Published online August 2, 2004

Nucleic Acids Research, 2004, Vol. 32, No. 13 4033—4043
doi:10.1093/nar/gkh730

Integron integrase binds to bulged hairpin DNA
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ABSTRACT

Gene cassettes are short, monogenic DNA elements
that translocate between integrons through site-
specific excision and integration. These events
require that an integron-coded tyrosine recombinase
forms areactive complex with two sites, at least one of
which belongs to the attC class. An attC site can be
divided into two pairs of short repeats flanking a palin-
dromic central region. The nucleotide sequence of
attC among different cassettes varies extensively,
implying that the site contains a structural recognition
determinant with low sequence constraints. Oligo-
nucleotides representing many different sequence
modifications in either strand of the site were exam-
ined forintegrase binding by using an electrophoresis
mobility shift assay. The inner repeats, a central triplet
and two single-nucleotide asymmetries in the site had
the strongest influence on binding strength and
strand choice. Our data show that the recombinase
binds to a bulged hairpin in attC and that the hairpin
distortion due to bulging could define the appropriate
orientation of the otherwise symmetrical site. This is
consistent with the strong bias for binding of recom-
binase to the bottom-strand oligonucleotides in vitro.
Moreover, it was observed that the mobility-shifted
complexes persisted under protein-denaturing
assay conditions, indicating that a covalent link is
indeed formed between integrase and DNA. Upon
substitution of the presumed DNA-attacking residue,
Y312, with aphenylalanine, DNA binding remained but
there was no covalent linkage.

INTRODUCTION

Lateral DNA transfer is a widely employed strategy for genetic
expansion and diversity among bacteria and, in particular, has
been highlighted in connection with acquisition of virulence
and resistance traits (1). Plasmids and phages that are efficient
transfer vectors of laterally mediated DNA are often supplied
with mechanisms for integration and excision of exogenous
DNA by site-specific recombination. Recombination sites of
most site-specific recombinases contain a core of short dyad
sequences resembling repressor sites (2,3). However, it is not
uncommon for the sites also to include nearby sequences or to

be arranged in a more complex fashion to allow tight regula-
tion and prevention of recombination between inappropriately
disposed sites (4,5). The site-specific recombinases form char-
acteristic phosphoprotein intermediates and one of the major
enzyme families uses a tyrosine hydroxyl oxygen as the pri-
mary DNA-attacking reagent and acts similar to topoiso-
merases (6). Members of this tyrosine family of recombinases
(7,8) are known to be involved in different mechanisms for
integration and excision of DNA elements such as lysogenic
phage or gene cassettes in integrons (9). Other functions of
tyrosine recombinases include their role in safeguarding
replicating bacterial chromosomes and plasmids (10-12).

DNA elements with a capacity for gene capture, integrons,
were originally noticed on plasmids in human pathogens
where they carry a broad variety of different antibiotic resist-
ance genes (13-18). The organization of integrons is repre-
sented by the class 1 integron of Tn2/ in Figure 1. The
integron integrases form a subclass of the tyrosine recombi-
nases with a characteristic motif (15,19,20). Recent observa-
tions suggest that plasmid-borne integrons stem from
chromosomal integrons in mainly environmental and aquatic
species on the gamma branch of the proteobacteria (21). It was
revealed that the ancestral integrons contain a huge pool of
cassette-borne open reading frames but only a minority of
these are related to resistance genes. The integrons recruited
to plasmids in commensal and pathogenic species have been
retained in particular drug resistance genes, putatively because
these hosts are more frequently exposed to antibiotics than the
environmental source organisms.

Bacterial species that carry a chromosomal integron encode
their own type of integron integrase and contain a cognate
recombinase site, attl, in the vicinity of the gene (22,23).
The attl site is the preferred site for recombining with another
site, attC, that occurs on each mobile gene cassette (17). Inte-
grations of cassettes are balanced by excisions that occur by
recombination between two flanking sites in direct orientation.
The attC sites in chromosomal integrons are conserved within
each bacterial species. The extensive sequence variation
among plasmid-borne attC sites suggests that the cassettes
must have been sampled from chromosomal integrons
under multiple passages through different bacteria (21).

In contrast to the primary sites a#tC and attl, secondary sites
are abundant in bacterial chromosomes and plasmids (22,24).
Recombination at secondary sites must be restricted to main-
tain genome stability (23). The restrictions are assumed to rely
both on a tightly regulated integrase expression and on strict
recognition of primary sites by integrase. High recombina-
tional specificity among attC sites has been reported despite
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Figure 1. A diagram showing the organization of the integron in Tn27 (X12870), carrying the aadA1 cassette encoding streptomycin/spectinomycin resistance and
the following gacEA1-sull combination downstream of attC (15,33). The integron integrase is encoded in the 5’-conserved sequence, to the left. Genes are shown in
bold face horizontal arrows and recombination sites with an open arrowhead. Vertical dashed lines mark cassette borders. The lower panel shows the sequence of the
attC site. The site is almost a perfect palindrome organized into two subsites of dyad symmetry (boxes R” and L” and boxes L’ and R’). The bold face vertical arrow
denotes the primary crossing-over point and the thin vertical arrows secondary sites (27). The ‘t” stands for top strand and ‘b’ for bottom strand. The nucleotides are
numbered from the 3’ cassette border (vertical dashed line) in the 5’3’ direction according to the bottom strand. Dashed horizontal arrows show the symmetry within
each subsite and the thin horizontal arrows the palindromic appearance of the site that is disturbed by the five local interruptions (enlarged bases in bold face).

