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From bacterial viruses to humans, site-specific recombination and
transposition are the major pathways for rearranging genomes on
both long- and short-time scales. The site-specific pathways can be
divided into 2 groups based on whether they are stochastic or
regulated. Recombinases Cre and A Int are well-studied examples
of each group, respectively. Both have been widely exploited as
powerful and flexible tools for genetic engineering: Cre primarily
in vivo and A Int primarily in vitro. Although Cre and Int use the
same mechanism of DNA strand exchange, their respective reaction
pathways are very different. Cre-mediated recombination is bidi-
rectional, unregulated, does not require accessory proteins, and
has a minimal symmetric DNA target. We show that when Cre is
fused to the small N-terminal domain of Int, the resulting chimeric
Cre recombines complex higher-order DNA targets comprising
>200 bp encoding 16 protein-binding sites. This recombination
requires the IHF protein, is unidirectional, and is regulated by the
relative levels of the 3 accessory proteins, IHF, Xis, and Fis. In one
direction, recombination depends on the Xis protein, and in the
other direction it is inhibited by Xis. It is striking that regulated
directionality and complexity can be conferred in a simple chimeric
construction. We suggest that the relative ease of constructing a
chimeric Cre with these properties may simulate the evolutionary
interconversions responsible for the large variety of site-specific
recombinases observed in Archaea, Eubacteria, and Eukarya.
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Cre and A Int are virally encoded recombinases that belong to
a large family of tyrosine recombinases. Family members in
Archaea, Eubacteria, and Eukarya participate in a wide variety
of biological functions such as chromosome segregation, chro-
mosome copy number control, gene expression, conjugative
transposition, gene dissemination, and viral integration and
excision (for reviews, see ref. 1). Both recombinases have been
widely exploited as powerful and flexible tools for genetic
engineering: Cre primarily in vivo (2) and A Int primarily in vitro
(3). Preliminary steps have also been taken toward exploiting the
A system in eukaryotes (4, 5).

The Escherichia coli bacteriophage P1l-encoded Cre reduces
multimeric phage genomes to monomers and thereby enhances
the probability of segregation to both daughter cells. It does so
by promoting a site-specific intramolecular recombination be-
tween 34-bp lox sites that occur once on each P1 chromosome.
Each lox site consists of a pair of inverted repeat Cre-binding
sites separated by an 8-bp spacer sequence (6, 7).

The E. coli bacteriophage A-encoded Int promotes site-specific
recombination between viral and host chromosomes and thereby
enables lysogenic or lytic phage growth in response to the physio-
logical state of the host (8). Integrative recombination between the
phage (attP) and bacterial (a#tB) targets generates an integrated
prophage bounded by hybrid sites a#tLL and a#tR. The latter are
targets for the excisive recombination that regenerates a#tP and attB
on their respective parental chromosomes. Although integrative
and excisive recombination reactions superficially appear to be the
reverse of one another, they are in fact 2 distinct unidirectional
reactions that use different (partially overlapping) ensembles of
proteins and protein-binding sites (9).
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Cre and Int share with themselves, and other family members,
the same chemistry of isoenergetic DNA cleavage and ligation
reactions that are mediated by high-energy 3’-phosphotyrosine
intermediates. A tetrameric complex of recombinases executes 2
ordered pairs of transesterification reactions: they first generate
a 4-way DNA junction (Holliday recombination intermediate)
and then resolve it to recombinant DNA products. The staggered
DNA cleavage/ligation reactions carried out by Cre and Int are
separated by an “overlap” region of 6 and 7 bp, respectively.

Cre consists of 2 domains that form a C-clamp structure
around each of its 4 binding sites. The C-terminal domain
harbors the active site on one side of the DNA helix, and the
N-terminal domain interacts with the major groove on the other
side of the helix (10, 11). Despite considerable dissimilarity in
primary sequence, Int shares with Cre the same C-clamp ar-
rangement of core domains (12). However, Int has an additional
65-residue N-terminal domain superimposed on this C-clamp
core domain structure via a 10-residue protease-sensitive linker
(13, 14). This N-terminal domain recognizes a family of DNA
sequences that are unrelated to and quite distant from the sites
where DNA strand cleavage and ligation are executed (15).

