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ABSTRACT

Although the integrase (IntDOT) of the Bacteroides
conjugative transposon CTnDOT has been classi-
fied as a member of the tyrosine recombinase
family, the reaction it catalyzes appears to differ in
some features from reactions catalyzed by other
tyrosine recombinases. We tested the ability of
IntDOT to cleave and ligate activated attDOT
substrates in the presence of mismatches. Unlike
other tyrosine recombinases, the results revealed
that IntDOT is able to perform ligation reactions
even when all the bases within the crossover region
are mispaired. We also show that there is a strong
bias in the order of strand exchanges during
integrative recombination. The top strands are
exchanged first in reactions that appear to require
2bp of homology between the partner sites adjacent
to the sites of cleavage. The bottom strands are
exchanged next in reactions that do not require
homology between the partner sites. This mode of
coordination of strand exchanges is unique among
tyrosine recombinases.

INTRODUCTION

Bacteroides spp. are Gram-negative colonic bacteria
that harbor a number of mobile genetic elements (1,2).
Mobile elements called conjugative transposons (CTns)
play a significant role in the transfer of antibiotic
resistance genes (3,4). Integration of the Bacteroides
conjugative transposon CTnDOT into the chromosome
requires the joined ends of the conjugative transposon
(attDOT), an attB sequence in the chromosome,
a Bacteroides host factor and the CTnDOT integrase
protein (IntDOT) (4,5). Recently, we showed that IntDOT
belongs to the tyrosine family of recombinases (6), but
the mechanism of integration and excision of CTnDOT
appears to be different from that proposed for phage
� and other tyrosine recombinases (6–8).

Tyrosine recombinases utilize a topoisomerase I-like
mechanism to mediate DNA rearrangements between
two pairs of DNA strands (9–14). The recombination
reaction can be divided into two steps and involves
two staggered single-strand exchanges between DNA
partners on either side of a short DNA sequence called
the core or crossover region. In the first step, the active
site tyrosine cleaves one strand of each DNA partner at
one end of the crossover region. The products of this
step are a 30-phosphotyrosyl linkage of the enzyme to
the DNA and a free 50-hydroxyl group (15,16). The
50-hydroxyl group from one DNA strand mediates a
nucleophilic attack on the phosphotyrosyl bond of its
partner. The two strands are exchanged between the
DNA partners forming a Holliday Junction (HJ)
(15,17,18). This intermediate is resolved in the second
step of the reaction into recombinants by cleavage and
strand exchanges between DNA partners at the other
end of the crossover region (15). Homology between DNA
partners within the crossover region is an obligate
condition for the recombination reaction. The generally
accepted view has been that the homology requirement
in � Int-catalyzed recombination is linked to the strand-
swapping and ligation steps of the reaction (9,19–22).
The HJ is a central intermediate in recombination

reactions mediated by tyrosine recombinases. However,
this intermediate is extremely short-lived and usually does
not accumulate during the reaction. Therefore, the
kinetics of its appearance and disappearance have been
difficult to study. In any recombination reaction that
proceeds via a HJ, there are two possible reaction
pathways: the HJ can be formed by cleavage and exchange
of the top DNA strands first and then resolved by
the second cleavage and exchange of the bottom DNA
strand. Alternatively, the bottom strands can undergo
recombination first, to generate a HJ which is later
resolved by the top DNA strand exchange. Previous work
has established that some tyrosine recombinase-mediated
reactions, like FLP recombination (23–26), do not have
a defined order of strand exchange. On the other hand,
the � Int and Xer systems show strong preferences for
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cleavage and exchange of one strand first during
recombination (15,27–29).
DNA sequence analyses of attDOT and several attB

sites yielded a consensus sequence TTTGCNNNNN (5).
The TTTGC motif is completely conserved suggesting
it is important for recombination. However, the 5 bp
non-homologous sequence varies from site to site and
recombination can occur between partner sites where all
5 bp are different. Initially the borders of the 5 bp
non-homologous sequence were assumed to define the
putative staggered sites of cleavage. However, using
cleavage assays, we recently showed that one of the
cleavage sites is actually 2 bp to the left, between the T and
G, in the region of homology (6). The fact that one pair of
cleavage sites lies within a region conserved in all att sites
could have implications for the mechanism of cleavage
and ligation of the top strands.
In this article, we show that the IntDOT recombination

reaction proceeds through a HJ intermediate. We
also show that there is a strong bias in the order of
strand exchanges during the integrative recombination
reaction. The top DNA strands are exchanged first.
Using cleavage and ligation assays we show that
IntDOT is able to cleave and ligate activated attDOT
substrates in the presence of mismatches within
the crossover region. We also report that the 2 bp region
of homology between attB and an attDOT sequence
on the left side of the crossover region is required for
efficient recombination. Finally, we show that recombina-
tion occurs by sequential homology-dependent and
homology-independent steps.

MATERIALS AND METHODS

Plasmids and oligonucleotides

The plasmids and oligonucleotides used in this work
are described in Supplementary Data, Tables 2 and 3.

