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Interactions of NBU1 IntN1 and Orf2x Proteins with Attachment Site
DNA
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NBU1 is a mobilizable transposon found in Bacteroides spp. Mobilizable transposons require gene products from coresident
conjugative transposons for excision and transfer to recipient cells. The integration of NBU1 requires IntN1, which has been
identified as a tyrosine recombinase, as well as Bacteroides host factor BHFa. Excision of NBU1 is a more complicated process,
involving five element-encoded proteins (IntN1, Orf2, Orf2x, Orf3, and PrmN1) as well as a Bacteroides host factor and a cis-
acting DNA sequence. Little has been known about what role the proteins play in excision, although IntN1 and Orf2x have been
shown to be the only proteins absolutely required for detectable excision. To determine where IntN1 and Orf2x bind during the
excision of NBU1, both proteins were partially purified and tested in DNase I footprinting experiments with the excisive attach-

ment sites attL and attR. The results demonstrate that IntN1 binds to four core-type sites that flank the region of cleavage and
strand exchange, as well as six arm-type sites. A unique feature of the system is the location of DR2a and DR2b arm-type sites
immediately downstream of the attL core. The DR1a, DR1b, DR3a, and DR3b arm-type sites were shown to be required for in
vitro integration of NBU1. In addition, we have identified one Orf2x binding site (O1) on attL as well as a dA+dT-rich upstream

element that is required for Orf2x interactions with O1.

M obilizable transposons are genetic elements that can catalyze
their own integration into host chromosomes but are de-
pendent on coresident conjugative transposons (CTns) or plas-
mids for excision and transfer into recipient cells (1, 2). They have
been implicated in contributing to the increase in antibiotic resis-
tances observed in Bacteroides spp. (3, 4). The best-characterized
mobilizable transposon in Bacteroides spp. is NBUL. NBU1 en-
codes an integrase (IntN1) that is required for both integration
into and excision from the bacterial chromosome. IntN1 is a ty-
rosine recombinase that contains the signature RKRHRHY motif in
its C terminus (5, 6). A Bacteroides-encoded host factor is also
required for the site-specific integration into the chromosomal
attBT1-1 site located at the 3" end of a leucyl-tRNA gene. An
identical 14-bp sequence known as the “common core” is located
on attBT1-1and NBUI (attN1). This sequence is duplicated upon
integration (7, 8). The mechanism that IntN1 employs during
integration appears to differ from those of other well-studied ty-
rosine recombinases like lambda Int. A hallmark of tyrosine re-
combinases is the requirement for sequence identity between the
two sites of strand exchange (9). Surprisingly, a previous study
demonstrated that creating specific mismatches between the
NBUL1 a#tNI and attBT1-1 overlap sequences increased the inte-
gration frequency 100-fold (10). This is the only system identified
thus far where mismatches in the overlap region enhance recom-
bination frequency.

NBUI excision has not been as extensively characterized as the
integration reaction. A previous study demonstrated that in addi-
tion to IntN1, four NBU1-encoded proteins are involved in exci-
sion: Orf2x, Orf2, Orf3, and PrmN1 (Fig. 1A) (11). All five pro-
teins were required when a Southern blot assay was used to detect
excision from the Bacteroides chromosome. However, some exci-
sion was detected using a more sensitive PCR-based assay to detect
the joined ends containing the attN1 site of NBU1 when in-frame
deletions were constructed in orf2, orf3, or prmNI1. No excision
was detected when intN1 or orf2x was disrupted, demonstrating
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that IntN1 and Orf2x are the only two proteins absolutely re-
quired for excision (N. Shoemaker, unpublished results). Efficient
excision also requires a cis-acting DNA sequence located down-
stream of prmN1 that includes oriT and two-thirds of the mobN1
gene (11). This region has been named the excision required se-
quence, or XRS (Fig. 1A). It is possible that one or more excision
proteins bind to oriT and prevent it from being nicked until NBU1
fully excises from the chromosome (11).

NBUT1 also requires proteins encoded by an endogenous CTn
such as CTnDOT for transfer to a recipient cell. CTnDOT encodes
a two-component regulatory system consisting of the rteA and
rteB genes. rteA encodes the sensor kinase, and rteB encodes the
response regulator (12). RteB activates expression of the operon
containing orf2 and orf2x on NBU1 (K. Moon, unpublished re-
sults). Since expression of rteA and rteB is dependent on the pres-
ence of tetracycline, NBUI does not excise unless tetracycline is
present (1, 2).

Orf2x is a 104-amino-acid protein and contains a putative he-
lix-turn-helix motif. Because Orf2x is a small, basic protein that is
required for excision, it likely belongs to a class of proteins called
recombination directionality factors (RDFs). In systems that show
directionality, integrase proteins are required for both integration
and excision. RDFs are responsible for promoting excisive recom-
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FIG 1 (A) Region of NBU1 involved in excision. Black arrows indicate genes absolutely required for excision. Gray arrows denote genes involved in
excision. The oriT is indicated by the gray circle, and the gray rectangle represents two-thirds of the mobNI gene; both are part of the “excision required
sequence” or XRS. The XRS is necessary for efficient excision. The attN1 site is not located in the region shown in the figure. The entire region is
approximately 6.4 kb in length. (B) Schematic showing the construction of DNA fragment attN1, attL, or attR for DNase I footprinting. One primer
containing a 6-carboxyfluorescein phosphoramidate (FAM) label was paired with an unlabeled primer to generate DNA fragments containing either a
top- or bottom-strand label. Arrows represent the locations where primers anneal during PCRs. The overlap sequence is indicated by a green box. Direct
repeats identified in a previous study (10) are shown as purple boxes. The number “0” indicates the central base in the overlap sequence. Bases to the left
of the overlap sequence are given negative numbers, and bases to the right are given positive numbers.

bination and often inhibit integration (13). One well-studied RDF
is Xis, a protein required for the excision of phage lambda. Xis
binds to attR and bends the DNA, which facilitates Int binding and
the formation of higher-order nucleoprotein complexes called in-
tasomes. Xis also interacts with Int through direct protein-protein
interactions (14-17). It is possible that Orf2x may perform similar
functions during the excision of NBUI. The binding site(s) of
Orf2x had not been identified.