The A att sites contain 5 binding loci for the N-terminal domain
of A Int (“N-domain”) in the DNA sequences (the P and P’ arms)
flanking the regions of strand exchange. Interposed between the
N-domain sites and the region of strand exchange are protein-
binding sites for the accessory DNA-bending proteins IHF, Xis,
and Fis. Overlapping subsets of these sites are used for integra-
tive and excisive recombination (16). Both ITHF and Fis are
important transcription factors that play key roles in the global
regulation of host physiology, and their recruitment as recom-
bination accessory factors is likely to optimize the viral life cycle
by linking it to the physiology of the host (17, 18). However, there
appears to be considerable plasticity within the large group of
heterobivalent recombinases possessing an N-terminal domain
similar to that of A Int and enjoying regulated directionality
because the identity, number, and patterns of protein-binding
sites in the distal arms of their respective atf sites vary greatly (9).

We have constructed a chimeric Cre recombinase (ch-Cre) by
fusing it to the 74 N-terminal residues of A Int. We generated
hybrid recombination targets (/o sites) by replacing the inverted
repeat A Int-binding elements in the core region of attP with
attenuated lox half-sites. ChCre promotes recombination be-
tween lofP and lotB only in the presence of IHF, and this
recombination is strongly inhibited by Xis. However, recombi-
nation between lotL and /otR requires Xis in addition to IHF. In
vivo recombination reactions, assayed by quantitative PCR
(qPCR), exhibit the same regulated directionality and response
to accessory proteins as predicted from the in vitro experiments.
ChCre-mediated reactions proceed via the same pathway and
generate recombinogenic complexes with the same structural
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configurations as those of A Int. We suggest that the relative ease
of constructing a chCre with regulated directionality may sim-
ulate the evolutionary interconversions responsible for the large
variety of site-specific recombinases observed in nature.

Results

Construction of ChCre Recombinase and Hybrid Target Sites. N-
terminal fusions to Cre do not compromise its recombinase
activity and have been used to great advantage (19). The 65
N-terminal residues of A Int comprise a domain that recognizes
and binds with high affinity to DNA sites distant from the region
of strand exchange. It is joined to the larger core domain by a
protease-sensitive linker region (residues 65-74) that is involved
in intermolecular protein—protein interactions stabilizing the Int
tetramer (14). Based on these results, we created a gene fusion
encoding the first 74 residues of A Int fused to Cre. The purified
chCre is a stable protein that reacts with both Int-specific and
Cre-specific antibodies, as predicted (data not shown).

To generate hybrid recombination targets, the inverted re-
peat-binding elements in the core regions of A att sites were
replaced with attenuated loxP sites (Fig. 14). The A attP arms
(flanking the inverted repeat Int-binding sites) encode binding
targets for the A Int N-domain and the accessory DNA-bending
proteins IHF, Xis, and Fis. To maintain the correct phasing of
the accessory DNA sequences in the P and P’ arms with each
other, and with the A cleavage sites, the 6-bp overlap region of
the lox site was replaced with the 7-bp overlap region from A.

Regulated Directionality of ChCre. To identify and characterize
regulated directionality in chCre-sponsored recombination, it is
necessary to use recombination targets that do not respond to a
latent Cre activity acting at the embedded lox sites. This was
accomplished by introducing a mutation shown to weaken the
interaction between Cre and its DNA-binding site (20). The base
pair at position 2 in each of the inverted repeat Cre-binding sites
was changed from T:A to G:C to generate the lof recombination
targets (Fig. 14). The corresponding recombination targets with
wild-type Cre-binding sites are called lot,. Weakening the inter-
action between Cre and its DNA-binding site, along with the
change in the overlap sequence, makes the Cre more A-like, in
that Int has a low affinity for its core sites on its own.

