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Transposition is one of the primary mechanisms causing genome
instability. This phenomenon is mechanistically related to other DNA
rearrangements such as V(D)J recombination and retroviral DNA integration. In the Tn5 system, only one protein, the transposase (Tnp), is
required for all of the catalytic steps involved in transposon movement.
The complexity involved in moving multiple DNA strands within one
active site suggests that, in addition to the specific contacts maintained
between Tnp and its recognition sequence, Tnp also interacts with the
flanking DNA sequence. Here, we demonstrate that Tnp interacts with
the donor DNA region. Tnp protects the donor DNA from DNase I
digestion, suggesting that Tnp is in contact with, or otherwise distorts,
the donor DNA during synapsis. In addition, changes in the donor DNA
sequence within this region alter the affinity of Tnp for DNA by eightfold
during synapsis. In vitro selection for more stable synaptic complexes
reveals an A/T sequence bias for this region. We further show that certain
donor DNA sequences, which favor synapsis, also appear to serve as hot
spots for strand transfer. The TTATA donor sequence represents the best
site. Most surprising is the fact that this sequence is found within the
Tnp recognition sequence. Preference for insertion into a site within the
Tnp recognition sequence would effectively inactivate one copy of the
element and form clusters of the Tn5 transposon. In addition, the fact
that several donor DNA sequences, which favor synapsis, appear to
serve as hot spots for transposon insertion suggest that similar criteria
may exist for Tnp –donor DNA and Tnp –target DNA interactions.
q 2003 Elsevier Ltd. All rights reserved.
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Introduction
Transposition, although a rare phenomenon, is
an important mechanism for increasing genetic
diversity in a population over time. In prokaryotes,
estimates indicate that , 15% of protein coding
DNA is derived from transposition-related events.
This movement of genetic material allows bacterial
populations to quickly adapt to new environmental pressures such as the presence of
antibiotics.1 – 3
Tn5 is a composite transposon within the IS4
family of prokaryotic elements. Tn5 consists of
two IS50 insertion sequences that bracket three
genes encoding resistance to kanomycin,
bleomycin, and streptomycin. Tn5 transposition
Abbreviations used: Tnp, transposase; ds, doublestranded.
E-mail address of the corresponding author:
reznikoff@biochem.wisc.edu

occurs via a cut-and-paste mechanism, moving the
transposon from the donor to the target, without
creating additional copies of the transposon.2 Only
one protein, the transposase (Tnp), is responsible
for all of the steps involved in transposon
movement.4 Tnp catalyzes four different strand
cleavage and joining reactions in one active site.
Two Tnp monomers bind two Tnp recognition
sequences through a process termed synapsis to
initiate transposition. This complex, and transpososome complexes in general, are remarkably stable
and a prerequisite to catalysis.5 – 7 The following
step, strand cleavage, occurs in trans, meaning the
Tnp monomer, which forms the initial contacts to
one Tnp recognition sequence, is responsible for
cleaving the donor DNA junction to the other Tnp
recognition sequence. Presumably, this mechanism
prevents cleavage from occurring at only one end
of the element,6 and trans catalysis appears to be a
common mechanistic feature for a variety of
mobile DNA systems.6,8,9
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Strand cleavage, for Tn5, occurs through a DNA
hairpin intermediate.10 In this mechanism an activated water molecule within the active site, acts as
a nucleophile to nick the DNA at the transposon
ends. The 30 hydroxyl group generated by the
initial nick, in turn, acts as a nucleophile to attack
the complementary DNA strand, generating a
DNA hairpin. The DNA hairpin is subsequently
resolved, through an attack by an additional activated water molecule, to form blunt ends at the
ends of the transposon. A surprisingly diverse
range of systems including other members of the
IS4 family of transposons as well as both hAT
elements and V(D)J recombination share this
method of strand cleavage.11 – 13
Following synapsis and strand cleavage, the
transposon ends are released from the donor
DNA, and the two Tnp proteins, along with the
end sequences, subsequently bind to a third DNA
molecule containing a target site for transposon
insertion. Strand transfer then occurs, with a nine
base stagger, generating a nine base-pair duplication,
which flanks the newly inserted transposon.14
The complexity involved in the organization of
the DNA within this set of reactions requires a
high amount of DNA recognition specificity for
transposition to occur successfully. Consequently,
it is likely that Tnp also must form specific contacts
to both the donor DNA and the target DNA, in
addition to the specific contacts between Tnp and
its recognition sequence. The electrostatic potential
distribution along the Tnp structure provides
structural support for additional Tnp– DNA contacts outside the Tnp recognition sequence, since
the positively charged cleft juxtaposed to the two
recognition sequences in the Tnp – DNA co-crystal
structure is large enough to accommodate doublestranded DNA.15,16 Furthermore, the flanking
DNA sequence has been reported to affect Mu
catalysis,17 and the end of the Tn5 Tnp recognition
sequence is located in the active site. Thus, it
remains likely that the donor DNA extending
away from the cleavage site would be in close
proximity to Tnp prior to strand cleavage, possibly
residing along some portion of this positively
charged cleft.
Here, we set out to study the influence that the
donor DNA sequence has on the transposition
mechanism. DNA footprinting reveals a previously
unidentified Tnp-mediated protection of the donor
DNA within the synaptic complex. The donor
DNA was protected by Tnp from DNase I digestion for 10 to 13 bases extending beyond the
cleavage site, suggesting that the donor DNA is
distorted or otherwise in contact with Tnp during
synapsis. Furthermore, different donor DNA
sequences within this region exhibit an eightfold
range in affinity for Tnp during synapsis. In vitro
selection, intended to identify DNA sequences that
favor synapsis, enriches the population for donor
DNA for sequences containing a high A/T content.
In addition, certain donor DNA sequences that
enhance synapsis appear to exhibit a strong site
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preference for strand transfer. Interestingly, the
best site, TTATA, reflects a portion of the Tnp
recognition sequence. These results are in-line
with previous observations that Tnp exhibits a
high frequency of insertion into a site containing
the TTATA motif.18 A/T donor sequences, containing one to four base-pair deviations from the
TTATA sequence, also serve as slightly attenuated
hot spots for strand transfer. In these instances,
one base-pair deviations from TTATA exhibit a
stronger target site bias than the three or four
base-pair deviations from TTATA. All of these
target sites contain A/T rich regions flanked by
GC pairs, and this fits within the previously
observed target site characteristics for Tn5
insertion.18 – 22 Furthermore, all of the DNA
sequences appear to exhibit strand transfer into
the TTATA site located within the recognition
sequence. Together, these data suggest that Tnp
favors interaction and insertion into regions containing a portion of the Tnp recognition sequence.
This would in effect cause clustering of the recognition sequences. In addition, the fact that similar
sequences favor both synapsis and target site
specificity suggests that similar criteria may exist
for favored donor DNA and target site sequence
interactions.