the wide sequence variation. This implicates a structural pro-
tein recognition determinant in a##C that is not sequence-
constrained. Our study is a search for this recognition
determinant. Reasonably, a favourable secondary structure
could be generated by the long palindromic sequence that
constitutes artC (15,25). The repeat organization has been
further examined by multiple sequence alignments of different
attC sites and found to include two pairs of short repeats
[(26,27); Figure 1]. The inner of those repeats (L” and L),
observed most recently, form imperfect inverted repeats of
the flank repeats (R” and R’) on either end (according to
the nomenclature by Recchia and Sherratt [(28); Figure 1].
In order to produce a stronger and more specific binding,
DNA-binding proteins commonly dimerize and tetramerize
prior to or under cooperative binding to pairs of inverted
repeats in the DNA (3,29). One example is the dimer resolu-
tion system Cre-loxP of bacteriophage P1 which has become
the principal model for tyrosine-mediated site-specific recom-
bination (30). The loxP site is a simple recombination site
composed of two inverted repeats slightly apart to match a
dimer of the tyrosine recombinase Cre (2). Sites of other site-
specific recombinases are similar but may also include acces-
sory protein-binding sequences (31). For complex sites such as
the artP partner site of the lambda integration system, the

middle portion has an analogous function to the simple
sites attB and loxP (32). In the case of attC, it is uncertain
how the four internal repeats are involved in formation of
the expected equivalent to the /oxP. The recombinational
crossing-over occurs in one of the repeats, R’ (25), and it
has been suggested to form an equivalent of a simple site
with the neighbouring L' repeat [(26-28); Figure 1].

We have searched the attC site of the aadAl—qacE cassette
junction in Tn2/ for features that influence its binding by
integrase (Figure 1). The resistance cassette aadAl encodes
an adenylating enzyme mediating streptomycin resistance
while the gacE cassette, represented in most integrons by
its truncated form gacEAl, encodes a multidrug resistance
efflux protein (33). The studied site in Tn2/ belongs to a
family of attC sites that is widespread among plasmid-
borne aminoglycoside resistance cassettes, but seems to origin-
ate in cassettes borne on the chromosome of Xanthomonas
campestris (34) (Figure 2). It was previously reported that
integrase binds to the bottom DNA strand of a#tC in Tn2/
but not to the top strand (35). Using oligo constructions we
modified one DNA strand at a time in order to identify the
determinants for strand-specific integrase binding. The strand-
specific recognition could explain why recombination is pre-
ferential for the downstream, R’ end of attC.
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5'-CAT |CTAAC |GCTTGA |GTT - AA|GCCG - CGCCGC GAA GCGGCG T CGEC|TT G AAC |GAATT |GTTAG |ACA-3' aadAl/Tn21

5'-CAT |CTAAC [GCCGGA |GTT - AA|GCCG - CCGCGC GTA GCGCGG T CGGC(TT G AAC |GAATT |GTTAG |ACA-3' aadA2

5'-GCC|CTAAC [GCTTGA |GTT - AA|GCCG - CGCCGC GAA GCGGCG T CGGC|TT G AAC |GAATT |GTTAG |ACA-3' aadA3

5'-CAT |CTAAC |GCATA |GTT - GA|GCGG - CGGGC  GCA GCCCG T CCGC|TT G AAC |GCCGA |GTTAG |GCA-3' aadAS5

5'-GTA |CTAAC [GCCTGA |ATT -

5'-CAT |CTAAC |GCTTGA |ATT -

GCCG - CGCCGC GAA GUGGCG T CGGC|TT G AAT |GAATT |GTTAG |ACA-3' aadAé

GCCG - CGCCGC GAA GUOGGCG T CGGC|TT G AAT |GAATT |GTTAG |ACA-3' aadA7

5'-CAT [CTAAC |GCCTGA |ATT - AA|GCCG - AGCCGC GAA GCGGCT T CGGC|(TT A AAT [GAATA|GTTAG|ACG-3' aadag

5'-GGC |CTAAC |GTCTGA [ATT - AA|GCCG - CGCCGC GAA GCGGCG T CGGC|TT G AAT |GAACT |GTTAG [GCA-3' Xcc8

Figure 2. Sequence alignment of bottom strands of a#C sites from the aadA family and related cassettes. Underlined positions differ from the site in Tn2/. The boxed
sequences highlight the organization of four inverted repeats. The five asymmetries found in the a#¢C site in Tn2/ and in the related a#/C sites, are shown in bold face.
Deficient single nucleotide positions in the palindrome are marked with dashes. Sequences were from aadAl, accession no. X12870; aadA2, X68227; aadA3,
AF047479; aadAS, AF137361; aadA6, AF140629; aadA7, AF224733; aadA9, AJ420072; Xcc8, NC003902.

MATERIALS AND METHODS
The mutagenesis strategy

In total, 57 mutations in a#tC of the aadAl streptomycin resist-
ance gene cassette in Tn2/ were tested for their effects on the
binding of integrase to oligodeoxynucleotides representing
either the top- or bottom strands of the site. The nucleotide
sequences of the bottom-strand oligonucleotides are given in
Figure 3. The complementary top-strand oligonucleotides
were also tested in most cases. All oligodeoxynucleotides
were purchased from Interactiva, Germany, except those con-
taining abasic nucleotides obtained from DNA Technology
A/S, Denmark. Nucleotides are numbered in the 53
direction according to the bottom strand.

