 and t1, respectively. The
protected area started more precisely at the phosphodiester
linkage inside the dinucleotides TG/AC on either terminus of
the transposon except for the bottom strand of the i-end. For
that strand the protection by TniA was recessed by another
nucleotide to leave two internal phosphodiester bonds exposed
to cleavage (Figs 4 and 6).

The binding of TniA induced DNase I hypersensitivity of a
few phosphodiester bonds on the t-end but such hypersensitive
sites were not observed on the i-end. At the t-end we observed
four phosphodiester linkages with increased DNase I sensitivity.

Figure 2. SDS–PAGE (12.5%) demonstrating solubility and purity of TniA
expressed in E.coli BL21(DE3). The protein bands were stained with Coomassie
Brilliant Blue R. Lane 1, molecular mass standard (molecular weights given in
kDa); lane 2, insoluble proteins in a crude extract of BL21(DE3); lane 3, soluble
proteins in a crude extract of BL21(DE3); lane 4, insoluble proteins in an extract
from BL21(DE3) expressing TniA from pLKO420; lane 5, soluble proteins in an
extract from BL21(DE3) expressing TniA from pLKO420; lane 6, pooled and
concentrated TniA peak fractions purified by ion exchange chromatography;
lane 7, TniA further purified by gel filtration.

Figure 3. Electrophoretic mobility shifts of the ends of Tn5090/Tn402 after
incubation with TniA at increasing concentration. 32P-labelled transposon ends
were incubated with different amounts of TniA and analysed on non-denaturing 6%
polyacrylamide gels. (A) The 154 bp fragment including the four 19 bp repeats
of the t-end: lane 1, a control with no TniA; lanes 2–8, 64-, 32-, 16-, 8-, 4- and
2-fold diluted and undiluted TniA (0.5 µg/µl). (B) The 82 bp fragment containing
repeats i1 and i2 of the i-end: lane 1, no TniA; lanes 2–9, 128-, 64-, 32-, 16-, 8-, 4-
and 2-fold diluted and undiluted TniA (0.5 µg/µl).
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These occurred on the 5′-sides of C4, G12 and G37 in the
upper strand and G38 in the bottom strand (Figs 4 and 6).

The 19 bp repeats on the transposon ends were protected
from nuclease by TniA in a concentration-dependent manner.
TniA protected the t1 and t3 repeats on the t-end at the same
concentration, followed by the t2 repeat, which was protected
at a higher concentration (data not shown). A still higher
concentration of transposase was needed for protection of t4.
The two repeats on the i-end (i1 and i2) were protected at the
same dilution of TniA (data not shown).

Hydroxyl radical footprinting

To further define the nucleotides in contact with the trans-
posase, hydroxyl radical probing (27) was performed on the
transposase–transposon ends complexes. This revealed two
transposase contact regions in each 19 bp repeat (Fig. 5). Each
protected region comprised less than 6 bp. One of them
comprised the central section of each 19 bp unit, whereas the
other overlapped one repeat end (Fig. 6). Highly conserved
triplets (TCA and CTG; 3) were unprotected parts of the 19 bp
repeats. Footprinting of both strands showed DNA protection
with an offset of a few nucleotides in the complementary
strand, which indicates that TniA binds to one side of the DNA
that might be wrapped around the protein. Two additional sites

located outside the 19 bp repeats were weakly protected, one
site between t2 and t3 and the other located between t3 and t4.
A short protected region between the transposon end and
repeat i1 was also observed (Figs 5 and 6).

DISCUSSION

In this work we have assessed a pattern of several transposase-
binding sequences on the ends of transposon Tn5090/Tn402.
The small group of transposons which carry multiple repeats
on the ends similar to those of Mu (7,8,17–20) obviously
includes several non-viral members. Further study of trans-
posons of this class, for instance Tn5090/Tn402, could bridge
the mechanistic observations made with the Mu model system
to other transposons.

DNase I footprinting analysis revealed four 19 bp repeats on
the t-end of Tn5090/Tn402 and two on the i-end. Each repeat
may be bound by one monomer of TniA, but it is not possible
at this stage to determine to what extent the interactions occur
in a cooperative manner. Repeats t1 and t3 as well as the two
repeats on the i-end were protected at the same concentration
of TniA, which suggests, but does not prove, that these repeats
are bound cooperatively. Awaiting more direct experimental
support, the mentioned four repeats are perhaps the best
candidates for coordinating transposase in the expected
tetramerical configuration. Figure 8 shows diagramatically
how TniA might multimerise upon interaction with the repeats

Figure 4. Denaturing polyacrylamide gels showing DNase I cleavage close to the
transposon ends under protection by TniA. (A) The footprints on the 3′-labelled top
and bottom strands, respectively, of a fragment containing 154 bp of the t-end.
(B) Protections on the 3′-labelled top and bottom strands of an 82 bp fragment
containing the i-end. Vertical lines indicate the 19 bp repeats and filled triangles
indicate terminal nucleotides of the transposons. Lane 1, chemical cleavage
standard A + G; lane 2, DNase I cleavage in the absence of TniA; lane 3, DNase I
cleavage under protection by TniA.