Results
Tnp protects the donor DNA from DNase I
digestion
We set out to determine if Tnp protects the donor
DNA in the synaptic complex from DNase I
digestion. Hydroxyl radicals were used previously
to probe for Tnp protection during this step, and
these data revealed that the Tnp protected the
recognition sequence, from positions 2 to 10 and
15 to 20 along the non-transferred strand and
from positions 5 to 8 and 13 to 18 along the transferred strand.23 In our experiments, the larger
probe, DNase I, was used in order to observe
weak or partial protection of the DNA that would
otherwise be missed when using the smaller
hydroxyl radicals, since these small molecules are
capable of reacting with any water-accessible
region of the DNA not buried by protein. The
enzyme DNase I, however, requires more access to
the DNA in order to break the phosphodiester bond.
In these experiments, a 120 bp double-stranded
(ds) DNA fragment, selectively labeled at one 50
end, was lightly digested with DNase I following
incubation with the Tnp under synapsis
conditions. The free and bound fractions were
separated using gel electrophoresis. Following the
isolation of the free and bound populations, the
DNA fragments were analyzed by electrophoresis
on a denaturing polyacrylamide gel (Figure 1).
The experiments reveal that the Tnp protects the
donor DNA and the entire Tnp recognition
sequence from DNase I digestion, extending the
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Figure 1. Tnp protects the donor DNA from DNase I digestion. The Tnp footprint is significantly extended into the
donor DNA when compared to previous hydroxyl radical footprinting experiments.23 Tnp protection has been
extended from position 3 to position 210 along the non-transferred strand and from position 5 to position 2 13 along
the transferred strand. This suggests that the minor groove is inaccessible in this region, possibly due to the donor
DNA being wrapped around or otherwise distorted by the Tnp.

region previously shown to be protected by Tnp
into the donor DNA by approximately ten bases
along the non-transferred strand and 13 bases
along the transferred strand. DNase I typically
extends a protection pattern a few bp on either
side of a recognition sequence.24 However, the
sheer size of this increase, compared to hydroxyl
radical footprinting, suggests that these differences
are not due, exclusively, to steric effects associated
with using a larger probe for Tnp protection. In
addition, one would expect that a steric effect
would produce a symmetrically extended protection pattern into both donor and transposon DNA,
and we observe an asymmetric extension into the
donor DNA. One possible explanation is that
these new regions of protection are only partially
protected by Tnp, thereby preventing access of
DNase I for cleavage but allowing space for an
attack by the smaller hydroxyl radicals.
In vitro selection enriches the population in
A/T donor DNA sequences
In order to examine whether Tnp exhibits a
sequence bias for the donor DNA during synapsis,

we developed a selection strategy to enrich a
library of donor DNA sequences for fragments
that favor synaptic complex formation. The first
five bases of donor DNA extending immediately
beyond the cleavage site were randomized, creating a manageable library of all possible sequence
combinations within this region. This region is protected by Tnp from DNase I digestion and located
within close proximity to the active site, therefore,
the donor sequence in this region is most likely to
influence synapsis (Figure 2A). Based on these
criteria, the DNA sequence in this region is likely
to affect synapsis. Donor DNA sequences in this
region were identified that favored synapsis using
the following selection screen (Figure 2B). In this
screen, DNA sequences that were bound most
tightly by Tnp were least likely to be cleaved by
the restriction enzyme BsmA1. This enzyme recognizes a site protected by Tnp and it is unable to
cleave DNA sequences that are part of a synaptic
complex. Following the formation of synaptic
complexes and the addition of BsmA1, a PCR
amplification step was used to amplify any remaining intact sequences for the next selection cycle.
Following selection, individual fragments were
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Table 1. In vitro selection favors A/T donor DNA
sequences
Selected population
Position

25

24

23

22

21

A
C
G
T

50
15
10
57

31
20
15
64

37
18
14
62

54
10
25
39

76
8
5
41

Total

132

130

131

128

130

A/T content

0.81

0.73

0.76

0.73

0.90

Purine content

0.45

0.35

0.39

0.62

0.62

The donor DNA sequence composition is shown for the donor
DNA region after completing the selection cycles. Over 100
sequences were analyzed for their nucleotide content. The number of sequences analyzed for each position varies since some
sequences were ambiguous at one of the five positions. For a
sample size greater than 114 and a predicted distribution of 0.5,
the expected deviation should be no greater than ^0.1 away
from 0.5.25 The numbers in each column represent the base position along the donor backbone. Position 21 is the base nearest
the cleavage site during transposon excision.