Construction of plasmids overexpressing IntIl and
IntI1Y312F

Plasmid p2350 was constructed in a previous study (M. Gullberg,
K. Hansson, C. Johansson and L. Sundstrom, unpublished data)
by ligation of a PCR-derived fragment of Intll, from the
class 1 integron of Tn2/ (X12870), to the pET19b vector
(Novagen). The PCR primer (5-ATTACTAACAACAT-
ATGAAAACCGCCACTGCGCCGTTACC-3, Scandinavian
Gene Synthesis) binding to a site at the upstream end of intl]
was combined with a linker containing a recognition site for
Ndel, a site which also occurs in the strong translational start
signal in the vector. The PCR primer (5'-TATAGGATCCCT-
ACCTCTCACTAGTGAGGGGCGGC-3', Scandinavian Gene
Synthesis) complementary to a region downstream of intl/ con-
tained a linker site for BamH]1. By vector ligation to Ndel- and
BamH1-generated termini of the intl/ fragment, N-terminal
fusion with the HiseTag"™ sequence was obtained. Plasmid
p2351 was made in this work through site-directed mutagenesis
(QuikChange™ Site-Directed Mutagenesis Kit, Stratagene) of
p2350 to replace tyrosine 312 in Intl1 with phenylalanine. The
complementary primers used for mutagenesis were 5'-GTC-
TCTACGACGATGATTTITCACGCATGTGCTGAAAGTT-3’
and 5-AACTTTCAGCACATGCGTGAAAACATCGTCG-
TAGAGAC-3' (Interactiva, Germany), where the changed tri-
plets are underlined. By sequencing the clones containing the
replaced tyrosine, Y312F, a second mutation, Q255P, was
observed. It was retrieved also in the parental clone, p2350,

and was probably created during PCR amplification of the ori-
ginally cloned fragment. The Q255P mutation was found here at
an advanced stage of the experiments and was reverted to a
glutamine by site-directed mutagenesis (p2352). In parallel,
the same mutagenizing oligos (data not shown) were used to
revert Q255Pin p2351 toa glutamine in p2353. Resequencing of
both p2352 and p2353 confirmed that His-tagged integrase from
both these plasmids lacks the Q255P mutation as well as any
further divergences from the original wild-type protein with the
exception of Y312F in p2353. The effect of the Q255P mutation
was modelled using XerD of Escherichia coli (accession no.
P21891) as a master structure. This is the closest related protein
to integron integrases among those for which the 3D structure
has been solved. ClustalW Multiple Sequence Alignment of
IntI1 with XerD resulted in a matching of Q255 with glutamine
at position 221 in all known XerD recombinases. Q221 in Sal-
monella typhimurium XerD (U92525) has earlier been impli-
cated to have arole in the binding specificity (36). According to
our structure modelling of the IntI1 protein, Q255P was indeed
suggested tobe inthe DNA-bindingregion. Control experiments
in the presence of wild-type IntI1 from p2352 were therefore
made with a broad selection of oligonucleotides that had been
informative in the assay with Intl1Q255P (also named IntI1%*)
from p2350 (0-0t, 0-0b, 0-3t, 0-3b, 0-9t, 0-9b, 0-13b, 0-17t, o-
17b, 0-23b, 0-24t, 0-24b, 0-31b, 0-32b2, 0-44b, 0-63b and o-
69b). The results showed that the binding affinity of IntI1Q255P
to all these oligos was qualitatively identical and quantitatively
very similar when compared to that of the wild-type IntI1. These
extensive experiments indicated that the results reported in this
study are independent of the Q255P mutation.

Bacterial strains and growth media

The concentrations of antibiotic supplements (Sigma Chemi-
cal, Sweden) in growth media were for ampicillin, 100 pg/ml;
chloramphenicol, 170 pg/ml. DH5o cells were used as a host
for construction and maintenance of all plasmid clones. E.coli
BL21(DE3) or E.coli BL21(DE3) pLysS were used for protein
expression from pET19b clones.

Standard DNA procedures

Plasmids were isolated from E.coli and DNA fragments eluted
from gels by using the Qiagen DNA Purification Systems
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Figure 3. Aligned sequences of oligonucleotides of az#C with the modifications studied in this work. The sequences of the bottom strands of the oligo pairs are shown.
The symmetry centre is marked with separate diamonds for A—E and F-I respectively. Information for each oligonucleotide pair with respect to binding strand (t or b)
and binding strength (highest score +++ to no binding marked with —) is given. The wild-type attC oligo 0-0 is denoted wt-1 while wt-2 stands for wild-type atC oligo
0-40 (see Materials and Methods). Underlined bases mark aberrations from wild type; hyphen, base deletion; dot, sequence identity to wild-type bottom strand; X, an
abasic unit.



(Qiagen, Germany). Enzymes were purchased from Roche
Molecular Biochemicals, Scandinavia. Procedures were as
described by Sambrook and Russel (37) or otherwise specific-
ally described.

Integrase purification

Either of the E.coli strains BL21(DE3) or BL21(DE3) pLysS
were transformed with one pET19b-clone of intI1 orintI1Y312F
(plasmids p2350, p2351, p2352 or p2353). A loop of cells from
each transformant colony was reinoculated in LB supplemented
with ampicillin, in the case of BL21(DE3)pLysS also chloram-
phenicol was added, tobe grown overnight. Portions of 4 ml from
each overnight culture were harvested by centrifugation and
resuspended in 4 ml of fresh medium. The resuspended cells
were reinoculated in 400 ml LB with the same antibiotic supple-
ments as in precultures and grown at 37°C to mid-exponential
phase and cooled to 16°C on an ice bath. T7-polymerase-
directed integrase expression was induced by addition of
isopropyl-B-p-thiogalactopyranoside (IPTG) at 1 mM. After
induction, retarded growth was continued at 16°C for 20 h.
The cells were harvested by centrifugation and washed twice
in phosphate buffer (20 mM [Na,HPO,—NaH,PO,] pH 7.2,
200 mM NaCl, 1 mM imidazole) supplemented with one-tenth
of the volume of 1% Triton X-100 and 0.1 mM of the protease
inhibitor phenylmethyl sulfonylflouride (PMSF). The cells were
sonicated and insoluble material separated from soluble proteins
by centrifugation at 15 000 r.p.m. for 30 min at 4°C. The super-
natant was immediately loaded on a Hi-Trap Chelating column
(Amersham Pharmacia Biotech, Sweden) charged with NiZ*
ions. Elution of His—IntI1 protein was obtained using a linear
gradient of imidazole and NaCl ranging from 20 mM imidazole
and 200 mM NacCl to 800 mM imidazole and 40 mM NaCl. The
amount and purity of His—Intll protein was analysed using
SDS-PAGE and the dye-binding method of Bradford (38).