Presumably, IntN1 is similar to lambda Int in that it contains
three different DNA binding domains. The core-binding (CB)
and catalytic (CAT) domains interact with core-type sites that are
immediately adjacent to the overlap sequence where cleavage and
strand exchange occurs. The N-terminal arm-binding (N) do-
main binds arm-type sites that are distal to the overlap sequence
(13, 18). However, the exact binding sites of IntN 1 were unknown.
In this study, gel shift assays, DNase I footprinting experiments,
and mutagenesis were utilized to characterize IntN1 and Orf2x
interactions during excision.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and reagents. All oligonucleotides
were obtained from IDT and are listed in Table S1 in the supplemental
material. Escherichia coli strain BL21(DE3) was purchased from Promega.
BL21(DE3) ihfA was constructed by P1 transduction of a himA A82 dele-
tion (19, 20) linked with Tn10 (Tet") (J. Gardner, unpublished results). All
E. coli strains were grown in Luria-Bertani broth (LB) (21). DNase I was
supplied by Worthington. Antibiotics and bovine serum albumin (BSA)
were supplied by Sigma. T4 polynucleotide kinase (T4 PNK) was obtained
from Fermentas, and [y-**P]ATP was obtained from Perkin-Elmer. Di-
thiothreitol (DTT) and isopropyl-B-p-1-thiogalactopyranoside (IPTG)
were purchased from RPIL. Antibiotics were used at the concentrations
indicated: ampicillin (Amp), 100 pg/ml; kanamycin (Kan), 50 pg/ml;
tetracycline, 10 pg/ml.

December 2013 Volume 195 Number 24

Purification of IntN1. The intNI gene was cloned into pET28a as
described previously (5) to construct pET28a-intN1 (see Table S1 in the
supplemental material). The plasmid was transformed into BL21(DE3)
infA for expression, and IntN1 was purified using a previously described
protocol (10). Peaks corresponding to absorbance at 280 nm were col-
lected and analyzed using SDS-PAGE to identify fractions containing a
53-kDa protein, which is the size of IntN1. Fractions were screened for
activity using DNA cleavage assays with attBT1-1 substrate as described
previously (5). Active fractions were pooled and dialyzed into SU-75 buf-
fer (50 mM sodium phosphate, pH 8, 150 mM NaCl, 5% glycerol, 2 mM
DTT). The dialyzed IntN1 preparation was then loaded onto a HiLoad
16/60 Superdex 75 preparative-grade column (GE Healthcare). IntN1
eluted approximately 40 ml after loading as an approximately 50-kDa
monomer. After confirmation that IntN1 was still active following gel
filtration chromatography, fractions were pooled and dialyzed into stor-
age buffer (50 mM sodium phosphate, pH 8, 150 mM NaCl, 1 mM DTT,
40% glycerol) and stored at —80°C. SDS-PAGE analysis of IntN1 follow-
ing purification is shown in Fig. S1 in the supplemental material.

Partial purification of Orf2x. The wild-type orf2x gene was cloned
into the Ndel and EcoRI sites of pET27b using primers Ndel-orf2x and
orf2x-EcoRlI, creating plasmid pLR21 (see Table S1 in the supplemental
material) (L. Rajeev, unpublished results). Expression of the orf2x gene
was dependent on T7 RNA polymerase. The plasmid was sequenced by the
UIUC Core Sequencing Facility to ensure that there were no mutations in
the orf2x coding sequence. pLR21 was transformed into BL21(DE3) ihfA.
To overexpress Orf2x, 5-ml cultures were initially grown overnight in LB
plus Kan at 37°C and then subcultured 1:100 in 2 liters of LB plus Kan and
grown at 30°C to mid-log phase. IPTG was then added to the culture to a
final concentration of 0.1 mM, and growth was shifted to room tempera-
ture for 4 h. Cells were harvested by centrifugation and stored at —80°C.
Cells were thawed on ice and then resuspended in 40 ml of low-salt lysis
buffer (50 mM sodium phosphate, pH 8,400 mM NaCl, 1 mM EDTA, 5%
glycerol, 1 mM DTT, 0.02 mg/ml lysozyme). The suspension was lysed by
sonication, and cell debris was collected by centrifugation at 10,000 X g
for 60 min. The crude extract was loaded onto four 5-ml-volume heparin
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agarose columns (GE Healthcare) attached in tandem and eluted with
elution buffer (50 mM sodium phosphate, pH 8, 1 mM EDTA, 5% glyc-
erol, and 1 mM DTT) with a linear salt gradient of 0 to 2 M NaCl. Frac-
tions corresponding to peaks showing absorbance at 280 nm were sub-
jected to electrophoresis on SDS-PAGE gels to ascertain the presence of a
12-kDa band. Liquid chromatography-mass spectroscopy was performed
by the UIUC Protein Sciences Facility to confirm the identity of the 12-
kDa band as Orf2x. Previous experiments had demonstrated that Orf2x
binds attL (Rajeev, unpublished), so protein activity was evaluated using
gel shift assays with atfL DNA. Active fractions were pooled and dialyzed
against low-salt SP column buffer (50 mM sodium phosphate, pH 8, 50
mM NaCl, 1 mM EDTA, 5% glycerol, 1 mM DTT). The dialyzed Orf2x
preparation was then loaded onto one 5-ml SP Sepharose column (GE
Healthcare) and eluted with a linear salt gradient of 0 to 2 M NaCl. Frac-
tions showing gel shift activity were pooled and dialyzed overnight into
low-salt storage buffer (50 mM sodium phosphate, 50 mM NaCl, I mM
EDTA, 40% glycerol, 1 mM DTT).