Figure 2. The DNA library and the selection screen are
shown, which were used to identify donor DNA
sequences that favor synapsis. A, The DNA library consisted of DNA fragments, 60 nt in length. The fragments
contain a 20 nt donor backbone region and a 40 nt transposon region. The library contains all possible combinations for the 5 nt adjacent to the cleavage site, 45 or
1024 unique sequences. The positions closest and farthest
away from the cleavage site are designated 2 1 and 2 5,
respectively. B, The selection procedure begins by PCR
amplifying the DNA library in order to obtain the ds
DNA substrate. Next, the library is incubated with the
transposase, Tnp, under suboptimal conditions. The
DNA sequences were selected by cleaving the DNA not
protected by the Tnp, using the restriction enzyme
BsmAI, which recognizes a site within the Tnp recognition sequence. The DNA fragments that are not
cleaved are subsequently amplified by PCR and act as
the substrate for the next selection cycle.

isolated from the population by ligating the fragments into a cloning vector and transforming
them into competent cells. Individual sequences
were subsequently identified by sequencing the
plasmids containing the inserted DNA fragments.
These experiments reveal that Tnp preferentially
bound DNA sequences containing an A/T basepair at every donor position probed in this screen
(Table 1). For our sample size, the expected
deviation away from the predicted binominal distribution of 0.5 is ^ 0.1.25 Therefore, in our analysis
of sequence bias, a value greater than 0.6, or less
than 0.4, was considered outside of the predicted
distribution and to be statistically significant. An
A/T bias suggests that Tnp favors weak basepairs in the region immediately adjacent to the
transposon recognition sequence for synaptic complex formation. The strongest A/T bias occurred

at position 2 1, which had an A/T content of 90%
after selection. This position is the closest base
probed to the cleavage site, and consequently, the
likeliest position to be influenced by Tnp. Weaker
selection biases were also observed from positions
2 2 to 2 5. Position 2 5 held the next highest A/T
bias at 81%, while the remaining positions
exhibited a range from 73% to 76% A/T bias in
their DNA sequence content.
Analysis of the purine/pyrimidine content
reveals a slight bias at positions 2 1 to 2 4.
Positions 2 1 and 2 2 were slightly biased towards
purines along the non-transferred strand, while
positions 2 3 and 2 4 were slightly biased for
pyrimidines in the non-transferred strand,
although, these results are only marginally outside
of the predicted distribution for the expected
purine and prymidine content.
The donor DNA sequence alters the affinity of
Tnp for DNA during synapsis
Ten donor DNA sequences were individually
analyzed for their ability to form synaptic complexes. In these experiments, fluorescently labeled
DNA fragments, each containing one Tnp recognition sequence, were incubated with increasing
concentrations of Tnp. The DNA bound by Tnp is
separated from the free DNA using gel shift assays.
The percent DNA shifted by different concentrations of Tnp was determined and these data
were fit to a quadratic equation (Figure 3). The fits
were subsequently used to provide estimates for
the observed dissociation constant, obs Kd ; and for
the theoretical maximum amount bound, theor.
max., for each substrate.26
These experiments demonstrate that the donor
DNA sequence in this region affects the affinity of
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Table 2. Donor DNA sequences exhibit , eightfold range
in affinity for Tnp during synapsis
Sequence

Kd (nM)

(þ/2)

Theor. max.

(þ /2)

ATATA
TTATA
GGCGG
TAATA
AATAA
CCGCG
GCGCG
CGGCG
GCCGG
ATTAA

33
36
50
52
53
81
112
160
237
250

8
6
12
6
16
21
19
28
9
10

75
72
64
82
69
61
72
77
88
88

2
1
2
1
3
3
3
4
–
–

The observed Kd and theoretical maximum amount bound is
shown for each of the different donor DNA sequences examined
for synaptic complex formation. Both the observed binding constant and the maximum amount of DNA bound by Tnp were
determined by fitting the data obtained from gel shifts assays
similar to Figure 3. The error represents the standard error for
the fit to the data.

Figure 3. Some donor DNA sequences bind more
tightly to Tnp compared to other equivalent sequences,
as observed through gel shift assays. Synaptic complex
reactions were incubated with increasing concentrations
of Tnp (94, 188, 282, 376, 470, 564, 658, 752, 940, and
1032 nM) at 37 8C and subsequently loaded onto a 7%
native gel. The DNA was detected using 50 fluorescein
labeled oligonucleotides. The graph represents the
amount of DNA shifted by the Tnp from data collected
from multiple gel shift assays. These data were fit to a
quadratic equation in order to obtain estimates for the
binding constants, Kd obs, and the theoretical maximum,
theor. max.