Binding assay

Oligodeoxynucleotides representing either strand of attC were
incubated with purified integrase. Protein-DNA complexes
were assayed by reduction of their electrophoretic mobilities
relative to control DNA incubated in the absence of protein. To
accomplish autoradiographic detection, the dephosphorylated
oligodeoxynucleotides were labelled at their 5’ termini with
radioactive phosphate transferred from [y->*P]JATP by poly-
nucleotide kinase. The 20 pl binding mixtures were composed
of 200-300 c.p.s. of ssDNA oligonucleotide (0-12 nM),
0-1900 nM of integrase, 50 mM Tris—HCI pH 7.5, 100 mM
NaCl, 1 mM CHAPS, 0.2 mM EDTA, 5% glycerol, 1 mM
DTT, 1 pg poly(dI-dC)epoly(dI-dC), 0.7 ug BSA and ~200
mM imidazole. Incubation for binding was for 15 min at 30°C
and then one-tenth of the volume of loading dye was added
(0.2% xylene cyanol, 0.2% bromophenol blue, 50% sacchar-
ose, 100 mM EDTA pH 7.9). The electrophoretic separation
was performed on a 6% non-denaturing polyacrylamide gel
[AccuGel™ 29:1 Acrylamide:Bis-Acrylamide (In vitro,
Sweden)] at 4°C in 1x TBE buffer.

Assay for covalently linked integrase

The assay was performed as described above but under dena-
turing conditions due to the presence of SDS, with the follow-
ing changes. The mixtures of 20 pl were incubated for 0, 15, 30
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or 45 min. The reactions were stopped by addition of 4 ul of
stop solution (Tris—HCI pH 7.5 50 mM and 1% SDS) before
loading on a 6% polyacrylamide gel [AccuGel™ 29:1 Acryl-
amide:Bis-Acrylamide (In vitro, Sweden)] supplemented with
0.1% SDS. On this denaturing gel only protein that is cova-
lently bound to the DNA causes a mobility shift. The running
buffer contained 1x TBE and 0.1% SDS. The gel was run at
room temperature.

Control excluding linker-design-related errors

Most complementary oligos in this study were prepared for
having sticky ends after annealing to form double-stranded
DNA fragments suitable for cloning in plasmid vectors. To
check for design-related errors a prolonged wild-type oligo
pair, 0-40, was made (Figure 3). It is identical to attC of Tn21
and longer than 0-0 although it lacks the linkers attached to the
ends of the latter. Since the top- and bottom strands of the oligo
pairs 0-0 and 0-40 gave the same assay results, the design-
related modifications outside the R repeats were excluded
from influencing the binding.

Proteinase K treatment

To verify that gel-shift responses were related to the binding of
protein, complexes were subjected to proteolytic degradation
by proteinase K. After the above incubation of the mixtures
containing oligonucleotides and integrase, 0-100 pug of pro-
teinase K was added. The buffer was optimized for the binding
reaction but not for proteolytic treatment which is carried out
by an excess amount of proteinase K. The mixtures were
further incubated at 37°C for 30 min before analysis either
by native or denaturing PAGE.

RESULTS
Assay of mobility shifts for mutant a#C oligos

Oligonucleotides representing mutations in the a#tC site in
Tn2/ were tested for binding of integrase using the electro-
phoretic mobility shift assay, EMSA (Figure 3). In most
instances oligos of both complementary DNA strands were
tested and are therefore referred to as oligo pairs. This term
does not mean that the oligos were annealed (unless stated).
Our data confirmed the observation by Francia et al. (35) that
the integrase, Intl1, binds to the bottom strand of wild-type
attC and not to the top strand (Figure 4). Some oligo pairs
failed to bind the protein at all while the majority of oligo pairs
exhibited binding for either the top- or the bottom strand. The
attC site in Tn2/ is basically a palindromic sequence with five
local interruptions (enlarged bases in Figure 1). These are the
central triplet, a pentamer to the left, a hexamer to the right and
finally, two single base pairs at positions 32 and 39. If a#tC is
converted to a cruciform, either of the two hairpin arms will be
bulged and the central triplets will form hairpin loops (for an
illustration see Figure 7).

Mutations in the spacers within the subsites

The R”L” and L'R’ subsites, on either the 5’ or 3’ half of attC
respectively, contain different sequences between the respect-
ive core repeats (Figure 1). The L'R’ subsite carries a hexamer
spacer between the repeats and the R”L” subsite, a pentamer.
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Figure 4. Gel retardation assay was done as described in Materials and Methods
in the presence of the indicated amounts of IntI1. Oligomers comprising 72 nt of
either top- or bottom strand of the wild-type attC (0-0t, 0-Ob) were labelled with
32p and used at a concentration of 8 and 4 nM, respectively, corresponding to
300 c.p.s. in each binding reaction. B, protein-DNA complexes; F, free single-
stranded DNA; W, aggregated DNA that remained in the wells.