Gel shift assays. A 258-bp attL fragment was PCR amplified from
pLR20 using primers LR207 and LR200 (see Table S1 in the supplemental
material) and purified using a Qiagen PCR purification kit. The DNA was
5’ radiolabeled with [y-**P]ATP and T4 PNK, gel extracted, and precip-
itated as described previously (22). A 228-bp attR gel shift substrate was
PCR amplified from pLR20 with primers LR212 and LR193 (see Table S1)
and similarly prepared. Gel shift assays were performed in GSBA75 buffer
(50 mM Tris-HCI, pH 8, 1 mM EDTA, 50 mM NaCl, 10% glycerol, and
0.075 pg/pl herring sperm DNA). Crude extract or partially purified
Orf2x was incubated with 10 nM attL or attR DNA for 20 min at room
temperature and then loaded on a prerun 5% polyacrylamide gel and
subjected to electrophoresis at 20 mA for 2 h. The gel was then vacuum
dried, exposed to an imaging plate, and visualized using a FujiFilm FLA-
3000 phosphorimager and FujiFilm Image Gauge software (version 3.4
for Macintosh).

DNase I footprinting of Orf2x and IntN1. A DNA fragment contain-
ing attL was used in DNase I footprinting experiments with Orf2x, and
DNA fragments containing attL, attR, and attN1 were used in DNase I
footprinting experiments with IntN1. To amplify the fragments, a for-
ward primer containing 6-carboxyfluorescein phosphoramidate (6-
FAM) was paired with an unlabeled reverse primer to create a DNA frag-
ment with only one 5'-6-carboxyfluorescein phosphoramidate-labeled
strand (Fig. 1B). Primers LR207 FAM and LR200 were used to amplify
top-strand-labeled attL, and primers LR200 FAM and LR207 were used to
amplify bottom-strand-labeled atfL from pLR20 (see Table S1 in the sup-
plemental material). Primers LR193 FAM and LR212 were used to amplify
top-strand-labeled attR, and LR212 FAM and LR193 were used to amplify
bottom-strand-labeled attR from pLR20 (see Table S1). To generate attN1
footprinting fragments from plasmid template pfJWS200, LR193 FAM and
LR200 were used to amplify top-strand-labeled fragments and LR200
FAM and LR193 were used to amplify bottom-strand-labeled fragments
(see Table S1). DNA containing labeled attachment sites was extracted
from agarose gels using a Qiagen gel extraction kit as described by the
manufacturer.

IntN1 and Orf2x were diluted to the appropriate final concentrations
in integration host factor (IHF) dilution buffer (50 mM Tris-HCI, pH 7.4,
10% glycerol, 800 mM KCl, 2 mg/ml BSA), and then 2 pl of protein was
incubated with 1 pmol (0.05 uM) of DNA in a mixture containing 3 mM
CaCl,, 7 mM MgCl,, 9.5% glycerol, 50 mM Tris-HCI, pH 7.4, 25 pg/ml
BSA for 30 min at room temperature. DNase I (Worthington) diluted in
DNase I dilution buffer (2.5 mM MgCl,, 0.5 mM CaCl,, 10 mM Tris-HCl,
pH 7.6, 0.1 mg/ml BSA) to a final concentration of 0.0625 pg/ml was
incubated with reaction mixtures for 1 min. The final volumes of the
DNase I cleavage reactions were 20 pl. The reactions were quenched by
the addition of 20 pl of 0.5 M EDTA. DNA fragments were purified using
a Qiagen PCR purification kit and analyzed by the UTUC Core Sequencing
Center using Applied Biosystems GeneMapper software (version 3.7).

To generate sequencing ladders so that exact regions of DNase I pro-
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tection could be identified, a Thermo Sequenase Dye Primer manual cycle
sequencing kit by USB was utilized essentially according to the manufac-
turer’s instructions.

In vitro integration assays with substrates containing arm-type site
mutants. IntN1 arm-type sites identified using DNase I footprinting were
mutated by introducing Aatll restriction sites into each arm-type site. A
derivative of pPGEM-T containing the attN1 sequence, pJWS200, was used
as a template for the mutagenesis reactions. Primers containing each of
the mutations are listed in Table S1 in the supplemental material. Muta-
tions were constructed using the QuikChange II mutagenesis kit (Agi-
lent), and potential mutants were identified and screened as described
previously (22).

In vitro integration assays were utilized to determine the effects of the
arm-type mutations on integration frequency. Assays with wild-type or
mutant attN1 sites were performed in 20-wl reaction volumes as described
previously (8), except that reaction mixtures were incubated overnight at
37°C. Ten microliters of each reaction mixture was loaded onto a 1%
agarose gel and electrophoresed at 120 V for 2 h, and then the gel was dried
for 1 h and exposed to imaging plates for 4 h. The gels were visualized
using FujiFilm FLA-3000 PhosphorImager and FujiFilm Image Gauge
software (version 3.4 for Macintosh). Percent recombination was calcu-
lated by dividing the number of counts in the linear recombinant product
by the total number of counts for a given reaction. Wild-type levels of in
vitro integration were approximately 35%.