Tnp for DNA during synapsis (Table 2). Overall,
the affinity of Tnp for these DNA substrates ranges
from approximately 30 nM to approximately
240 nM, or an eightfold range in their obs Kd : The
ATATA and TTATA donor sequences exhibit the
highest affinities for Tnp during synapsis with
33 nM and 36 nM obs Kd values, respectively. It is
worth noting that the TTATA motif is also located
within the Tnp recognition sequence. One possible
explanation for the higher affinity for this sequence
would be that Tnp is bound to multiple sites along
this DNA fragment. However, gel shift data indicate that the TTATA donor DNA –Tnp complex
exhibits the same mobility as the G/C equivalent
sequence (Figure 3). Furthermore, the TTATA and
CCGCG donor sequences also exhibit the same
protection pattern from DNase I footprinting (data
not shown). Therefore, it is unlikely that Tnp binding to multiple sites accounts for the higher affinity

for the TTATA motif. In general, these data indicate
that Tnp binds the A/T sequences more tightly
than most of the G/C sequences (Table 2). One
notable exception is the donor sequence ATTAA.
This sequence exhibits a fivefold weaker binding
constant than any other A/T donor DNA
sequence. This suggests that other factors besides
A/T content must play a role in dictating the
degree of binding between Tnp and the donor.
The donor DNA sequence alters the number of
visible products formed during catalysis
We next examine the effect the donor DNA
sequence has on catalysis. During catalysis, Tnp
cleaves the DNA at the ends of the recognition
sequence forming blunt ends that subsequently
attack the target site for transposon insertion. Our
assay is performed using short oligonucleotides
analogous to the ones used in the synapsis assays.
These DNA fragments were analyzed for their
ability to perform the individual steps of the
reaction. In these experiments, a large excess of
unlabeled plasmid was used as a target for strand
transfer in an attempt to separate the strand
cleavage and strand transfer products. The products from the reaction were phenol/chloroformextracted away from Tnp and separated using
denaturing PAGE. The ability of Tnp to effectively
carry out catalysis was measured by the abundance of each of the DNA fragments produced. In
our assay, a 60 nt 50 end radiolabeled dsDNA fragment was used as a substrate containing a 40 nt
transposon DNA and a 20 nt donor DNA region.
Therefore, when cleavage occurs at the end of the
Tnp recognition sequence, a 40 nt fragment corresponds to the initial strand nicking step. Hairpin
formation produces both an 80 nt and a 20 nt fragment, and complete blunt end cleavage is apparent
by an equal abundance of the 40 nt and 20 nt
fragments.
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These results reveal that the TTATA donor DNA
sequence forms a significant amount of an 88 nt
product (Figure 4). This longer DNA fragment is
capable of reannealing to itself to form a DNA hairpin (see below), suggesting that it is either the
product of the DNA cleavage reaction, or it is the
product of strand transfer at a preferred site
located within the donor DNA. The formation of
this product first appears along the same time
points as the strand transfer products, as observed
by the comparison of the accumulation of the
radiolabeled plasmid (ST products) and the 88 nt
fragment. This suggests that the 88 nt fragment
may be the product of strand transfer. It is worth
noting that this 88 nt fragment is produced in the
presence of , 188-fold excess of target sites along
the unlabeled plasmid. Furthermore, it remains a
constant product of the reaction regardless of the
type or size of unlabeled DNA used to displace
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strand transfer products (data not shown).
Therefore, if the 88 nt fragment is the product of
strand transfer, then there must be a strong bias
for this site. Furthermore, the TTATA sequence is
repeated within the Tnp recognition sequence,
and the accumulation of the 88 nt fragment
corresponds to the accumulation of slightly shorter
products for both DNA sequences, as expected for
insertion into this site. This suggests that the
TTATA motif affects catalysis regardless of its
location. Analysis of the remaining donor DNA
sequences reveals the general trend that A/T rich
sequences form the 88 nt fragment to a greater
extent than the G/C sequences (Table 3). The
closer the A/T sequences resemble the TTATA
motif the more of the 88 nt fragment is produced,
where one base-pair deviations produce more of
this fragment than three or four base-pair
deviations.

Figure 4. The TTATA donor DNA sequence produces an additional product from catalysis. These reactions were
carried out with , 188-fold excess of unlabeled plasmid target sites in an attempt to displace the location of the strand
transfer products from the strand cleavage products in the 10% denaturing gel. The 60 nt dsDNA substrate is radiolabeled on both 50 ends. This substrate consists of a 40 nt transposon DNA region and a 20 nt donor DNA region.
Aliquots of the reaction were removed and quenched with EDTA (0, 10, 20, 60, 120, 180 minutes). The result from
this experiment reveals that the A/T donor sequence forms a significant amount of a DNA fragment slightly larger
than the previously characterized DNA hairpin (Hp), designated as an 88 nt st product. The remainder of the identifiable fragments are labeled as either strand cleavage products, (Nick/DEB) and (Hp form/DEB), strand transfer
products, (ST products), or the DNA substrate (Sub). It is important to note that the two 20 nt Hp form/DEB products
for the TTATA and CCGCG sequences, although migrating at slightly different positions in this gel, are the same
length. The slight difference in migration has been confirmed to be due to a sequence difference and not due to a
difference in their size. The graphs represent the quantification of the bands in the denaturing gel.
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Table 3. The donor DNA sequence affects catalysis

ATATA
TTATA
TAATA
AATAA
ATTAA
GCGCG
CCGCG
CGGCG
GGCGG
GCCGG

88 nt

Hp

Sub
deplet

Nick/
DEB

Hp/
DEB

3.43(0.56)
4.75(0.37)
3.42(0.45)
2.52(0.21)
2.77(0.95)
0.32(0.03)
0.17(0.06)
0.58(0.20)
0.77(0.42)
0.31(0.15)

4.83(0.76)
5.86(0.54)
5.10(0.40)
6.08(0.44)
6.28(2.29)
11.75(0.48)
6.69(0.80)
6.68(0.39)
6.52(0.52)
10.26(0.75)