Site-directed mutagenesis of pUC19attDOT

The mutations were made in the 2 bp region of homology
that is conserved in all known CTnDOT att sites.
Mutations were made using the Stratagene Quickchange
Mutagenesis Kit as described by the supplier. Primers
carrying the specific mutations are shown in Table 3,
Supplementary Data. The attDOT regions of the plasmid
were sequenced to confirm the presence of the desired
mutation and to insure that there were no additional
mutations.

In vitro recombination reaction

One of the attB DNA strands was 50 end-labeled with
32P and purified using G-25 Amersham Biosciences
columns. The attB DNA substrate was prepared by
mixing the labeled strand and the unlabeled complemen-
tary strand, at a 1:5 molar ratio and annealing them in
an annealing buffer (0.1M KCl, 10mM Tris–HCl pH 8)
by heating to 908C and cooling to 258C at a rate of
28C/min. The attB DNA substrates containing a nick in
either the bottom or top DNA strand were prepared

by mixing a labeled strand and two unlabeled oligonu-
cleotides that were complementary to the labeled one,
at ratios of 1:5:5, respectively and annealing them as
described above. All suicide attB substrates were phos-
phorylated at the 50 end at the cleavage position to prevent
rejoining after strand exchange. The attDOT and
attB substrates were then incubated in a 20 ml volume
containing 30mM Tris–HCl (pH 7.4), 2mM DTT, BSA
(70 mg/ml), 2.6% glycerol and 50mM KCl. Proteins
and DNA were added to the final concentrations:
IntDOT, 70 nM; IHF, 40 nM; attB DNA, 2 nM; and
attDOT plasmid DNA, 3 nM. Samples were incubated
for 2 h at 378C. All samples were loaded onto 1% agarose
gels and subjected to electrophoresis. The gels were
exposed to phosphorimager screens and the reaction
efficiencies were quantified using a Fuji FLA-3000
phosphorimager and Fujifilm Image Gauge software
(Macintosh v.3.4). Results were calculated where indicated
by dividing a total amount of label present in the
product band by the total amount of label present in
the substrate and product bands, multiplied by 100 to
give percent recombination.

Denaturing agarose gel analysis

The intact attB substrates and attB substrates that
contained a single-stranded DNA nick at the IntDOT
cleavage site in the bottom strand were radiolabeled at
the 50 end. The recombination reactions were performed
with attDOT DNA substrates using IntDOT as described
above. Samples were electrophoresed through a 1.5%
agarose gel in 50mM NaOH and 1mM EDTA, at 35V
for 16 h. The gel was then neutralized by soaking in 500ml
of 1mM HCl for 1 h and dried on a vacuum slab drier and
exposed to phosphorimager screens.

The 2D gel analysis is described in Supplementary Data.

Restriction digest analysis of the products of IntDOT
recombination reaction

The attB DNA substrates, labeled as indicated in the text,
were recombined with attDOT in a double volume of
the standard recombination reaction. The reaction was
terminated by addition of 200 ml of phenol/chloroform/
isoamyl alcohol mixture (25:24:1). The mixture was
vortexed and spun in a microcentrifuge and the aqueous
phase was transferred to a fresh tube. The DNA was
ethanol-precipitated and re-suspended in a 50 ml 1�
reaction buffer and digested with SspI endonuclease.
Samples were electrophoresed through a 1% agarose
gel at 90V for 100min. The gel was dried on a vacuum
slab drier and exposed to phosphorimager screens.

Detection of covalent DNA/protein complexes

A double size standard recombination reaction was
terminated by the addition of 0.1 vol of 10% SDS,
followed by addition of 0.5ml of A1 buffer
(10mM Tris–HCl pH 7.5, BSA 20 mg/ml, calf thymus
DNA 20 mg/ml, 1% SDS). The sample was vortexed and
incubated at 378C for 4min. Fifty microliters of 2.5M
KCl was added to the mixture which was placed on ice for
10min. The precipitate was collected by centrifugation for
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2min at 48C and re-suspended in 1ml of cold B buffer
(10mM Tris–HCl pH 7.5, 1mM EDTA, 100mM KCl).
The supernatant fraction was saved and the pellet was
washed twice. The final precipitate was re-suspended in
1ml of buffer containing 10mM Tris–HCl pH 7.5,
1mM EDTA, 100mM NaCl, 10mM MgCl2 and tRNA
(20 mg/ml). DNA was precipitated by addition of 2.5 vol of
100% ethanol. The pellet was washed in 70% ethanol, air-
dried, and re-suspended in 20 ml of water. The pellet and
the supernatant were electrophoresed through a 1%
agarose gel.

Cleavage and ligation assays

The cleavage and ligation assays have been described
previously (6) and are included in Supplementary Data.