RESULTS

Purification of IntN1. In a previous study, IntN1 was partially
purified using heparin-agarose chromatography and used in in
vitro recombination assays to study NBU1 integration (5, 8). The
BL21(DE3) strain used to overexpress intNI also expressed wild-
type integration host factor (IHF). IHF is a DNA binding protein
that interacts with specific sites in DNA and can also bind nonspe-
cifically to DNA (23-25). We were concerned that IHF might
copurify with IntN1 and consequently might affect patterns of
protection in DNase I footprinting experiments. Accordingly, we
purified IntN1 from a BL21(DE3) strain that has a mutation in
ihfA as described in Materials and Methods. We were able to ob-
tain a preparation that was estimated to be 90% pure, and this
preparation was used for additional experiments examining
IntN1 interactions with attachment site (see Fig. S1 in the supple-
mental material).

DNase I footprinting of IntN1. DNase I footprinting was em-
ployed to identify the IntN1 binding site(s) on the NBU1 attach-
ment sites. Positions of PCR primers containing 6-carboxyfluo-
rescein phosphoramidate (6-FAM) were used to label the top or
bottom strands of attL, attR, or attN1I as described in Materials
and Methods and shown in Fig. 1B. Regions of protection from
DNase I cleavage on the top strand of attL in the presence of IntN1
are shown in Fig. 2A. Nucleotides are numbered depending on
location relative to the middle base of the overlap sequence which
is designated 0. Bases to the left of the overlap sequence are as-
signed negative numbers, and bases to the right are given positive
numbers (23). There is a region of protection located from posi-
tions —14 to +14 relative to the central base in the overlap se-
quence (Fig. 2A). Since the region includes the sites of cleavage
and strand exchange, it is likely that there are two core-type sites
located adjacent to the overlap sequence (Fig. 2B). Like other ty-
rosine recombinases, IntN1 likely binds to these sites while per-
forming catalysis during excision. We have named these sites N’
and B. IntN1 protection corresponding to the B and N’ core-type
sites was also detected on the bottom strand of a#tL from positions
—16 to +17 (data not shown). Similar IntN1 protection in the
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FIG 2 (A) DNase I footprint of IntN1 on the top strand of attL. Panel 1 shows a sequencing ladder generated using dideoxy sequencing reactions with the same
6-FAM-labeled primer used to make the footprinting substrate; green denotes adenine, blue denotes cytosine, black denotes guanine, and red denotes thymine.
Panel 2 shows a DNase I digestion of top-strand-labeled attL in the absence of IntN1. Panels 3 through 5 show footprinting reactions with decreasing
concentrations of IntN1. If IntN1 is diluted to 0.015 wM, a footprint is no longer detected (data not shown). The concentrations of IntN1 are indicated on the
left sides of panels 3 through 5. Regions of protection from DNase I cleavage are denoted with bold black lines, and locations of enhanced cleavage are marked
by asterisks. (B) IntN1 protection corresponding to the core-type sites and two arm-type sites on attL. Bolded bases denote regions protected from cleavage by
DNase [ in the presence of IntN1. Asterisks denote regions of enhanced DNase I cleavage in the presence of IntN1. Black boxes denote core-type sites B and N’,
and gray boxes denote arm-type sites DR2a and DR2b. The arrows denote the sites of IntN1 cleavage during recombination. The overlap region is located between
the N’ and B core-type sites, and the middle base of the overlap region is denoted by “0.”

attR core region was also detected from positions —19 to +17 on
the top and bottom strands, corresponding to two core-type bind-
ing sites. The DNase I footprint of IntN1 on the bottom-strand
attR core is shown in Fig. 3A and B. We have designated these
core-type sites N and B'. Similar patterns of protection were also
seen on the top strand of attR and the top and bottom strands of
attNI (data not shown).

In addition to the core-type sites, IntN1 arm-type sites were
also identified through the DNase I footprinting experiments.
Two regions of protection were detected on the top strand of attL.
One, called DR2a, extends from positions +22 to +28 (Fig. 2A
and B). There is also a region of enhanced DNase I cleavage lo-
cated immediately upstream of DR2a (+19 to +21). An enhance-
ment is also visible in DR2a at position +26. A second site, named
DR2b, was detected from positions +33 to +40 (Fig. 2A and B).
Protection corresponding to the DR2a and DR2b arm-type sites is
also detectable on the bottom strand of attL from positions +17 to
+28 and positions +33 to +40, and it was also detected on attN1
(data not shown). Two additional arm-type sites were also iden-
tified on attL. A site named DR3a was observed on the top and
bottom strands from +141 to +150 (data not shown). In addi-
tion, weak protection from DNase I cleavage was detected on
attN1 from positions +157 to +161 on the top and bottom
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strands of attN1 (data not shown). We have named this arm-type
site DR3b.

Two arm-type sites were also detected on attR. IntN1 protec-
tion was observed from approximately positions —95 to —81 on
the top strand of the excisive attachment site attR (data not
shown). Another footprint was identified immediately down-
stream from positions —77 to —71 (data not shown). We believe
that this region contains two arm-type sites, which we have named
DR1a and DRI1b (data not shown). DR1a and DR1b were also
detected on the bottom strand of a#tR from positions —95 to —84
and positions —80 to —75 (data not shown). In total, we have
identified four core-type sites and six arm-type sites through
DNase I footprinting studies.