56.90(1.49)
52.17(0.78)
58.59(0.82)
48.72(0.59)
54.91(1.65)
36.40(3.20)
40.18(2.82)
44.70(2.76)
44.78(1.98)
42.20(2.06)

27.95(0.67)
34.74(1.26)
32.19(0.49)
33.98(1.45)
33.55(1.76)
38.20(1.98)
33.68(0.45)
23.59(1.20)
29.50(1.23)
35.48(0.64)

6.89(0.35)
2.48(0.61)
0.70(0.15)
8.70(0.76)
2.48(0.86)
13.22(1.08)
19.27(3.03)
24.38(3.27)
18.48(3.44)
11.75(2.51)

This Table lists the amount of each species observed for the
different donor DNA sequences during catalysis. The numbers
indicate the percentage of each band, identified in Figure 4, to
the total, per lane, after two hours incubation with Tnp. The
numbers in brackets indicate the standard deviation from three
or more measurements. These results suggest that A/T donor
DNA sequences produce more of an 88 nt product, with the
greatest extent being produced by the TTATA donor sequence.

Characterization of the donor DNA sequencedependent product
To characterize the 88 nt DNA fragment, this
fragment and the 80 nt DNA hairpin were isolated
from a denaturing gel. These DNA fragments
were isolated using the same reaction conditions
shown in Figure 4. The bands were excised from a
denaturing gel, eluted, and ethanol-precipitated
prior to being reannealed and either loaded onto a
native gel or analyzed using A þ G sequencing
analysis.
These experiments reveal that the large DNA
fragment is a hairpin (Figure 5). The 88 nt fragment
migrates as expected for a dsDNA hairpin through
a native gel (Figure 5B). In addition, A þ G
sequencing of the 88 nt fragment reveals that the
sequence is comparable to the previously characterized DNA hairpin (Figure 5C). The sequence of
the transposon DNA for both is identical along
the transferred strand leading up to the site of
strand cleavage, position 1G. Both fragments also
contain four alternating A or G bases separated by
one base each further up the DNA strand,
positions A10 –A16. The primary difference
between the smaller and larger fragments appears
to be the sequence between the transposon 30 end
along the transferred strand, 1G(t), and the 50 end
of the non-transferred strand, 3G(nt). The sequence
of the 88 nt fragment between the transposon ends
consists of an additional 8 nt along the nontransferred strand of the donor DNA. The complete sequence for this DNA fragment is shown in
relation to the starting DNA substrate (Figure 5D).
The sequence suggests that the 88 nt fragment is
the product of strand transfer since it is unlikely
that there would be such a large gap between the
site of strand nicking along the transferred strand
and the site of hairpin formation along the nontransferred strand. It is interesting that this target
site is also repeated within the Tnp recognition

sequence (Figure 5D). During the later time points
multiple bands appear just below the 80 nt hairpin,
which we believe are the product of strand transfer
into this site (Figure 5A).
Formation of an additional product using two
substrates points to strand transfer
Two dsDNA substrates, which differ by the
length of the transposon DNA region, were used
in order to support whether the 88 nt fragment
was the product of strand cleavage or strand transfer (Figure 6A). Using these two substrates in one
reaction, one would expect the formation of an
additional product from the insertion of either
fragment into the other if the donor-dependent
product results from strand transfer (Figure 6B).
In this assay, both a 60 nt and a 40 nt 50 end radiolabeled dsDNA fragment were used in the
reaction. Each contains a 20 nt donor DNA region
and either a 40 nt or a 20 nt transposon DNA
region. Strand cleavage produces a 40 nt fragment
and a 20 nt fragment corresponding to the initial
strand nicking step for the 60 nt and 40 nt substrates, respectively. Hairpin formation produces
both an 80 nt and a 20 nt fragment for the longer
substrate and a 40 nt and 20 nt fragment for the
smaller substrate. Complete blunt end cleavage
produces a 40 nt and a 20 nt fragment for the
longer substrate and a 20 nt fragment for the
smaller substrate (Figure 6A).
These results reveal that a 68 nt fragment is
produced only in the presence of both dsDNA substrates in the reaction (Figure 6C). This fragment is
the expected size for the insertion of one transposon DNA fragment into the other DNA substrate
and suggests that the donor-dependent product is
the product of strand transfer.

Discussion
The donor DNA sequence and synapsis
DNase I footprinting reveals that Tnp protects
the donor DNA across the ends of the transposon.
This extends the previously observed protection
pattern into the donor DNA by ten and 13 basepairs along the non-transferred and transferred
strands, respectively. The ends of the Tnp recognition sequence are held in trans by Tnp.6,15 These
trans contacts occur during the formation of the
synaptic complex. Thus, we believe that these
donor DNA – Tnp contacts occur in trans and
occur only after synaptic complex formation.
Furthermore, we observe no appreciable sequence
dependence or concentration dependence for this
region of protection, suggesting that the protection
pattern is not due to Tnp binding to multiple sites
(data not shown). The difference between the
hydroxyl radical and DNase I footprinting results
suggests that this region is water-accessible and
may reflect an effect of the donor DNA either
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Figure 5. Characterization of the 88 nt fragment. This fragment and the previously characterized DNA hairpin were
excised from a denaturing polyacrylamide gel similar to Figure 4. A, The reaction was carried out as first described in
the legend to Figure 4. The 60 nt dsDNA substrate is radiolabeled on both 50 ends. This substrate consists of a 40 nt
transposon DNA region and a 20 nt donor DNA region. Aliquots of the reaction were removed and quenched with
EDTA (0, 10, 20, 60, 120, 180 minutes). The result from this experiment reveals that the A/T donor sequence forms a
significant amount of a DNA fragment slightly larger than the previously characterized DNA hairpin (Hp), designated
as an 88 nt donor product and a smear of products slightly smaller than the 80 nt hairpin, which we believe are , 76 nt
and 73 nt products from interaction with the TTATA motif within the recognition sequence. B, The resuspended
excision products were heated to 96 8C and allowed to slowly cool to 4 8C. The excision products were then loaded
onto an 8% native gel. Both fragments migrate as expected for ds DNA hairpins. C, An A þ G sequencing reaction
reveals that each fragment contains the same sequence for the 30 end of the transferred strand, position 1G and the 50
end of the non-transferred strand, position 3G. The larger DNA hairpin contains an extension between the transferred
and non-transferred strands, which includes the addition of eight nucleotides of the non-transferred strand of the
donor DNA. D, A comparison of the A þ G sequencing results to the ds DNA substrate. These results suggest that
the 88 nt product forms from strand transfer into this site. This reaction would produce the 88 nt fragment and a
79 nt product from the reaction.