RESULTS

A bias for top strand exchange is observed with an attB
suicide substrate

We developed an in vitro recombination assay based
on the one previously described for � Int (15). The
IntDOT in vitro recombination reaction occurs between
a circular attDOT site on a supercoiled plasmid and
a linear attB DNA. The product of the reaction is a linear
DNA fragment containing both attL and attR sites
(Figure 1A). IntDOT was able to catalyze an efficient
recombination reaction in vitro. Up to 45% of the labeled
attB substrate underwent recombination. As expected,
the linear product of the reaction migrated as a 3.6 kb

linear fragment on an agarose gel. The recombinant
should contain a unique SspI site. As shown in Figure 1B,
digestion of the recombinant with SspI resulted in
the formation of two linear DNA fragments of the
expected lengths (1.1 and 2.5 kb).
Recombinant product should be formed by two sets

of strand exchanges between attDOT and attB sites.
The top DNA strands can be cleaved and exchanged first
to form a HJ, followed by a second cleavage, exchange
and ligation of the bottom DNA strands. Alternatively
the bottom strands can undergo strand exchange first,
to generate a HJ which is resolved by the top DNA
strand exchanges. To determine whether CTnDOT
recombination proceeds by ordered strand exchanges,
we used attB suicide substrates that contained a nick in
one DNA strand at one of the sites of IntDOT cleavage
(15). Introduction of the nick at a cleavage site should
block recombination because the enzyme cannot form
the phosphotyrosyl–protein intermediate. On the other
hand, an intact attB strand can be cleaved and exchanged
with its DNA partner. Inhibition of the second strand
exchange by a nick should lead to the formation of a
HJ with a single-strand crossover. Since one DNA partner
is circular and the other is linear, a HJ should appear as
an ‘a structure’ and would be expected to migrate in
an agarose gel like a relaxed plasmid (Figure 2A) (15,28).
If the nick is introduced in the top attB strand, an a
intermediate should be observed if the bottom strand
is exchanged first. Alternatively, if a nick is introduced in a
bottom strand, an a intermediate should be observed only
if the top strand is exchanged first. If either top or bottom

Figure 1. Restriction digest analysis of IntDOT recombinant. (A) The recombination reaction mediated by IntDOT occurs in the presence of E. coli
IHF. The reaction occurs between a linear radiolabeled (asterisk) attB DNA and an attDOT site cloned on a plasmid. The product of the reaction is
a linear 3.6 kb long recombinant. Cleavage by SspI should generate fragments of 1.1 and 2.5 kb. (B) Agarose gel analysis of recombination products.
Lane 1, 3.6 kb long linear recombinant. Lane 2, 1 kb ladder. Lane 3, 1 kb ladder. Lane 4, products of the recombination reaction digested with SspI
enzyme. Lane 5, the recombination reaction with no IntDOT and IHF added.
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strand can be exchanged first, an a intermediate should
be observed with both attB nicked substrates (Figure 2A).
We were unable to observe the product of recombina-

tion in an in vitro recombination reaction between
supercoiled attDOT and labeled attB containing a
nick in the top DNA strand (Figure 2B, lane 2).
To show that lack of a product in the reaction is due to
the presence of a nick and not because the substrates were
not fully hybridized, we performed reactions with the
same suicide attB substrates that were previously incu-
bated with T4 DNA ligase and ATP to seal the nick.
The ligated substrate was able to form the product
(Figure 2B, lanes 5 and 6). In the recombination reaction
with an attB substrate having a nick in the bottom DNA
strand, we observed the formation of a product
(Figure 2B, lane 3) with the same electrophoretic mobility
as the linear recombinant (Figure 2B, lanes 3 and 4).
The results of this experiment indicate that there is a
bias in strand exchange during the recombination reaction
and suggest that the top strand is exchanged first. In the
recombination reaction with a suicide attB substrate,
we expected to trap a HJ as an a structure intermediate.
However, it was surprising to find that actual intermediate
had the same electrophoretic mobility as the linear
recombinant while an a structure would have migrated
slower in an agarose gel.

Analysis of the predicted CTnDOTHJ

Digestion of an a structure with a restriction enzyme
containing a single restriction site should form a nicked
HJ (15,28), with expected migration mobility close to
the linear DNA of the same size in agarose gel.
Surprisingly, digestion of the product generated two
DNA fragments 1.1 and 2.5 kb long which were the
same size as SspI generated fragments from a complete
recombination reaction (Figure 3, lanes 1 and 3).
This result was unexpected and suggested that after
formation of a HJ by a first round of strand exchanges
a second DNA cleavage occurs on the bottom strand
of attDOT DNA that is not followed by DNA ligation.
The structure of this product is shown in Figure 4A.