The DR1a, DR1b, DR3a, and DR3b arm-type sites are re-
quired for in vitro integration. Presumably, specific IntN1 inter-
actions with arm-type sites are required for the integration and
excision of NBUI. In the lambda system, the P1 and P’3 arm-type
sites are required for integration, the P2 arm-type site is required
for excision, and intact P'1 and P’2 arm-type sites are necessary
for both integration and excision (26-28). To determine which
IntN1 arm-type sites are required for integration, site-directed
mutations were constructed in each of the arm-type sites. In pre-
vious studies on the lambda system, multiple base pair mutations
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FIG 3 (A) IntN1 protection around the core of the bottom strand of atfR. Panel 1 shows a sequencing ladder generated by dideoxy sequencing reactions. Green
denotes adenine, blue denotes cytosine, black denotes guanine, and red denotes thymine. Panel 2 shows a DNase I footprinting reaction in the absence of IntN1.
Panels 3 through 6 show footprinting reactions with decreasing dilutions of IntN1. IntN1 concentrations are shown at the left of panels 3 through 6. (B) IntN1
protection around the atfR core. Bolded bases were protected from DNase I cleavage by IntN1. The black boxes denote core-type sites N and B’. The arrows

indicate the cleavage sites.

in some arm-type sites were necessary for detectable effects on
recombination (26, 27). Cooperative interactions are involved in
lambda Int binding to att DNA, and changing a single base pair in
one of the arm-type sites was not necessarily sufficient to affect Int
binding (17, 26, 27, 29). AatlI sites were introduced in each IntN1
arm-type site to change the sequence of the binding sites as well as
possibly disrupt any cooperative IntN1 interactions. The AatlI
mutations changed 6 bp in each arm-type site. The mutated arm-
type sites were then tested in an in vitro integration assay.

The results of the in vitro integration assays are shown in Fig. 4.
Aatll mutations in the DR2a and DR2b arm-type sites did not
affect the integration frequency (Fig. 4, lanes 4 and 5). Mutations
in the DR1a and DR1b arm-type sites reduced integration to
barely detectable levels, demonstrating that intact DR1a and
DR1b arm-type sites are important for efficient integration (Fig. 4,
lanes 2 and 3). The DR3a and DR3b arm-type sites are also re-
quired for in vitro integration, since mutations in either site abol-
ished detectable recombination (Fig. 4, lanes 6 and 7).

In a previous study, mutations were constructed in the sites
that we identified here as DR1b, DR2b, and DR3b and the effects
of the mutations were tested using an in vivo integration assay in E.
coli (10). The results of the in vivo integration assays demonstrated
that the mutated regions in what has now been identified as the
DR1b and DR3b arm-type sites were required for efficient inte-
gration, while a mutation in the region containing the DR2b arm-
type site had a minimal effect on integration frequency (10). At the
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time that these experiments were performed, it was not known
whether these sites were IntN1 arm-type sites or host factor bind-
ing sites. The results described above agree with the experiments
performed by Schmidt et al. (10). They show that the DR1b and
DR3b sites are arm-type sites. In addition, the experiments de-

DR2a DR3a

i d

WT

-

DR1a DR1b DR2b DR3b

Linear
recombinant

Unreacted
attBT1-1

1 2 3 4 5 6 7
FIG 4 Results of in vitro integration reactions between a radiolabeled attB
fragment and plasmid substrates containing atfNI sites with arm-type site
mutations. Assays were performed as described in Materials and Methods.

Lane 1, wild-type (WT) attN1 site; lanes 2 to 7, attN1 containing the indicated
mutated arm-type site.
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FIG5 (A) DNase I footprint of Orf2x on the bottom strand of attL. Fluorescently labeled attL DNA was PCR amplified and used in footprinting experiments with
Orf2x. The top panel shows a sequencing ladder generated using dideoxy sequencing reactions with the same FAM-labeled primer used to make the footprinting
substrate. Green denotes adenine, blue denotes cytosine, black denotes guanine, and red denotes thymine. Panel 2 shows a DNase I digestion performed in the
absence of Orf2x. Panels 3 and 4 show footprinting reactions performed with decreasing concentrations of Orf2x. Orf2x concentrations are approximations and
are indicated to the left of panels 2 through 4. Regions of protection from DNase I cleavage are denoted with bold black lines. Asterisks denote sites of enhanced
DNase I cleavage in the presence of Orf2x. The identification of the binding sites is shown in the third panel. (B) The Orf2x binding sites as determined by DNase

I footprinting reactions. Bolded bases were protected from DNase I cleavage in

the presence of Orf2x. The orange boxes denote the O1 site and the dA+dT-rich

element. Asterisks identify sites of enhanced DNase I cleavage in the presence of Orf2x. The system used for numbering the bases is described in Results.

tailed above also demonstrate that the DR1a and DR3a arm-type
sites identified in this study are also required for NBU1 integra-
tion.

Orf2x interacts specifically with attL. Orf2x is one of two
NBUI-encoded proteins absolutely required for excision (Shoe-
maker, unpublished). The role of Orf2x in NBU1 excision had not
been examined, although the presence of a potential helix-turn-
helix motif suggested that it may be a DNA binding protein. We
wanted to determine whether Orf2x interacted specifically with
attL or attR. Orf2x was expressed in E. coli, and crude extract was
used in gel shift assays with radiolabeled DNA fragments contain-
ing either attL or attR. Orf2x was able to shift the attL fragment,
but no DNA binding was detected when Orf2x was incubated with
attR (data not shown). An E. coli crude extract containing pET27b
empty vector did not bind to the NBU1 attL or attR sites (data not
shown). In addition, Orf2x did not shift a radiolabeled DNA sub-
strate containing the attL site from CTnDOT, another mobile ge-
netic element found in Bacteroides (data not shown). These find-
ings demonstrated that Orf2x interacted specifically with the attL
sequence of NBUI.

Orf2x was partially purified (using heparin-agarose and SP cat-
ion exchange chromatography) as described in Materials and
Methods. We estimate that Orf2x was approximately 80% pure
following the two purification steps (see Fig. S2A, lane 4, in the
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supplemental material). The partially purified Orf2x shifts attL
(see Fig. S2B, lanes 2 and 4). A preparation of empty vector puri-
fied using the same protocol did not bind the labeled DNA (see
Fig. S2B, lane 3). This preparation of Orf2x was used for further
DNA binding and footprinting experiments.