The results of recombination reactions between lotP, (con-
taining wild-type Cre-binding sites) and either lofBy or lotB are
shown in Fig. 1B. It is interesting that Cre is able to recombine
targets with a 7-bp overlap region and that IHF suppresses
recombination of lofBy sponsored by either recombinase (lanes
1-4). As expected, IHF has no effect on Cre-promoted recom-
bination between lox sites, which do not have binding sites for
IHF (Fig. 24). Evidently, the IHF-directed folding of lotB,
inhibits simple Cre recombination, and the tight binding of the
chimeric recombinase at the Cre-binding sites interferes with, or
distorts, proper binding of its N-domain.

In contrast to the results with lotBy, chCre-mediated recom-
bination of the /orB substrate (containing the position 2 muta-
tion) was greatly stimulated by IHF (Fig. 1B, lanes 7 and 8).
Cre-mediated recombination of this substrate was very poor and
not stimulated by IHF (lanes 5 and 6). We also constructed
another /ot site, containing a Cre-binding defective mutation at
position 6 of the inverted repeats (20), and it behaved the same
as lofB (data not shown).

Based on these experiments we introduced the position 2
Cre-binding site mutation into the inverted repeats in each of the
4 hybrid att sites, to generate lotP, lotB, lotL, and lotR. ChCre-
mediated recombination between lotP and lofB depends on IHF
(Fig. 24) and is inhibited by the Xis protein (Fig. 2B). Cre-
mediated recombination of simple lox sites, which lack targets for
the accessory proteins are neither stimulated by IHF nor inhib-
ited by Xis to any significant extent, as expected (Fig. 2.4 and B).
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Fig. 1. Construction and recombination of hybrid /ot sites. (A) LotB was derived
from loxP by changing the overlap region (/otB,) and mutating the Cre-binding
sites (/otB). Replacement of the A core regions with /otB yielded the 4 /ot att sites.
The arm DNA sequences encode binding sites for the N-domain of A Int (N-
domain) (circles), IHF (squares), Xis (triangles), and Fis (inverted triangles). Filled
symbols indicate the subset of sites used for /otP by /otB and lotL by lotR as shown.
(B) Cre- and chimeric Cre-promoted recombination between supercoiled /otPq (6
nM) and either /otBy or lotB (1.5 nM, [a-32P]JdCTP-labeled), in the presence or
absence of IHF. Recombination was analyzed by SDS/PAGE and visualized by
autoradiography. The very faint bands above the product are likely the result of
a second round of recombination.

The chCre-mediated recombination between lofL and lorR
depends on both IHF and Xis (Fig. 2C). Furthermore, at limiting
Xis concentrations, a small but reproducible stimulation by the
host-encoded accessory protein, Fis, is observed (Fig. 2D).

Differential Requirements for N-Domain Binding Sites. A Int binding
at N-domain sites is abolished by changing the conserved central
3 bases of the consensus recognition sequence from TCA to
GTC (Fig.34) (16). The phenotypes of these “ten”” mutants were
consistent with earlier deletion studies (21, 22) and showed that
the P1 but not the P2 site is required for A integrative recom-
bination. Concomitantly, the P2 site but not the P1 site is
required for A excisive recombination. A similar differential
usage of N-domain sites was observed with the chCre. The
chCre-mediated recombination of lofP by lofB requires the P1
but not the P2 site (Fig. 3B) whereas recombination of lotL by
lotR has the reverse requirements (Fig. 3C).
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Fig. 2. ChCre-promoted recombination depends on the relative concentrations of DNA-bending accessory proteins. (A) ChCre-promoted recombination
between supercoiled /otP (48 nM) and [a-32P]dCTP-labeled /otB (12 nM) depends on IHF. (B) Xis inhibits chCre-promoted recombination between /otP (48 nM)
and [a-32P]dCTP-labeled /otB (12 nM) in the presence of IHF (150 nM). (C) Effect of Xis and IHF on chCre-promoted recombination between supercoiled /otL (24
nM) and [a-32P]dCTP-labeled /otR (6 nM). Xis and IHF, when present, are at 200 and 25 nM, respectively. (D) Fis stimulates /otL and lotR recombination at limiting
Xis concentrations. ChCre-promoted recombination between supercoiled /otL (6 nM) and [a-32P]dCTP-labeled /otR (6 nM) in the presence of 50 nM IHF and the
indicated amounts of Xis and Fis. Cre-mediated recombination between 2 lox sites is not effected by IHF (A) or Xis (B). All recombination reactions were carried
out in the presence of 100 nM recombinase, analyzed by SDS/PAGE, and quantified on a Typhoon Phosphorimager (GE Healthcare).