The partially blocked IntDOT recombination reaction
forms a covalent DNA/protein complex

If IntDOT is able to perform a second cleavage on
the bottom attDOT strand during the reaction with
suicide attB substrate, the protein should remain cova-
lently attached to the 30-DNA end (Figure 4A). Treatment
of the reaction mixture with SDS/KCl should precipitate
only proteins or DNA that is covalently bound to
a protein (30,31). Recombination reactions with suicide
and intact attB substrates were performed and the
reactions were divided in half. In one sample, proteins

Figure 2. Recombination reactions with attB suicide substrates nicked on either the top or bottom DNA strand. (A) Recombination reactions
with attB nicked suicide substrates. The attB substrates contain a nick at the site of cleavage in the top (left) or bottom (right) strands.
Strand exchange of an attB substrate with a nick in the top strand occurs if the bottom strands are exchanged first (left). If the nick is in the
bottom strand of attB, a strand exchange occurs if the top strand is exchanged first (right). The strand with a nick placed in a cleavage site
should not undergo recombination. The HJ intermediate has a form of an a structure. (B) Agarose gel analysis of recombination reactions with
attB substrates that contain a ssDNA nick at the IntDOT cleavage site in the top or in the bottom DNA strands. Lane: 1, 1 kb ladder. Lanes
2 and 3 are reactions with a nick in the top (lane 2) or bottom (lane 3) attB strand. Lane 4 is a reaction with an intact attB. Lanes 5 and 6
are attB substrates that contained a nick in the top (lane 5) or bottom (lane 6) strand that were treated with T4 DNA ligase to seal the nick.
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were precipitated from the reaction mixtures and pelleted
by centrifugation. The supernatant fractions were saved.
The untreated sample and supernatant and pellet from
the SDS/KCl-treated sample were then analyzed
on an agarose gel. (Figure 4B) The results of the
experiment revealed that stable covalent DNA/protein
complexes are formed during recombination reaction
with suicide attB substrates. When intact attB substrates

were used DNA precipitation was negligible (Figure 4B,
lanes 1, 2 and 3). We were able to precipitate DNA from
the reaction mixture only when attB suicide substrates
were used (Figure 4B, lanes 4, 5 and 6). Proteinase
K treatment was used to show that this precipitation was
due to the covalent linkage of the protein to DNA
(Figure 4B, lanes 7, 8 and 9). Our results indicate that after
formation of a HJ in the reaction with a suicide attB
substrate, IntDOT is able to perform a second DNA
cleavage in the bottom attDOT DNA strand that is
not followed by DNA ligation.

The top DNA strand is exchanged during IntDOT-mediated
recombination with attB suicide substrates

In order to determine if the product of the reaction
with attB containing a nick in the bottom strand is a DNA
molecule with a single-stranded crossover on the
top strand, we used denaturing agarose gel analysis. We
used intact attB substrates and attB substrates with
a preexisting nick in the bottom DNA strand, where
only one strand was radiolabeled. The recombination
reactions were performed and each DNA strand was
then separated on an agarose gel under denaturing
conditions (Figure 5C). As predicted, denaturation of
the product of the reaction with intact attB yields a
long single-stranded DNA, when either the bottom or
the top strand was labeled (Figure 5C, lanes 5 and 6).
Denaturation of the product of the recombination
reaction with an attB suicide substrate, in which the
label was placed on the top strand, yielded long single-
stranded DNA fragments of the same size as recombinant

Figure 3. Restriction digest analysis of the product of the IntDOT-
mediated recombination reaction with suicide attB. Recombination
reaction with an intact attB substrate labeled at both ends (lane 2)
and digested with SspI (lane 1). Reactions with bottom strand nicked
attB (lane 4) and digested with SspI (lane 3). Molecular weight
standards are in lane 5.

Figure 4. Isolation of covalent IntDOT/DNA complexes, using the SDS/KCl precipitation method. (A) Recombination reaction with an attB
substrate nicked in the bottom DNA strand. After formation of the HJ, a second DNA cleavage occurs in the attDOT site in the bottom DNA
strand that is not followed by DNA ligation. The product of this reaction is a linear 3.6 kb long DNA fragment containing two nicks in the bottom
DNA strand and protein attached to the 30 attDOT DNA end. (B) Recombination reaction with intact attB substrates (lanes 1–3), with attB
containing a nick in IntDOT cleavage site in the bottom DNA strands (lanes 4–6) and with attB containing a nick in IntDOT cleavage site on the
bottom DNA strand where proteinase K was added before SDS/KCl precipitation (lanes 7–9). Lanes 1, 4 and 7 contain untreated reactions. Lanes 2,
5 and 8 contain supernatants after SDS/KCl precipitation. Lanes 3, 6 and 9 contain pellets after SDS/KCl precipitation.
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DNA (Figure 5C, lane 8). When the bottom attB strands
were labeled, we were unable to detect any product
(Figure 5C, lanes 7 and 9) indicating that the bottom
DNA strand did not undergo strand exchange.
To confirm that the product of IntDOT-mediated

recombination reaction with a suicide attB is a DNA
molecule with the top strand exchanged, we used 2D
gel analysis. The recombination reactions were performed
with bottom strand nicked attB substrates containing
a label either on the top or on one of the bottom strands.
After separation on a native agarose gel, the single strands
of each fragment were separated by electrophoresis in the
second dimension under denaturing conditions
(Figure 6A–C). If the top strand was labeled and if only
the top DNA strand underwent recombination we would
expect a long, ssDNA that migrated slowly in the second

dimension on a denaturing agarose gel. By contrast,
if either bottom strand was labeled we would expect short
DNA fragments that migrated faster in the agarose gel,
because the bottom DNA strand did not undergo
recombination. Our analysis showed that denaturation
of the product of these reactions released a long top strand
(Figure 6A) and short bottom attB strands (Figure 6B
and C). These results indicated that only the top strand
was exchanged, whereas the bottom strand did not
undergo strand exchange.