Extension or shortening of the spacers did not influence pro-
tein binding (o-5, Figure 3A). Neither did an exchange of
nucleotides adjacent to the R” and R’ repeats (0-4) nor sub-
stitution of the entire pentamer spacer with the hexamer spacer
(0-45) affect binding. It was therefore concluded that the
spacers in the subsites do not contain the main strand speci-
ficity (or site orientation) signal.

Nested inversions

A series of nested inversions was examined (Figure 3B). The
longest inversion was that represented in o-1t (top strand) and
o-1b (bottom strand). This inversion excluded R’ and R” but
comprised all sequences bracketed by these repeats. An
intense electrophoresis mobility shift was observed for o-1t
and no shift for o-1b, suggesting that the strand choice by
integrase responded to the inversion and is independent of
the R’ and R” repeats (Figure 1). A shorter inversion that
excluded also the hexamer and the pentamer (o-2t and
0-2b), gave a very similar response: an intense retarded
band appeared for the top-strand oligomer and no retardation
for the bottom-strand oligomer. The next shorter inversion
excluded also the two L repeats (0-3t and o0-3b). Retardation
was now observed for the bottom strand but a smaller amount
of DNA was retarded than for the wild-type oligo (0-0Ob). The
observed shifts with o-1t, 0-2t and o-3b show that strand
choice determinants are in either L' or L” (Figure 1).

Modification of G39

The inverted repeats L and L” differ only by a single base pair
in L” that has no counterpart in L’ (a G at position 39 in the
bottom strand, Figure 1). A consequence of the inversions in
0-1 and o-2 that result in binding to the top strand (see previous
paragraph) is that G39 is removed from L” while it appears in
L'. The asymmetric G39 could therefore be the principal

determinant for directing integrase to the bottom strand. A
semi-intense and weakly retarded shift was observed when
G39 was deleted (0-63b; Figure 3C). The non-symmetrical
nucleotide G39 is conserved among many different attC
sites (26) (Figure 2). However, substitutions of G39 with
any of the alternative bases (0-64b, 0-65b and 0-66b;
Figure 3C) did not alter retardation by integrase. In oligonu-
cleotide 0-68b (Figure 3C) another G was inserted next to G39.
No binding was observed to this oligo that most likely carries a
disrupted secondary structure at G39, or a GG bulge. When an
oligo with an abasic unit replacing G39 was tested (0-57b;
Figure 3C), a weak retarded band appeared.

Modification of T32

Deletion of T32 (0-9b) did not change the bottom-strand
specificity but the intensity of the shifted band was weak
(Figure 3D). The asymmetry due to T32 was eliminated by
the insertion of an A between positions 16 and 17 (Figure 1) to
form an internal base pair with T32 in stem—loop DNA (0-13).
Binding to neither strand was observed. In other oligo designs
T32 was substituted with a C (0-10b) or an A (0-21b) but
neither of these alterations affected binding of integrase.
Finally, in oligos 0-12 and o-18 the T32 was deleted while
a T or an A was inserted between positions 16 and 17 (Figure 1)
to generate a bulge on the opposite side of a potential stem—
loop. Binding to the bottom strand now remained but the
amount of retarded oligos responded to the choice of inserted
nucleotide. Thus, T32 is a vital nucleotide for attracting inte-
grase to the bottom strand and is needed to obtain full binding
to the site but its positioning is less important than for the other
asymmetrical nucleotide, G39. Oligos with abasic units repla-
cing T32 or both T32 and G39 were tested. The oligo with an
abasic ‘spacer’ at position 32 (0-56b) bound integrase stronger
than the abasic ‘spacer’-39 oligo described earlier. The oligo
0-58b with ‘spacer’ positions 32 and 39 combined, gave a
barely detectable shift (Figure 3D).

Minimal alterations resulting in top-strand recognition

The minimal a#tC modification that turns over the integrase
specificity to the top-strand oligo was a loop inversion between
positions 23 and 25 in combination with a transfer of base 39
from L” to L’ (0-24t; Figure 3E). However, the shifted o-24t
band was relatively weak. To obtain full binding to 0-24t, it
seems possible that the two asymmetrical nucleotides need to
be on the same side of the symmetry axis as in o-2t (Figure 3B).
When the loop alteration was omitted while the change con-
cerning transfer of nucleotide 39 was made, neither of the
resulting complementary oligos in 0-23 (C in L') and 0-67
(G in L') bound integrase. Upon shortening of the inverted
central triplet to 1 nt, again combined with repositioning of
nucleotide 39 from L” to L, integrase bound to neither strand
(0-28) (Figure 3E).

Mutations in the central triplet

Almost all tested top strands that did not bind integrase con-
tained the central triplet sequence TTC. This infers a negative
influence from TTC that was further observed in some bottom-
strand designs such as 0-17b (Figure 3F) and o0-3b (Figure 3B).
0-17 demonstrated a very weak binding to the bottom strand
and no binding to the top strand. However, a bottom-strand



oligo in which the central triplet (GAA) was shortened to an A
or a T (o-11b, 0-22b; Figure 3F) still gave full binding. The
stability of hairpins formed at the strong topoisomerase II site
in pBR322 has been reported to depend strongly on the loop
sequence (39,40). These data suggest that the bottom strand of
attC has a more stable conformation than the top strand due to
the loop sequence. That in turn could promote binding of
integrase to the bottom strand of attC. A few loop modifica-
tions that were reported to be responsive for the strong topoi-
somerase II site were introduced as substitutions for GAA in
the bottom strand of the artC site and tested for integrase
binding (Figure 3F). ATC (0-52b) and GAC (0-54b) were
previously documented to promote hairpin stability and
hence binding of topoisomerase II and gave the same effect
on integrase binding to attC. However, GAT (0-53b) and AAG
(0-55b) that reduced hairpin stability in the topoisomerase II
site did not reduce integrase binding to the bottom strand of
attC. Therefore, a simple correlation between loop stability
and binding strength was not confirmed in the case of attC.