Figure 5. Hydroxyl radical footprinting gel depicting the contacts between
transposase and transposon ends. 3′-Labelled top and bottom strands of
fragments of the t-end (A) and the i-end (B) as in Figure 4. Vertical lines
indicate the 19 bp repeats and filled triangles indicate terminal nucleotides of the
transposons. Lane 1, chemical cleavage standard A + G; lane 2, cleavage in the
absence of TniA; lane 3, hydroxyl radical cleavage at a protective concentration
of TniA.
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on the paired transposon ends (not fully supported by the data
presented in this work). A region immediately inside repeat t1
showed a run of strand-specific cleavages with approximate
helical periodicity, followed by repeat t2, which is inverted
with respect to the others. This could comprise a loop region or
other distortion that protrudes from an otherwise regular shape
of the complex (Figs 6 and 8). The pattern of protection
obtained in higher resolution with the hydroxyl radical probe
indicates that TniA binds to 10 short sequences at the t-end and
five at the i-end (Fig. 6). These contact sequences occur on one
face of the DNA helix, perhaps in a conformation in which it is
wrapped around oligomers of the transposase. Notably, the
potentially distorted region between t1 and t2 lacked one of the
hydroxyl radical footprints that otherwise appeared with an
approximately helical periodicity.

The complex structure of several repeats might have evolved
on the ends of Tn5090/Tn402 due to a need for efficient
regulation. One aspect of this control is at the interactive level.
The catalytic capacity of the transposase could depend on
regulative contacts between protomers and between protomers
and DNA. Another way to achieve control is by regulating the
transcriptional activity of the genes involved in transposition.
A very likely promoter of the tniABQ operon overlaps one of
the repeats, t2. Furthermore, two of the contact sequences
defined by hydroxyl radical footprinting overlap the –35 and –10
hexamers of the postulated promoter (Fig. 6). Repeat t4 shows
least similarity with the consensus among the six TniA-binding
repeats and binds only when the transposase is present in high

concentration. Therefore, t4 might have a distinct function
from the others.

Tn5090/Tn402 was recently reported to have a unique
targeting mechanism with a strong preference for inserting into
or close to binding sites of site-specific resolvases (24,28). It
has been suggested that a sequence overlapping the cryptic
repeats i3 and i4 plays a role in rescuing the interrupted res site
by substituting for the lost portion (29).

Despite some structural and functional similarities among
members of the Mu-like transposon family, the sequences of
the repeats are only conserved with respect to each element and
the organisation of repeat clusters is largely different (Fig. 7). The
most conserved feature is the length of the sequence (6–8 bp)
from the ends, with a constant 5′-TG, to the beginning of the
first repeat. Tn552 shows least complexity of its ends, with
only two 23 bp tandem repeats on either end (20). Each end of
Mu contains three repeats (7,8). The right end of Tn7 contains
four repeats, whereas there are three repeats on the left end
(17,19). Tn5090/Tn402 carries four repeats on each end but two
repeats on the i-end need not be considered because they do not
bind transposase (this report). In both Mu and Tn5090/Tn402 the
repeats are not the same distances apart and include one repeat
in the opposite orientation from the others (Fig. 7).

The transposases of Mu, Tn5 and other DNA transposons
form a structural family with the retroviral IN proteins
(integrases) (30,31). Despite a very low degree of amino acid
identity these proteins have a common fold and often carry the
catalytic DDE motif (2–5). The transposases encoded by Tn7,

Figure 6. Summary and details of the chemical and enzymatic probe protection analyses of the TniA contacts with the t-end (A) and the i-end (B). The arrows
above the sequences indicate the terminal 25 bp inverted repeats while the arrows under the sequences indicate the 19 bp repeats. Transposase nicking sites are
indicated with filled triangles. Sequences protected from hydroxyl radical cleavage are in bold and underlined. The linkages marked – were protected from DNase I
cleavage. Phosphodiester linkages cleaved by DNase I are indicated with +, while DNase I hypersensitive phosphates are indicated with diamonds and the number
of the nucleotide starting from the transposon termini. The data for DNase I footprinting of i3 and i4, illustrated here, are not shown in Figure 4. Promoter hexamers
are boxed.
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Tn552, Mu and Tn5090/Tn402 are indeed more closely related
to each other than to other transposases. However, the amino
acid sequence identity among these four proteins is <25% (3).

Tn5090/Tn402 is the primary carrier element of class 1
integrons, recognised as containing different antibiotic resistance
genes acquired by site-specific recombination (3,32). The
transposon encodes, in addition to the transposase TniA, two
auxiliary proteins TniB and TniQ (3) and is, furthermore,
dependent on two serine recombinase systems. One of these is
a part of the transposon and is used to resolve co-integrates
formed by replicative transposition (22; M.Kamali-Moghaddam
et al., unpublished results). The other serine recombinase
system belongs to the target DNA and specifies the site where
the transposon is inserted (24,28). The protein TniB is poten-
tially a nucleotide-binding switch protein putatively equivalent

to the B protein of phage Mu (33) and TnsC of Tn7 (34). TniQ,
in contrast, is unique and has no known analogue or homo-
logue except that of the closely related transposon Tn5053
(22). Future experiments will be carried out to investigate
whether the target resolvase and the proteins TniB and TniQ
interact with each other and with the transposase assembled on
the clustered repeats on the ends to form a functional nucleo-
protein complex with the target.
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