Introduction of heterology at the left side of the crossover
region blocks CTnDOT recombination reaction

Previously we demonstrated that the IntDOT top strand
cleavage site lies in a region of homology between the

1 2 3 4 5 6 7 8 9

A B

C

Figure 5. Denaturing agarose gel analysis of products. (A) Predicted products of recombination reactions with intact attB. (B) Predicted products of
recombination reactions with suicide attB. (C) Denaturing agarose gel analysis of intact attB reaction with either attB strand labeled yields intact a
3.6 kb single-stranded DNA. The product of a strand exchange with a suicide attB substrate with the top strand labeled should yield a 3.6 kb single-
stranded DNA. If either of the bottom strands is labeled, a 40-base single-stranded DNA should be generated. Denatured substrates: lane 1,
denatured top strand of intact attB; lane 2, denatured left, bottom strand of attB; lane 3, denatured right, bottom strand of attB; lane 4, denatured
bottom strand of intact attB. Recombination reactions: lane 5, with intact attB with the top strand labeled; lane 6, with intact attB with the bottom
strand labeled, lane 7, with suicide attB with the bottom right strand labeled; lane 8, with suicide attB with the top strand labeled; lane 9, with suicide
attB with the bottom left strand labeled.
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T and G of the conserved TTTGCNNNNN sequence.
Thus, both the cleavage and ligation reactions involving
the top strand take place in an environment where
base pairing can occur. In order to determine whether
the homology at the left side of the CTnDOT crossover
region is required for the recombination reaction to occur
or, alternatively, if the reaction can occur if the
sites have heterology on the left side, we performed
recombination reactions using intact attB and attDOT
substrates that contained a GC to CG or AT mutation
in the region of homology. The reactions were
performed with equimolar concentrations of labeled attB
substrates. The efficiency of recombination reaction
was calculated as described in Materials and Methods
section.

As shown in Table 1, when mutated attB sites (attBCG
or attBAT) recombined with wild-type attDOT,
integration was 1000 times less efficient than for the
reactions with wild-type attB. A similar effect was
observed for the reactions where mutated attDOTCG
recombined with wild-type attB (Table 1, Figure 7B).
IntDOT was able to catalyze the recombination reaction

between wild-type attB site and the attDOT site contain-
ing the AT mutation, but the efficiency of this reaction
was severely depressed (Table 1). To exclude the
possibility that the decrease in the recombination activity
between wild-type and mutated att site could be due to
the lack of Int binding to the mutated sequence, not to the
disruption of the homology between attB and attDOT, we
tested recombination efficiency between attDOT and attB
containing the same mutations in the crossover region
[Figure 7A (lane 4) and B (lane 4)]. As shown in Table 1,

Figure 6. Two-dimensional gel analysis of the products generated by IntDOT-mediated recombination. The attB substrates contain a nick in the
IntDOT cleavage site in the bottom DNA strand. attB DNA was radiolabeled at one 50 end (asterisk), incubated with attDOT DNA in a standard
recombination reaction and treated as described in Materials and Methods section. (A) The top attB DNA strand labeled. (B) The right bottom
strand (attBBottomRight oligo) labeled. (C) The left bottom attB strand (attBBottomLeft oligo) labeled.

Table 1. Effect of core mutations on IntDOT recombination

attDOT sites attB sites

Wild-type attB attBCG attBAT

Wild-type attDOT 33.00%� 12% 0.02%� 0.04% 0.04%� 0.03%
attDOTCG 0.10%� 0.5% 13.50%� 8% –
attDOTAT 2.00%� 1% – 26.50%� 10%

The recombination frequencies were calculated as described in
Materials and Methods section. All experiments were repeated
three times.
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the recombination frequency between attDOT and attB
containing the same mutation was similar to the wild-type
recombination activity.

We also performed competition assays in which an
equimolar mixture of duplex wild-type attB labeled on
the top strand and duplex mutated attB (attBAT
or attBCG) labeled on the bottom strand were incubated
with wild-type attDOT in the reaction mixture. Reaction
products were digested with SspI and analyzed on an
agarose gel. Digestion of the recombinant with the top
DNA strand labeled should give only a 1.1 kb fragment
that could be detected on the gel, while digestion of
the recombinant containing the label on the bottom DNA
strand should generate 2.5 kb detectable fragment only.
The only labeled band was the 1.1 kb long DNA fragment
(Figure 7C, lanes 3 and 7). This indicated that only
wild-type attB site was able to recombine with a wild-type
attDOT site. Alternatively, when we incubated the wild-
type attB labeled on the top strand and mutated
attBCG labeled on the bottom strand with mutated
attDOTCG, we were able to detect only the 2.5 kb long
DNA fragment (Figure 7C, lane 5). Similar results were
obtained when GC sequence was changed to AT
(Figure 7C, lane 9). These results indicated that attB
substrates could only recombine with attDOT carrying the
same 2 bp sequence on the left side of the crossover region.
From our data we conclude that 2 bp homology on the left
side of the crossover region is critical for the IntDOT
recombination reaction while the remaining 5 bp are not
conserved.