Modification of the sequences surrounding the
central triplet

In the oligo 0-25b, bases 17-22 and 26-31 (Figures 1 and 3G)
were swapped. This did not affect binding. Due to the insertion
of CGC (or GCG) units on either side of the central triplet, the
length of the potentially formed hairpin increased by 6 (0-26)
and 12 (0-27) intramolecular base pairs, respectively
(Figure 3G). Finally, symmetrical insertions of one or several
CG repeats were made between G39 and T32. This prolonged
the hairpin by one CG repeat in 0-70b, by two CG repeats in
0-71b and by three repeats in 0-72b. None of the five described
extensions of the potential hairpin influenced the amount of
shifted DNA (Figure 3G).

Mutations in the R repeats

The GTT/AAC motif is conserved among all four core repeats
of attC in Tn21 (Figure 1) and also in most other sites within
the site class (Figure 2). The AAC of R’ was changed to ATC
(0-41b) and GTT of R” was changed to GAT (o0-44b;
Figure 3H). Both modifications only slightly decreased the
amount of integrase bound to the bottom strand. The
bottom-strand oligo, 0-31b (Figure 3H), with deletions
comprising both R repeats, gave a weak shifted band. The
band disappeared completely when the deletions of both R’
and R” were combined with the deletion of G39 (0-32b;
Figure 3H). By leaving R’ intact and truncating R” to comprise
only 5 nt (0-31bl; Figure 3H), an intense shifted band was
observed. A reciprocal and more radical deletion of the entire
R’ repeat and two bases of the hexamer was made in the 5’ end
of the bottom-strand oligo 0-32b2 (Figure 3H). This oligo still
gave an intense shift.

Mutations in the L repeats

The GTT of L’ was modified to GTA in 0-15b and to GAT in
0-42b (Figure 3I). No shift was observed for o0-15, and 0-42b
gave a barely discernable shifted band. The AAC in the L"
repeat was modified to TAC in o-14b and to ATC in 0-43b.
The results were a weak shifted band for 0-14b and no band
shift for 0-43. Another oligo pair, o-19, carried the combined
base changes in 0-15 (L) and o-14 (L") and similarly the oligo
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pair 0-46 combined the base alterations in 0-42 (L') and 0-43
(L"). In the doubly mutated oligos, 0-19 and 0-46, base pairing
was restored between altered bases. An intense shifted band
for 0-46b was observed but neither strand in 0-19 was bound
by the integrase (Figure 3I).

In the oligo pair 0-73, internal bases (11-13 and 14-16 in L;
33-35 and 36-38 in L") were swapped within each repeat. By
this reciprocal operation, base matching was maintained in the
fold of a hairpin (Figures 1 and 3I). Although the swapped
sequences did not overlap with the conserved GTT/AAC
motif, neither 0-73b nor o0-73t bound Intll. In 0-74, the six
bases (11-16) following GTT in L’ were replaced with the six
bases (33-38) immediately preceding the G39 in the L” tract,
and vice versa. Neither 0-74b nor o0-74t shifted upon incuba-
tion with integrase. Thus, in addition to the conserved GTT/
AAC motif and the G39 in L”, further bases of L’ and L” are
crucial for binding. The data show that these distal bases in the
repeat pair have a function beyond that of creating base match-
ing of L' with L”. This is further confirmed by the oligo pair
0-69 (Figure 31) where one T was inserted between the fourth
and fifth base in L' and a complementary A was inserted
between the fifth and sixth base in L”. Neither 0-69t nor
0-69b bound integrase, indicating that a minimal length of
five (L) or six (L") bases is needed to specify the functional
L repeats.

In 0-76b, G13 and Cl14 in L' were swapped, and base
matching was retained by the alteration also for C36 and
G35 in L”. Binding of integrase to o-76b was comparable
to wild type, suggesting that the sixth nucleotide in the L
repeats was exchangeable. In 0-77b the base changes in L”
were omitted. Surprisingly, we observed a strong band of
shifted 0-77b, indicating that the requirement for matching
between the distal parts of L' and L” is not absolutely essen-
tial for binding of integrase. To check the distal bases in the L
repeats more directly, C14 in L' was substituted with a G and
G35 in L” was changed to a matching C. The resulting oligo
0-75b gave an intense integrase shift, equal to that of the wild-
type oligo 0-Ob. Thus, the seventh nucleotide in the L repeat
and the corresponding nucleotide in L” did not influence
binding of integrase. Our data suggest that the functional
part of the L' repeat comprises 5 nt while the L" repeat is
1 nt longer because it contains the asymmetrical G39
(Figure 3I).