DNase I footprinting of Orf2x on attL. DNase I footprinting
was employed to identify the binding site(s) of Orf2x on attL.
Primers containing 6-carboxyfluorescein phosphoramidate (6-
FAM) were used to label the top and bottom strands of attL as
described in Materials and Methods. The results of DNase I foot-
printing of Orf2x on the bottom strand of attL are shown in Fig.
5A. Unfortunately, the region of attL where Orf2x binds does not
contain many sites susceptible to DNase I cleavage. As a result, it is
difficult to identify the exact sites bound by Orf2x. However, two
regions of protection from DNase I cleavage showing a reproduc-
ible reduction in peak height were observed in the presence of
Orf2x. One region was detected from positions +106 to +118
(Fig. 5A). Protection was especially pronounced from positions
+106 to +108 and +116 to +118. Enhanced DNase I cleavage
was also detected from positions +111 to +113. We have desig-
nated this region O1. Another region of protection was also de-
tected on atfL and spans from positions +126 to +142 (Fig. 5A).
The region is dA+dT rich, and protection seen from positions
+126 to +129 is subtle because DNase I does not cleave DNA
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FIG 6 Gel shift assays with Orf2x and various attL substrates. The fragment used in lanes 1 through 3 contained the wild-type O1 site and dA+dT-rich element.
The fragment utilized in gel shifts shown in lanes 4 through 6 contained an intact O1 site and the dA+dT-rich element mutated to the complementary sequence.
The substrate used in lanes 7 through 9 contained an intact dA+dT-rich element and the O1 site changed to the complementary sequence. All three substrates

are 52 bp in length and span the region from +96 to +148.

efficiently in this region. This pattern was seen in four indepen-
dent footprinting experiments (data not shown). Enhanced cleav-
age in the presence of DNase I is also visible at position +132 (Fig.
5A). We have called this region the dA+dT-rich element. The
DNase I footprint of Orf2x is most visible with approximately 0.3
M partially purified Orf2x, as seen in panel 3 of Fig. 5A. If Orf2x
is diluted to approximately 0.08 M, the two footprints disappear
(Fig. 5A). Figure 5B illustrates the positions of the regions of Orf2x
protection relative to the overlap sequence and direct repeats.
These results suggest that there are either two Orf2x binding sites
from positions +106 to +118 and positions + 125 to +142 or one
large site.

Attempts to detect interactions with Orf2x and the top strand
of attL were unsuccessful. Possible explanations for differences in
Orf2x protection on the top and bottom strands of attL are pre-
sented in the Discussion.

A dA+dT-rich element is important for Orf2x binding. As
described above, it was not clear whether each region of protection
on attL represented a distinct Orf2x binding site or whether attL
contains only one Orf2x binding site. To determine how many
Orf2x binding sites were present on attL, gel shift assays were
performed with complementary oligonucleotides containing both
regions of protection seen in DNase I footprinting experiments.
The attL fragment used for gel shift analysis contained base pairs
from +96 to +148. A single shift was observed when Orf2x was
incubated with a substrate containing both regions (Fig. 6, lanes 2
and 3). This result suggests that there is only one Orf2x binding
site, although it was also possible that Orf2x binding may be highly
cooperative and the shift observed is two Orf2x proteins com-
plexed with DNA.

To further analyze Orf2x interactions with attL, gel shift assays
were performed with substrates containing various deletions or
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mutations in each of the regions where Orf2x protection was de-
tected in DNase I footprinting experiments. All substrates (ex-
cluding truncated substrates) were the same size as the wild-type
substrate used in Fig. 6. Gel shift substrates containing the
dA+dT-rich element alone were not shifted by Orf2x (data not
shown). If the dA+dT-rich element (positions +126 to +142)
was left intact but the O1 site sequence (positions +106 to +118)
was changed to the complementary sequence (shown as “A/T in-
tact, O1 comp” in Fig. 6), no detectable shift was seen (Fig. 6, lanes
8 and 9), demonstrating that the O1 site must be intact for Orf2x
binding. Interestingly, Orf2x did not shift a substrate containing
only the O1 site but lacking the dA+dT-rich element (data not
shown). This result showed that O1 by itself was not sufficient for
Orf2x binding.

To evaluate the contribution of the dA+dT-rich element, gel
shifts were performed with substrates containing two different
types of changes to the dA+dT-rich element. First, a substrate
with the dA+dT-rich element changed to the complementary se-
quence with a wild-type O1 site (shown as “O1 intact, A/T comp”
in Fig. 6) was tested. This mutation maintained the dA+dT rich-
ness of the dA+dT-rich element. Orf2x was shown to weakly shift
the fragment (Fig. 6, lanes 5 and 6). The affinity of Orf2x for this
substrate appeared to be reduced compared to that for the wild-
type substrate (Fig. 6, lanes 5 and 6 compared to lanes 2 and 3).
Next, the dA+dT base pairs in the dA+dT-rich element were
changed to dG+dC base pairs to alter the dA/dT content of the
region. Orf2x weakly shifted this substrate, and Orf2x appeared to
have slightly less affinity for the “A/T to G/C” substrate than the
“A/T Comp” substrate (data not shown). We interpret these ex-
periments to show that Orf2x binds to the O1 site and that flank-
ing DNA containing a dA+dT-rich sequence is required for effi-
cient Orf2x binding,.
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DR1la DR1b
5’ -ACTTACTGCTATATTTTTTGCACQGTGTGGGGAAAATGTGGGGAAAATTCA
TGAATGACGATATAAAAAACGTGCACACCCCTTTITACACCCCTITTTAAGT
AGCAAAAGAAAAAGCTAAGTATTGAACTATCAAATACTTAGCTTTC ];ITTC
G

TCGTTTTCTTTTTCGATTCATAACTTGATAGTTTATGAATCGAAAG.