IntDOT efficiently cleaves mispaired attDOT phosphor-
othioate DNA substrates

The in vitro cleavage and ligation assays allowed us
to determine whether lack of base paring within the
IntDOT crossover region affected those steps in the
recombination reaction. To determine the cleavage rates
of the wild-type attDOT DNA substrate and attDOT
substrates containing mismatches introduced in the
IntDOT crossover region, a phosphorothioate cleavage
assay was used (6). In this assay, the oxygen which forms
a phosphotyrosyl bond with the catalytic tyrosine is
replaced by sulfur. The cleavage reaction leaves behind
a 50 SH group. This reaction is essentially irreversible and
the protein remains covalently attached to the 30 end of
the DNA (Figure 8A). This product can be detected as a
shift in migration distance of attDOT DNA due to
attachment of the protein. We used attDOT cleavage
substrates containing 1, 5 and 7 mismatches introduced
in the CTnDOT crossover region (Figure 8B). The yield of
all those reactions was comparable with wild-type reaction
efficiency (Figure 8C). Results of the cleavage assay
showed that the CTnDOT cleavage reactions can occur
in the presence of mismatches.

IntDOT ligates mispaired attDOT ligation substrates

Studies of FLP recombination target sites (FRT) demon-
strated that homology in the crossover region is
required to successfully complete the ligation step of
recombination reaction (22). It was also shown that the
efficiency of the ligation reaction of � Int was sensitive to

Figure 7. IntDOT recombination reactions with mutated attB and attDOT substrates. Mutations were introduced in the 2 bp region of homology in
the left side of IntDOT crossover region. The GC sequence was changed to AT or CG, respectively. (A) Recombination between sites with GC to AT
mutations. Lane 1, wild-type attDOT and wild-type attB; lane 2, wild-type attDOT and attBAT; lane 3, wild-type attB and attDOTAT; lane 4,
attDOTAT and attBAT. (B) Recombination between sites with GC to CG mutations. Lane 1, wild-type attDOT and wild-type attB; lane 2, wild-type
attDOT and attBCG; lane 3, wild-type attB and attDOTCG; lane 4, attDOTCG and attBCG. (C) A competition assay. Equimolar concentrations of
wild-type attB labeled on the top strand and mutated attB labeled on the bottom strand were added to the reaction with wild-type attDOT or
mutated attDOT, respectively. Reactions were digested with SspI enzyme. Digestion of the recombinant with a top strand labeled should give 1.1 kb
DNA fragment. Digestion of the recombinant with the bottom strand labeled should give 2.5 kb fragment.
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mismatches during DNA hairpin formation and very
sensitive to the homology at the site of ligation during
resolution of HJ (32). Since it was previously shown that
IntDOT can perform the recombination reaction when
all five bases on the right side of the crossover region are
different between two att sites (5), we expected that
IntDOT could perform the ligation reaction without
homology between DNA partners. We tested if IntDOT
is sensitive to mismatches in an in vitro p-nitrophenol
(pNP) assay (6,33,34). The ligation substrate, a pNP
oligonucleotide, mimics the activated 30-phosphotyrosine
intermediate that is formed after substrate cleavage.
The enzyme binds the DNA, forms a phosphodiester
bond, and releases the pNP (Figure 9A). We measured the
ligation rates of the wild-type attDOT DNA substrate
and the attDOT substrates containing 2, 5 and 7
mismatches introduced in the IntDOT crossover region
(Figure 9B). The ligation product can be detected by
formation of a 44-base DNA product on a denaturing gel
(33,34). In the experiments reported here, the amount of

product was measured as a function of time. The results of
these experiments are shown in Figure 9C. IntDOT
was able to perform ligation on the pNP attDOT
substrates containing up to 7 mismatches. This reaction
was less efficient than the wild-type reaction, although
half of the substrate was ligated, which was �70% of the
ligation efficiency of strands that were complementary
to the partner site (Figure 9C). We repeated the same
experiment for � Int and we found that this enzyme
was not able to perform the ligation reaction on a similar
activated attP substrate containing a single mismatch
within the crossover DNA sequence (Figure 9C).
The ability of � Int to ligate attP pre-activated substrate
was reestablished after the homology was restored (data
not shown). Our observation that the IntDOT-mediated
ligation reaction can occur in the absence of base pairing,
while other tyrosine recombinases require complete
base pairing for ligation, indicates that the architecture
of IntDOT catalytic site has significant differences from
the other well-studied tyrosine recombinases.