Phosphotyrosine linkage

The stability of the retarded IntI1-0-Ob complexes was tested
using EMSA under denaturing conditions (for details see
Materials and Methods). A shifted band was observed further
down the gel compared to the shift seen in the regular assay
(Figure 5i). This reduced retardation is expected to be due to
the denaturing effect of SDS on the integrase. The shifted band
was recorded after all incubation times tested, except when the
reaction had been stopped with an SDS-containing stop solu-
tion immediately after addition of integrase to the mixtures
(Figure 5ii). The response to the addition of SDS indicates that
a covalent linkage, probably a phosphotyrosine linkage, is
established between DNA and protein. To confirm this hypoth-
esis, integrase was modified by site-directed mutagenesis. In
the modified integrase IntI1Y312F, the nucleophilic tyrosine
was substituted with a phenylalanine. Using IntI1Y312F, the
protein—-DNA complex was not observed under denaturing
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Figure 5. Gel retardation assay performed under denaturing conditions to detect the formation of a covalent linkage between oligomeric top- and bottom strands (0-0t,
0-0b) of the wild-type azC and integrase. Protein fractions and concentrations as well as incubation times are indicated. The oligonucleotides were labelled with *P
and used at 1-6 nM, corresponding to ~200-300 c.p.s. per binding mixture. The mutation in Intl1, Q255P, is abbreviated with an asterisk. For control experiments and
more details see Materials and Methods. (i) A comparison of the binding of IntI1* and of IntI1 to top- and bottom strands of wild type attC in the presence of 0.42 ug
poly(dI-dC)epoly(dI-dC). (ii) Assay at different incubation times before addition of SDS stop solution. (iii) Assay where the bottom strand of wild-type attC was
mixed with IntI1* or IntI1*Y312F, in which the nucleophilic tyrosine is substituted with a phenylalanine. B, protein-DNA complexes; F, free DNA.

conditions (Figure 5iii). However, this complex shifted as
a normal wild-type Intll-0-Ob complex on a native gel
(Figure 6), indicating that a covalent linkage is not necessary
for binding of integrase to attC. However, the shifted amount
of wild-type IntI1-0-Ob complex is comparable under the two
different conditions, suggesting that an attack on a phosphate
in attC will be promoted if there is a tyrosine 312. The shifts
observed on the denaturing gel (data not shown) and on the
native gel disappeared when the samples were treated with
proteinase K (Figure 6).

DISCUSSION

In this work, the a#tC site, also known as a 59-base element, in
Tn2/ has been searched for features that could explain why it
is specifically recognized by integron integrase. Our data
imply that the complex repeat pattern of the site forms a robust
structural recognition determinant that has allowed extensive
sequence divergence under evolution. The attC site is a long,
almost perfect palindrome composed of four internal repeats.
The data presented here and earlier predictions (26,27) indi-
cate that at least two of these repeats (L' and L") are involved
in intramolecular base pairing that could promote the forma-
tion of cruciform DNA (Figure 7). Among the five features
that diverge from the palindrome, we observed two single-
nucleotide asymmetries in particular, that when deleted
strongly influenced binding. At least one of these, T32, is
predicted to bulge out from the hairpins of artC. We noticed
that these nucleotides are also conserved among attC sites of
generally low overall conservation [for alignments, see
(26,27)] and give the hairpins a kinked structure that is implic-
ated to be crucial for site recognition by integron integrase.

Intit (M) | -3 -|-18 - [8]- (3
Inti1*y312F (nM) | -| -] -|- 18] - |8] - |8
Proteinase K (ug) | -|-|-|-|-|-]-]-]18|8
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Figure 6. Gel retardation assay for comparing the binding of wild-type IntI1
versus Intl1"Y312F to top- and bottom-strand oligomers of atC. In the two
lanes furthest right the effect of proteinase K treatment was investigated.
Proteins and concentrations used are shown. The single-stranded oligomers
0-0t and 0-0b were labelled with *?P and used at a concentration of 8 and 12 nM
respectively, corresponding to ~250 c.p.s. per binding mixture. For more
details and abbreviations, see Material and Methods. B, protein-DNA
complexes; F, free DNA; W, aggregated DNA that remained in the wells.

It was demonstrated by Francia et al. (35) that the integrase
binds with a strong bias for the bottom strand of attC. By
analysis of protein binding to the individual strands separately,
it became possible to search a#tC for features that are related to
the affinity of the integrase for the site. With minor alterations,
we gained strong binding to the top strand with a reciprocal
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Figure 7. A sketch of the proposed cruciform drawn with the assumption that
the structure is stabilized by the integrase. The L repeats (white boxes) are
included in the hairpin arms since complementarity is observed to be important
for binding (Results). The two spacers and the R repeats (grey boxes) are drawn
outside the hairpin arms. The asymmetrical bases 23-25, 32, 39 are drawn as
loops and bulges. Base pairing is visualized by short lines. Base pairing in the
spacer region is assumed to be weakened upon extrusion of hairpins and
therefore all base pairs are not shown.

loss of binding to the bottom strand. In fact, we failed to find
any pair of complementary oligonucleotides where integrase
bound to both strands. Perhaps, this is a consequence of the
specificity of integrase for the bottom strand being determined
by the order, orientation and position of features in the hairpin
arms. Naturally, these features are bound to appear differently
in the two strands of a hairpin with its topological handedness.