being distorted or only partially protected by Tnp
near the end of cleavage site. Although Tnp protection outside of the recognition sequence has not
been previously reported for the Tn5 Tnp this

phenomenon has been observed for Tn10 complexes and the Mu transpososome.27 – 29
Both circular permutation and missing nucleoside experiments indicate that the donor DNA is
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Figure 6. Formation of an additional product using two substrates points to strand transfer. A, Two ds DNA substrates, each radiolabeled on their 50 ends, were used in the reaction. These two substrates each contained a 20 nt
donor DNA region and either a 40 nt or a 20 nt transposon DNA region. The black box signifies the Tnp recognition
sequence. B, One would expect that intermolecular strand transfer into a preferred site within the donor region
would produce a 68 nt fragment using a reaction containing both substrates and no additional products if the donordependent product was an intermediate of strand cleavage. C, The 68 nt fragment would be produced by the insertion
of the 20 nt transposon DNA region (Tn 20 nt) into the 60 Sub or from the insertion of the 40 nt transposon DNA region
(Tn 40 nt) into the 40 Sub. D, The reaction was carried out as first described in the legend to Figure 4. Aliquots of the
reaction were removed and quenched with EDTA (0, 10, 20, 60, 120, 180 minutes) prior to being loaded onto a 10%
denaturing polyacrylamide gel. The fragment sizes for the molecular weight markers are shown. These results reveal
that a 68 nt fragment is produced only in the presence of both dsDNA substrates in the reaction. This fragment is the
expected size for the insertion of one transposon DNA fragment into the other DNA substrate and suggests that the
donor-dependent product is the product of strand transfer.

distorted in this region when bound to Tnp.30,31
This suggests that the A/T enrichment observed
during selection may be, in general, attributed to
the ease of the distortion of weak base-pairs. In
addition, it has been previously established that
both nicked and abasic DNA substrates, which
impart greater flexibility, significantly enhance the
amount of DNA bound by Tnp.5,32 All of these
observations for the Tn5 system are consistent
with observations made for other mobile elements,

which indicate that DNA bending or flexibility is
critical for proper complex assembly.27,33 – 40 DNA
distortion as a means to enhance synapsis is
further supported by our observation that DNA
mismatches in the donor DNA favor synapsis. It is
interesting to note that the weakest binding donor,
ATTAA, sequence’s affinity for Tnp was dramatically increased when base mismatches were introduced at positions 2 5, 2 3, and 2 2 (data not
shown). DNA mismatches have also been reported
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to aid in Mu complex assembly.36 It remains likely
that the ATTAA donor sequence may not be as
easy to distort as the other, more tightly bound,
donor sequences. The fact that ATTAA is only
weakly bound by Tnp also suggests that weak
base-pairing is not the only factor involved in
stabilizing the Tnp – donor DNA interaction.
Analysis of the different donor DNA sequences
on synapsis reveals that the TTATA sequence,
which reflects a portion of the Tnp recognition
sequence, exhibits one of the highest affinities for
Tnp during synapsis. This suggests that similar
criteria may be involved in favored contacts
between Tnp and the donor DNA and recognition
sequences. It is intriguing that the TTATA motif
appears from position 8 to 12 along the nontransferred strand, which happens to be the
location of the center of the bend found in the
co-crystal structure of the pre-cleavage synaptic
complex.15
The donor DNA sequence and catalysis
In addition to the bias observed for synapsis, we
found that certain donor DNA sequences were hot
spots for strand transfer. The A/T donor DNA
sequences produce more of an 88 nt fragment,
which forms on the same time-scale as the observable strand transfer products of the reaction.
Characterization of this fragment reveals that it is
a transposon DNA hairpin containing a loop of
eight additional nucleotides along the nontransferred strand of the donor DNA. The fact that
this fragment forms on the same time-scale as the
observable strand transfer products suggests that
it is also a strand transfer product and not a
cleavage intermediate. Further support comes
from the fact that a 68 nt product is produced only
in the presence of both 60 nt and 40 nt ds DNA
substrates. This product would not be expected if
these additional late forming bands were an intermediate in strand cleavage but would be predicted
if these late forming bands were the result of intermolecular strand transfer. The TTATA motif has
been previously reported to be a preferred site for
Tn5 transposon integration,18 and the TTATA
donor sequence produces the largest amount of
the 88 nt fragment. Furthermore, all of these target
sites contain A/T rich regions flanked by a GC
pair, and this fits within the previously observed
preferred target site characteristics for Tn5
insertion.18 – 22 Under our assay conditions it
appears that this donor region within the dsDNA
substrate mimics a preferred target site, since the
88 nt fragment is not displaced regardless of the
size or type of unlabeled DNA used as a target
site competitor (data not shown).
It is interesting that the TTATA motif reflects a
portion of the Tnp recognition sequence. All of the
DNA sequences accumulate , 76 nt and 73 nt products as expected for insertion into this site. Other
transposable elements exhibit target site preference
for sequences resembling their end sequences,41 – 43
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and it has been observed that Tn5 prefers target
sites containing partial homology to the transposon
ends as well.44,45 However, insertion of an IS50 end
sequence into pBR322 did not alter Tn5 target site
preference.20 Other factors such as target site topology are known to influence target site selection
for Tn5,46 and this may account for the discrepancies between this finding and the previous data as
well as our observations regarding the TTATA
motif and the A/T rich regions.18 If Tnp favors
interaction and insertion into regions containing
the Tnp recognition sequence this would in effect
inactivate one recognition sequence and cause
clustering of the transposon. If this model is
correct, it would appear that Tn5 exhibits an effect
opposite to the target site immunity observed in
Tn7 and Mu systems. These transposable elements
have been shown to prefer regions that do not contain the transposon.47 – 49 Our model suggests the
opposite for Tn5.
The fact that similar sequences favor synapsis
and act as preferred target sites suggests that similar criteria may exist for favored donor DNA and
target site sequences. A similar criteria is observed
for Tn10. In this case, DNA bending during target
site recognition has recently been reported for
Tn10 target capture complex assembly and bending has been shown to be important for synaptic
complex assembly for Tn10 as well.33,50,51
For Tn5, it is likely that Tnp maintains specific
contacts to both the donor DNA and the target
DNA sequences. The electrostatic potential distribution along the Tn5 Tnp co-structure provides
structural support for additional Tnp – DNA contacts outside the Tnp recognition sequence. In this
co-crystal structure, a positively charged cleft
large enough to accommodate double-stranded
DNA runs perpendicular to the Tnp recognition
sequences,15,16 and it remains likely that the donor
DNA extending away from the cleavage site
would be in close proximity to Tnp prior to strand
cleavage, possibly residing along a portion of this
positively charged cleft proposed to be the target
site location. Co-crystal structural information
does not exist for either of these reaction intermediates, and it will be interesting to see whether
these two regions overlap with the solution of
these two structures.