Figure 8. Phosphorothioate cleavage assay. (A) The labeled attDOTDNA substrate (asterisk) contains a 50-bridging phosphorothioate linkage at the site
of cleavage. If the enzyme cleaves the DNA, it becomes covalently bound to the substrate DNA. This reaction is irreversible. (B) The attDOT substrates
used in cleavage assays. (C) Results of the phosphorothioate cleavage assay with wild-type attDOT sequence and attDOT sequence containing 1, 5 and 7
missmatches within the crossover region. The reaction efficiencies were calculated as described in Materials and Methods section.
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DISCUSSION

A molecular analysis of the mechanism of the IntDOT-
mediated recombination reaction depends on the ability
to block the reaction at intermediate steps. In tyrosine
recombinase reactions, HJs are intermediates but do
not usually accumulate because they are rapidly resolved
to recombinants or substrates (35,36). We also did not
observe a detectable amount of HJ formed during
in vitro recombination (Figure 1B). To determine if the

CTnDOT reaction proceeds via a HJ intermediate,
we needed to find a way to block the reaction at the
intermediate step. Several modifications of reaction
conditions that stop tyrosine recombinase reaction at
the HJ step have been described. These include incorpora-
tion of a non-bridging phosphorothioate in the DNA
at the site of cleavage (28) or use of small synthetic
peptides that are known to trap HJs (37). We were unable
to detect HJs with these methods.

Wild type attP:
5                                              TTTATAC          3′
3                                             AAATATG           5′

pNP
OH

attP1mm
5                                             ATTATAC                                              3′
3                                             AAATATG                                              5′

pNP
OH

attP02mm
5                                              TTTATAC                                              3′
3                                              ATATATG                                              5′

attP2
5                                              TTTATAC                                              3′
3                                              TTATATG                                              5′ 

A

pNP
OH

5′ 3′

3′ 5′*

*

5′

5′3′

3′

Int

+ pNP

B Wild type attDOT:

5′ GCTTAGT                 3′
3′ CGAATCA                 5′

pNP
OH

attDOT2mm:
5′ GCTTA GT 3′
3′ CGAATGT 5′

pNP
OH

attDOT5mm:
5′ GCTTAGT 3′
3′ CGTTAGT 5′

pNP
OH

attDOT7mm:
5′ GCTTAGT 3′
3′ GCTTAGT  5′

pNP
OH

pNP
OH

pNP
OH

Figure 9. Ligation assay. (A) The labeled DNA substrate (asterisk) contains a p-nitrophenol linkage incorporated at the 30 site of cleavage, which
mimics phosphotyrosyl bond between IntDOT and DNA. This substrate can be recognized and ligated by � or CTnDOT integrase. (B) attDOT and
attP substrates used in ligation assays. (C) Results of ligation assays with variations of attDOT (left) and � attP (right). The reaction efficiencies were
calculated as described in Materials and Methods section.
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We found that the introduction of a nick in either
the top or bottom attB strand influenced IntDOT
recombination (15). A nick at the top strand inhibited
the reaction without accumulation of an intermediate,
while a nick at the bottom strand promoted the
accumulation of an intermediate (Figure 2). However,
we demonstrated that the product is not a free HJ.
After the first cleavage and strand exchange in the reaction
with the nicked top strand, IntDOT performs a second
cleavage on the bottom attDOT DNA strand which is not
followed by ligation. The product of this reaction was a
linear DNA molecule that contained two nicks in the
bottom strand and the protein covalently attached to one
of the 30 DNA ends (Figure 4). Other well-studied tyrosine
recombinases do not form a similar product (15),
indicating that IntDOT recombination differs from other
well-studied tyrosine recombinases reactions. It is known
that some tyrosine recombinase-mediated reactions,
like FLP recombination (23–26), do not have a defined
order of strand exchanges. On the other hand, � Int and
Xer systems show strong preferences for the initial
cleavage and exchange of one particular pair of strands
(15,27–29). We interpret our results to be strong evidence
that CTnDOT integrative recombination proceeds by
sequential DNA exchanges in which the top DNA strands
in each site are cleaved and exchanged first.

Most tyrosine recombinases display a strong require-
ment for sequence identity in the crossover region between
DNA partners for completion of the recombination
reaction (10,19,38). For example Bauer et al. (19)
showed that the single base-pair mismatch adjacent
to the cleavage site in the crossover region in the top
strand of a � att site strongly inhibited the reaction. When
both sites contained the homologous mutated base pair,
recombination was restored. Kitts and Nash (39) demon-
strated that heterology introduced on the right side of the
crossover region provided a partial block of the reaction
and lead to the accumulation of HJs. They explained this
need for homology by a branch-migration model, which
involves migration of the junction branch point between
the sites of Int cleavage. After the strand exchange, the
lack of base pairing between DNA partners provides an
energetic barrier to the branch migration process and
blocks the second exchange. Landy and coworkers
(20,21,32) proposed an alternative strand-swapping-iso-
merization model, in which homology is sensed during the
formation of the new bases between DNA partners, after
cleavage and prior to ligation. They showed that the first-
strand exchange in � recombination depends on comple-
mentary base pairing between DNA partners. They also
demonstrated that � Int ligation is affected by the presence
of mismatches at the site of ligation. Studies with FLP and
Cre recombinases showed similar requirements for homol-
ogy (22,40–43)