N N ***DRZa % DR2b
TTGTACC

GACCC(H GCATTTGAAA; IAAT TﬁAAGTGGGGﬁAﬁATGTGGGT

AACATGGETCTGGGOCGTAAACTTTATTAATTTCACCCCTTTITACACCCA

Common Core

ﬁAAAGAAAAATGCGGAAAAACGCCACAATTACACTGTATTTCAATATGT
T

TTCTTTTTACGCCTTTTTGCGGTGTTAATGTGACATAAAGTTATACA
01 www dA+dT rjch element
TATAATCCTATTAAATTTTAATCCAAGTTAATCGAATTGCAAAATATTTA
ATATTAGGATAATTTAAAATTAGGTTCAATTAGCTTAACGTTTTATAAAT
DR3a DR3b

CGTCTACACCCCTTTTACACCCCTTTTAT
FIG 7 IntN1 and Orf2x protection on attN1I as determined by DNase I foot-
printing analysis. The black boxes indicate IntN1 core-type sites, and the gray
boxes denote arm-type sites. The green box represents the common core re-
gion, and the vertical arrows indicate the sites of cleavage. IntN1 protection is
shown by red bases, and enhancement of DNase I cleavage in the presence of
IntN1 is shown by red asterisks. Orf2x protection is denoted by orange boxes,
and black stars denote enhanced DNase I cleavage in the presence of Orf2x.

Underlined bases represent bases protected from DNase I cleavage by IntN1 on
only one strand.

DISCUSSION

In this report, we have identified the binding sites of IntN1 and
Orf2x using DNase I footprinting. Like other tyrosine recombi-
nases that display directionality, IntN1 interacts with two different
classes of DNA binding sites. The CB and CAT domains bind
core-type sites N and N’ on attN1 and B and B’ on a#tBT1-1 in the
Bacteroides chromosome, while the N domain interacts with six
arm-type sites (Fig. 7). Consensus sequences were derived by
comparing the arm- and core-type sites to one another (Fig. 8A
and B). The core-type sites do not share many base pairs in com-
mon; thus, the consensus sequence is weak. The only sequence
conservation in all four core-type sites is a cytosine at position +4
of the N and B sites and position —4 of the N’ and B’ sites (Fig.
8A). The core-type binding sites of other well-characterized ty-
rosine recombinases such as lambda Int and IntDOT of CTnDOT
show stronger core-type binding site consensus sequences (23, 30,
31). The arm-type sites have a much stronger consensus sequence
(Fig. 8B), including six of nine bases that are found in all six sites
and two bases that are found in five of six sites. The spacing be-
tween pairs of arm-type sites was also remarkably consistent. The
pair of arm-type sites in each direct repeat was separated by 4 bp,
and at least three of the base pairs were A/T base pairs (Fig. 7).

Mutagenesis studies showed that the DR1a, DR1b, DR3a, and
DR3b sites are required for efficient in vitro integration (Fig. 4). It
is likely that IntN1 interactions with these four arm-type sites are
required to promote integrative recombination. NBU1 resembles
other systems, including lambda, CTnDOT, and mycobacterio-
phage L5, which also require multiple intact arm-type sites for
integration (22, 26-28, 32). As described below, the DR2a and
DR2b arm-type sites may be important for excision. Due to the
complexity of the NBU1 excision reaction, there is currently no in
vitro excision assay to examine the importance of the DR2a and
DR2b sites or the other arm-type sites in NBU1 excision. Experi-
ments are under way to develop an in vitro excision assay so that
the roles of the arm-type sites can be further elucidated.
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AN:s'sTTCcTTGTACCC
N': 55-ATTTCAAATG §
B:5-TCGTGGTACCC
B’: 5’-CCGGTTCGACT

Cmes 5/-N Y NT N NN AN C C
B DRla: 5"-GTGTGGGGA
DRlb: 5’-ATGTGGGG A
DR2a: 5'-AAGTGG GG A
DR2b: 5'-ATGTGGGT A
DR3a: 5'-ATGTGGGGA
DR3b: 5'-ATGTGGGGA
cmes 5'-A T GT GGG G A

FIG 8 (A) Alignment of four core-type sites as determined by DNase I foot-
printing. The consensus sequence was derived by comparing each base be-
tween the four core-type sites. Y, T or C; N, any base. (B) Alignment of six
arm-type sites as determined by DNase I footprinting. The consensus sequence
is shown at the bottom.

A unique feature of the arrangement of IntN1 binding sites is
the close proximity of the N’ core-type site to the DR2a arm-type
site (Fig. 7). In other site-specific recombination systems, includ-
ing lambda, P22, Tn916, and CTnDOT, there are at least 40 bp
between the central base in the overlap region and the nearest
arm-type site (Fig. 9) (13,23, 31, 33, 34). There are also host factor
and/or excisionase binding sites between the core and the nearest
arm-type site in the abovementioned systems. The DR2a arm-type
site is separated from the N’ core-type site by only 5 bp, so there is
insufficient room for an accessory factor to bind between the two
binding sites (Fig. 9). It is possible that IntN1 monomers bound at
DR2a or DR2b sites on attL are involved in intermolecular bridg-
ing, since direct interactions of an IntN1 bound to the DR2a arm-
type site with the core would be hindered by the close proximity of
the binding sites. IntN1 monomers bound at DR2a or DR2b may
be able to simultaneously bind to N or B’ on aftR. This possibility
is supported by the results of mutagenesis studies that demon-
strated that DR2a and DR2b are not necessary for integration (Fig.
4). In the lambda system, Int is capable of intermolecular interac-
tions between attL and attR during excision (35, 36). It is also
conceivable that DR2a and DR2b may be gratuitous arm-type sites
and thus may play no role in the integration or excision reactions.
Other systems have arm-type sites that are not required for either
reaction (22, 37), and DR2a and DR2b may also be unnecessary.