Materials and Methods
Tnp and DNA substrates
The hyperactive Tnp (E54K, L372P, M56A) used in all
of the assays was produced as described.32 The D188A
mutant was a gift from Todd Naumann. All Tnp proteins
were quantified using a Bradford assay.
The short oligonucleotides used in these experiments
were synthesized by Integrated DNA Technology (IDT).
The original DNA library consisted of a population of
DNA fragments, 60 nt long, with all possible sequence
combinations for the five positions immediately adjacent
to the cleavage site (Figure 2A). Each position in this
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randomized region was hand mixed in order to ensure
that each nucleotide accounted for , 25% of the total
population at each position. The ds DNA substrates
used during selection were generated by extending a
short primer complementary to the end of the DNA fragments in the library. The sequence in the DNA library
was 50 -GGC CAC GAC ACG CTC NNN NNC TGT
CTC TTA TAC ACA TCT TCT GCC TCA CGC GCA
CAG AGT-30 , where N denotes any of the four standard
DNA nucleotides. The primers used for generating the
complementary sequence and for PCR amplification of
the DNA library were 50 -ACT CTG TGC GCG-30 and 50 GGC CAC GAC ACG-30 .
Individual DNA fragments used in the synapsis,
DNase I footprinting, and strand cleavage assays were
prepared as described previously, except a 50 fluorescein
label was used as the probe in the synapsis assays.32
The fixed sequence of the ds DNA substrates for the
synapsis and cleavage assays were 5-GGC CAC GAC
ACG CTC NNN NNC TGT CTC TTA TAC ACA TCT
TGA GTG AGT GAG CAT GCA TGT-30 and their
complementary sequences, where the N denotes the
position along the donor backbone characterized in
these experiments. The 40 nt fragment used in the strand
cleavage assay shown in Figure 6 is identical with the
60 nt fragment except it is missing 20 nt off of the
transposon DNA end. The DNase I footprinting oligonucleotides contained the following 50 and 30 extensions,
respectively, from the 60 nt fragments used in the
cleavage and synapsis assays: 50 -CAC TGC AAG GGC
CAA GCT TGC ATG CCT GCA GGT CG-30 and 50 -C
TCA GTT CGA GCT CCC AAA CAT GCG-30 . The
complementary sequences were used as well to generate
the ds DNA for the experiments.
Selection screen
Initiation of the selection round began by PCR amplifying the oligonucleotide library obtained from IDT. The
ds DNA products obtained from the PCR amplification
were quantified by comparison to known molecular
mass standards in an electrophoresis gel. The PCR
amplified library (, 27 nM) was incubated with a Tnp
mutant (205 nM D188A) at 37 8C for 0.5 hour. This
mutant contains the hyperactive mutation background,
but is catalytically inactive due to the D188A mutation.
The restriction enzyme BsmAI (New England Biolabs),
which recognizes a site in the middle of the Tnp recognition sequence, was added to the solution in addition
to 10 mM magnesium acetate (final concentration). The
reaction was incubated at 55 8C for one hour. During
this step, any DNA fragments not protected by the Tnp
were cleaved by the restriction enzyme. The reaction
was stopped using a phenol/chloroform extraction, and
the DNA sample was concentrated through an ethanolprecipitation step. The sample was resuspended in
sterile water and PCR amplified to obtain the substrate
population for the subsequent selection round. Four
selection rounds were performed on the population.
Individual fragments from both the initial and final
populations were isolated from their respective DNA
libraries by blunt end ligating the fragments into the
lac Z region of a pUC19 plasmid (New England Biolabs).
The pUC19 plasmid was first digested with 24 units of
Sma I (Promega) and subsequently dephosphorylated
using two units of calf intestine alkaline phosphatase
(Fermentas). The fragments from the DNA libraries
were ligated to the linearized plasmid at a , 40:1 ratio