In some cases, cleavage and ligation reactions have been
shown to occur in regions of heterology. The topological
analysis of the recombination products from in vitro
assays with supercoiled plasmids containing two hetero-
logous FRT sites on the same molecule revealed that the
Flp-mediated reaction can occur in the presence of
heterology but the products are rapidly resolved back to

substrates (44). Sherratt and coworkers (45) used an
in vivo Xer-mediated recombination system, which used
two plasmids that contained mutated recombination
target sites (cer). They found that formation of the
HJ product occurred with some substrates that contained
mismatched bases. Experiments monitoring recombina-
tion of synthetic HJs that contained varying junction
positions showed that ligation occurs between sites with
mispaired bases. Ligation was most efficient when
the mispaired base was away from the cleavage point
and least efficient when it was adjacent to the cleavage
site (45,46). However, the conditions used for these
experiments did not employ substrates or intermediates
that are normal participants in the respective recombina-
tion reactions.
Our previous analyses showed that CTnDOT att sites

contain a 2 bp region of homology on the left side and
a 5 bp non-homologous region on the right side of the
crossover sequence. This finding suggests that recombina-
tion mediated by IntDOT is different from reactions
catalyzed by other well-studied tyrosine recombinases
and proceeds by homology-dependent and homology-
independent strand exchanges. We propose that the
IntDOT recombination reaction proceeds by the
following general steps. First an intasome composed
of IntDOT, IHF (or the Bacteroides host factor) and
attDOT DNA is formed. Four monomers of IntDOT bind
to the four sites in attDOT and attB that flank the
crossover sites. The complex captures and undergoes
synapsis with a partner attB site. This step could be similar
to synapsis by other tyrosine recombinases, and would
not require homology in the crossover regions of attDOT
and attB (31,47). During the first cleavage, strand
exchange and ligation reaction, only two out of four
monomers are active. Results described in this article
strongly indicate that the first cleavage and ligation
reactions occur in the conserved region of homology
in the top DNA strands (Figures 5 and 6). This event
appears to require homology at the left side of the
crossover region because reactions with attB and attDOT
substrates that contained GC to CG or AT mutations
in the 2 bp region of homology are severely depressed
(Table 1). It is possible that the homology dependence
at this step occurs by the strand-swapping-isomerization
model according to which homology is sensed during
the formation of the new bases between DNA partners
before the first ligation and formation of a HJ (20).
Alternatively, the homology could be required only for
ligation of the exchanged strands after cleavage.
The next step of the reaction would involve an

isomerization of the HJ, where the complex changes
conformation that activates the other two partner IntDOT
monomers at the sites of the second strand exchange.
Since the remaining five bases on the right side of the
crossover region are not complementary, the isomeriza-
tion step would be homology independent because move-
ment of the DNA occurs in the absence of complementary
base pairs. It is possible that formation of the two
complementary base pairs on the left side is important for
the proper isomerization of the junction. The second pairs
of cleavage, strand exchange and ligation reactions would
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form the recombinant products. This step is homology
independent as shown in this work and requires ligation
of exchanged strands under conditions where they cannot
form Watson–Crick base pairs with the new partner.
The final step of the IntDOT-mediated recombination
would be dissociation of the complex with the recombi-
nant sites containing a five base region of heteroduplex
DNA between the sites of strand exchanges.
We demonstrated here that IntDOT cleavage and

ligation reactions can occur in the presence of mismatches
(Figures 8 and 9). Although ligation and cleavage assays
were not performed in the context of recombination
complexes we confirmed that IntDOT efficiently cleaves
mispaired attDOT phosphorothioate substrates
(Figure 8). In the in vitro ligation assay, IntDOT was
able to ligate DNA substrates in the presence of seven
mismatches in the crossover region. In contrast, introduc-
tion of a single mismatch in a pNP attP substrate
completely abolished � ligation in a similar experiment
(Figure 9C). These findings emphasize drastically different
properties of the two enzymes.
IntDOT was classified as a member of the tyrosine

recombinase family, although our previous results indi-
cated that the catalytic core of the protein seems to have
somewhat different organization than other well-studied
tyrosine recombinases (6). In this article, we demonstrate
that the coordination by the strand exchange catalyzed by
IntDOT appears to be distinct from ones used by other
tyrosine recombinases such as � Int. Our observations
indicate that the first strand exchange in IntDOT-
mediated recombination is a homology-dependent step,
while second round of recombination occurs in the region
of heterology where neither cleavage, exchange or ligation
of the bottom DNA strand require homology. To our
knowledge, IntDOT is the only tyrosine recombinase to
use this type of two-step mechanism. It will be interesting
to determine whether this feature is found in other
recombinases encoded by other conjugative transposons.
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