Many site-specific recombination systems display directional-
ity by regulating the expression of RDFs that promote excision
reactions. Excision systems can be simple or complex depending
upon the number of RDFs involved. The lambda and HK022 sys-
tems are examples of simple systems that utilize one RDF for
excision (14, 38). In contrast, complex systems like NBUI,
CTnDOT, and Tn4555 use several element-encoded RDFs (11, 39,
40). Efficient NBU1 excision requires IntN1, Orf2x, and three ad-
ditional NBU1-encoded proteins (Orf2, Orf3, and PrmN1) as well
as a cis-acting DNA sequence (11). The functions of these proteins
during NBU1 excision are not well understood. Orf2x has no close
homologues, although it shares a helix-turn-helix motif and other
similar characteristics with Xis of Tn4555 (11, 39). Exactly why
NBU1 and Tn4555 excisions involve multiple proteins and (in the
case of NBU1) a cis-acting DNA sequence is not known, but the
additional complexity may be required for coordination with
the coresident CTn to prevent transfer before the element is fully
excised (11).
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FIG9 Alignment of integrase binding sites from other site-specific recombination systems, which are denoted with arrows. The “0” shown at the top of the figure
represents the central base in the crossover region, with bases to the right indicated by positive numbers and bases to the left denoted with negative numbers. The
arrows represent integrase binding sites. The core-type sites are inverted repeats that flank position 0. The numbering and spacing are approximate, and binding
sites are not drawn to scale. The P6 and P7 arm-type sites from the mycobacteriophage L5 system are not included in the figure.

DNase I footprinting experiments identified an Orf2x binding
site as well as a flanking dA +dT-rich element necessary for Orf2x
binding (Fig. 5A and 7). Both regions are located near the end of
attL proximal to the core (Fig. 5B and 7). Since only one shift was
visible in gel shift assays, we believe that Orf2x binds only to the O1
site, while interactions with the flanking DNA stimulate Orf2x
binding to O1. Even when the sequence of the dA+dT-rich ele-
ment changed dramatically, Orf2x still bound weakly to a sub-
strate containing an intact O1 site (Fig. 6). This result suggests that
flanking DNA stimulates Orf2x binding to the O1 site, but the
sequence of the flanking DNA is not as important. Interestingly,
some IHF sites also contain dA+dT-rich elements. The H2 and H'
sites in the lambda attP, attL, and attR sites contain dA+dT-rich
elements that are protected from nuclease digestion by IHF (41).
The Orf2x dA+dT-rich element partially overlaps with the DR3a
arm-type site. So, it is possible that Orf2x interactions with the
dA+dT-rich element may preclude IntN1 from binding to DR3a,
thus preventing an interaction necessary for integration. The re-
quirement for an intact DR3a arm-type site for detectable in vitro
integration (Fig. 4) supports this idea. In the lambda system, the
P1 arm-type site is required for efficient integration (26-28).
Lambda Xis inhibits Int binding to the P1 site, which promotes
excisive recombination (42), and it is possible that Orf2x may
similarly promote NBU1 excision. Interestingly, Orf2x alone does
not inhibit NBU1 integration in vitro (data not shown). It is pos-
sible that one of the other NBU1 proteins involved in excision
(Orf2, Orf3, or PrmN1) may be required to prevent the reintegra-
tion of NBU1 during excision.

Despite repeated attempts, we were unable to detect an Orf2x
footprint on the top strand of a#tL when Orf2x was incubated
alone with DNA (data not shown). We do not understand the
basis of this result. DNase I cuts well in this region, so we do not
believe the lack of a detectable footprint is due to inadequate cleav-
age. Most proteins produce DNase I footprints on both the top
and bottom strands, although there are exceptions. The Xis of
bacteriophage P22 produced a strong footprint on the top strand
but not the bottom strand of the phage attR site (43). Interestingly,
Orf2x protection at the O1 binding site was observed on the top
strand of attL if IntN1 was also present (data not shown). Since
IntN1 alone did not footprint in this region, we believe that the
observed protection may be due to Orf2x binding to OI. It is
possible that the presence of IntN1 may affect or even enhance
Orf2x interactions with the O1 binding site. In the lambda system,
DNase I footprinting experiments performed with Xis and Int
demonstrated that DNA sequences protected from DNase I cleav-

5524 jb.asm.org

age were the sum of the those protected by each protein individ-
ually (44). DNase I footprinting experiments have also shown that
the integrase of mycobacteriophage L5 (Int-L5) cannot interact
with the P1/P2 arm-type sites unless Xis-L5 is also present (37).
The presence of IntN1 may be important for Orf2x interactions
with the attL attachment site.

This is the first study to characterize the DNA binding sites of
the two proteins required for the excision of NBU1. IntN1 inter-
acts with six arm-type sites, and four arm-type sites (DR1a, DR1b,
DR3a, and DR3b) are required for the in vitro integration of
NBUI1. We have also identified the binding site of Orf2x on the
attL attachment site, O1, as well as a dA+dT-rich element that
stimulates binding. The functions of the other NBU1 excision
proteins, Orf2, Orf3, and PrmN1, are not known. Work is in prog-
ress to determine how these other proteins contribute to the com-
plex NBU1 excision reaction.
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