using ten units of T4 DNA ligase (Fermentas) at 16 8C
overnight. The plasmids were subsequently transformed
into DH5a electrocompetent cells. Cells were plated on
Amp 100 X-gal LB agar plates. White colonies were
selected and grown in 4 ml Amp 100 LB cultures overnight. The plasmids were subsequently isolated using a
Qiaquick mini prep kit (Qiagen) and sequenced to determine the sequence of the donor DNA region. DNA
sequencing was performed using the Sanger sequencing
method with ,10 mg of isolated plasmid and 1 £ Big
Dye (University of Wisconsin, Biotechnology Center).
Synaptic complex assays
Synaptic complexes were formed by incubating
increasing concentrations of the E54K/L372P hyperactive mutant Tnp (0, 94, 188, 282, 376, 470, 564, 658,
752, 940 nM) with (120 nM) ds DNA for one hour at
37 8C in binding buffer (25 mM Hepes (pH 7.5), 100 mM
potassium glutamate, 0.5 mM b-mercaptoethanol,
10 mg/ml tRNA, and 10 mg/ml bovine serum albumin).
After one hour, a 25 ml aliquot was removed and mixed
with 6 £ loading dye (0.25% (w/v) bromophenol blue,
0.25% (w/v) xylene cyanol FF, 30% (v/v) glycerol). The
sample was subsequently electrophoresed in a native
7% (w/v) polyacrylamide gel at 300 V. After one hour,
the gel was scanned using a FluorImager SI (Vistra
Fluorescence), and the bands were quantified using
Image Quant (Molecular Dynamics).
DNase I footprinting
First, the Tnp recognition sequence was protected
from DNase I digestion by incubating 640 nM D188A
Tnp with ,51 nM DNA and 10 mM magnesium acetate
for one hour at 37 8C in binding buffer. DNase I (0.4
units, Roche) was subsequently added to the reaction.
After 30 seconds, the reaction was stopped with the
addition of 40 mM EDTA (final concentration). The
sample was then loaded onto a 5% non-denaturing polyacrylamide gel in 1 £ loading dye and electrophoresed
at 300 V for 1.5 hours. The gel was exposed to film and
the image was used to excise both the bound and free
DNA. The DNA was eluted from the gel slices in
,10 ml low salt buffer (20 mM Tris – HCl (pH 7.5),
20 mM NaCl, 1 mM EDTA). The eluate was subsequently
purified using Elutip minicolumns following the accompanying protocol (ISC BioExpress). After purification,
the eluates were ethanol-precipitated in order to concentrate the samples. The samples were resuspended in
1 £ FEXB (95% formamide, 0.025% bromophenol blue,
0.025% xylene cyanol FF, 5 mM EDTA) and loaded onto
a 10% denaturing polyacrylamide gel. The gel was run
for two hours and dried on a gel dryer at 80 8C under
vacuum. The dried gel was subsequently exposed using
a phosphorimager screen and the image was quantified
using ImageQuant (Molecular Dynamics).
Tnp catalyzed cleavage and joining reactions
Except for the following alterations, these assays
were performed as described.32 The reaction was
initiated using 128 nM DNA, 381 nM Tnp, 0.9 mg/ml
pUC19, and 10 mM magnesium acetate in binding
buffer. The reaction was incubated at 37 8C, and aliquots
were removed at 0, 10, 20, 60, 120, and 180 minutes
and added to an equal volume of 25 mM EDTA.
The quenched aliquots from these reactions were
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subsequently phenol– chloroform-extracted, ethanolprecipitated, and run on a 10% denaturing polyacrylamide gel at either 25 W or 40 W for 2.5 hours depending
on the length of the gel.
Characterization of the donor DNA sequencedependent product
Both reactions were performed by first isolating the
DNA fragments produced by the Tnp-catalyzed reaction
from a denaturing PAGE. The smaller DNA hairpin was
isolated at 10, 60, and 120 minutes following the
initiation of the reaction, and the larger DNA hairpin
was isolated after 120 minutes. The bands of interest in
the gel were identified using film. The DNA was eluted
from the gel slices in , 5 ml of low salt buffer. The DNA
fragments were concentrated using the Elutip mini
columns and the accompanying protocol first described
for the DNase I footprinting experiments. The fragments
were resuspended in 20 ml. The purified fragments were
reannealed and either 5 ml was added to 2 ml of loading
dye and loaded onto an 8% native gel for the hairpin
snap back experiment or 5 ml of the solution was added
to 50 ml of formic acid and 20 ml of 1 mg/ml calf thymus
DNA for the A þ G sequencing reaction. The reaction
was incubated for seven minutes and subsequently
ethanol-precipitated. The remainder of the procedure
was identical with the method described.23 Following
the A þ G reaction, the samples were resuspended and
loaded onto a denaturing polyacrylamide gel as first
described for the DNase I footprinting experiments.
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