Sites of various tyrosine recombinases are built on a core
composed of two inverted repeats flanking a short central
region. With its multiple repeat organization, attC exemplifies
a unique type of site bound by a tyrosine recombinase. The
multiplicity of repeats makes attC similar to sites of many
resolving serine recombinases (4,41) but attC differs from
those sites by its overall palindromic nature. The four repeats
in attC are divided into two pairs, composed of L’ and R’ in
one pair and R” and L” in the other (Figure 1). Either of these
pairs could function as a simple site or subsite. The subsite on
the upstream end of attC could be an accessory core site
(K. Hansson and L. Sundstrom, unpublished data). We esti-
mated the size for either subsite in a#tC to be about 16 bp,
which is about half the size of loxP. Numerous secondary sites
of integron integrases are scattered in plasmids and in bacterial
chromosomes. These relatively inefficient sites have a simple
site organization (22,24). Our data suggest that the much more
efficiently recombining atfC site has a flexible DNA conforma-
tion that may allow the four repeats to appear sequentially in
alternative pairs or secondary structures. It is also possible that
repeats that are remote from one another could constitute
binding sites. For instance, the L' and L” repeats could
form a simple site when extruded in top- and bottom-strand
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hairpins and the outer repeats might equally likely be moved
close enough to form a functional binding site. We hypothe-
size the following scenario. The subsites R”L” and L'R’, are
weakly recognized to initiate hairpin extrusion that might be
driven further by the stronger integrase binding to the paired L'
and L” repeats. Finally, the site might adopt a mature, cruci-
form shape where the outer repeats (R’ and R”) are brought
close enough to one another to be grasped by a postulated
dimer of integrase. It seems very possible that the interaction
studied in this work using oligonucleotides primarily reflects
binding of integrase to the hybridized L repeats on at least one
of the hairpin arms. In this step the complementarity between
intrastrand L' and L” repeats is expected to be important. We
have reported several sequence alterations in the L' and L”
repeats that were deleterious for binding. The effects were not
plainly explained by a reduced matching between the two
repeats and imply other sequence contraints for the L’ and
L” repeats.

This work and very few previous articles pioneer detailed
examination of how purified integrase binds to attC
(35,42,43). The oligo-based experiments may only describe
one conformational state of the site, while the differentiated
appearance of the site in recombination complexes formed
in vivo must be approached using other methods. Delicate
transitions between different shapes of the site could sense
local events such as transcription, replication and DNA topo-
logy and hence convey regulatory functions. All four repeats
of attC are likely to be important components of the site but are
now indicated to have different roles in recombination
(K. Hansson and L. Sundstrom, unpublished data). The
restricted viewpoint of our integrase-to-oligo EMSA could
explain why point alterations in either of the R” and R’ repeats
were less responsive than those made in the L repeats. The
R repeats are proven to be the most responsive parts of the site
in a recombination assay in vivo [(27); K. Hansson and
L. Sundstrom, unpublished data]. The R’ repeat, containing
the primary crossing-over point, was reported to be highly
responsive to mutations and unpublished results from this
laboratory report a vital function also for R”. Removal of
R’ in oligonucleotide 0-32b2 did not reduce the intensity of
the shifted band, but when both R’ and R” were missing the
band was much weaker. It is therefore likely that the L repeats
are included in the extruded hairpins of the proposed cruciform
while the two R repeats, the hexamer and the pentamer, are less
likely included. The spacers in each subsite are not complemen-
tary and are hence deprived from secondary structure formation.
Potentially these actashinges where duplex DNA is transformed
into a cruciform. The contracted form of a#tC would consist of
the duplex forms of the two R repeats, the pentamer and the
hexamer, spanning 21 bp in total. In addition, elongation will
occur due to the hairpins, resulting in a size that could well
approach a regular size of a tyrosine recombination core site.

We have reported in this study that the retarded complexes
of integrase bound to oligomeric attC strands persist under
denaturing conditions. This implicates the formation of a cova-
lent linkage between oligomeric DNA and protein. Previous
data have confirmed a crucial function of tyrosine 312 in
recombination in vivo (44). When substituting the reactive
tyrosine with the inert phenylalanine (Intl1 Y312F), the cap-
ability of integrase to attack the DNA was lost. Consistently,
the mutant integrase gave no shifts in denaturing gels. It is well
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established that the new bond, upon nucleophilic phosphodie-
ster cleavage by tyrosine, is formed between Y312 in the
integrase and the terminal 3’-phosphate group in the cleaved
DNA (30,45). The cleavage reaction including the time course,
is presently under further investigation. It seems unlikely that
cleavage occurs in a non-folded single strand. If we do not
consider oligo dimerization it seems most likely from stability
calculations (data not shown) that hairpin extrusion progresses
up to the L repeats. Cleavage coinciding with the regular
crossover site in the R’ repeat is most likely. However, in
the single-stranded and possibly folded state of the site, the
tyrosine-attacked sequence might alternatively be L' or R”,
both of which have been reported to be fairly active secondary
sites [Figure 1; (27)]. The L” repeat, in contrast, is not reported
to recombine in the literature. A very likely explanation is that
L” is silenced by the inserted nucleotide (G39) that is missing
in the other three repeats.

Cruciform DNA and Holliday junctions are two related
forms of branched DNA that are both substrates for tyrosine
recombinases. We tentatively speculate over the exciting pos-
sibility of analogy with telomere resolution of replicating linear
chromosomes, recently reported to depend on tyrosine recom-
binase-like proteins (12). This could mean that processing of
a cruciform might occur in the course of recombination.

Recent data have proven that plasmid integrons stem from
chromosomal integrons in a subclass of gram-negative bac-
teria in which their role is still only beginning to be understood
(21). In each source bacterium the integron is of a distinct class
and furthermore, its cassettes carry one class of a#tC. Remark-
ably, chromosomal attC sites in their broad variation are cross-
recognized by plasmid integrase, such as that from Tn2/ (46).
The recently determined genome sequence of X.campestris
reveals the presence of an integron with attC sites identical
to that studied here (C. Norman-Setterblad, unpublished data;
Figure 2). We conclude that our reported data on the Tn2/
integron also holds true for cassettes borne on the chromosome
of Xanthomonas spp. Clearly, integron integrases perform a
new type of structural recognition, that with high precision
directs recombination to the scissile phosphates in a very
diverse family of sites.
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