In the recombination reactions shown in lanes 1-15 of Fig. 3C,  of recombination when the plasmid encodes Cre (Fig. 4 B and
the P’3 arm-type site, which is not required for excisive recom-  C). More significantly, even the low levels of Cre-mediated
bination, also carries a fen mutation. We used this configuration =~ recombination are not appreciably stimulated by Xis in either the
because in the A excisive reaction a ten mutation in P’3 enhances  lofP by lotB or the lofL by lotR reactions. The most salient aspects
the dependence on the P2 site (16, 23). Indeed, when the P’3  of these results are the strong Xis inhibition, ~15-fold, of the
arm-type site is restored to wild type in the lorL by lofR reaction, ~ chCre-mediated lofP by lotB recombination (Fig. 4B) and the
the dependence on the P2 arm-type site is less pronounced (Fig.  strict dependence of chCre-mediated lofL by lofR recombination
3 C, lanes 16-20). on Xis (an ~30-fold effect) (Fig. 4C).

ChCre-Mediated Recombination in Vivo. To assay recombination in ~ Discussion

vivo we constructed plasmids containing either a pair of lorP and ~ ChCre exhibits regulated directionality analogous to that of A Int.
lotB or lofL and lotR recombination partners separated by 4,000  The lofP by lorB recombination depends on the IHF bending
bp. In each plasmid the recombination partners were oriented as ~ protein and it is inhibited by the Xis directionality factor (Fig. 2 A
inverted repeats so that intramolecular recombination produces  and B). In contrast, the lotL by lofR recombination depends on both
an inversion of the intervening DNA flanked by the recombi-  IHF and Xis, and it is stimulated by Fis at limiting concentrations
nation products. As opposed to the more traditional genetic  of Xis (Fig. 2 C and D). As predicted from the in vitro results,
assays that look at the accumulation of recombination products  quantification of the in vivo reactions shows that the directionality
after overnight growth, we wanted to examine the kinetics of  factor Xis is required for chCre-mediated lofL by lofR recombina-
recombination. We initiated recombination by transforming the  tion and inhibits the lofP by lofB reaction (Fig. 4 B and C).
appropriate cell lines with plasmids encoding recombinase and The requirement for the P1, but not the P2, arm-type Int site for
assayed the appearance of rearranged plasmid DNA as a func-  lofP by lofB recombination (Fig. 3B) and the requirement for the P2
tion of time. Appropriate primer pairs were used to monitor the  but not the P1 site for lorL by lofR recombination (Fig. 3C) suggest
recombination reactions by qPCR (Fig. 44). In addition to the  that chCre-mediated recombination proceeds via the same pathway
recombination substrate plasmid, cells contained a compatible  and generates structural intermediates of the same configuration as
plasmid encoding IHF under the control of a regulated T7 A Int. ChCre even manifests one of the more subtle and poorly
polymerase promoter and another compatible plasmid, with or ~ understood features of the A Int reaction: the presence of either the
without the Xis gene, also under the control of a regulated T7 P2 site in /ofR or the P’3 site in lofL, but not both, is required for
polymerase promoter. Cells containing these 3 plasmids were  amodest level of recombination and loss of both sites abolishes lorL.
made competent and transformed with a compatible protein by lofR recombination (Fig. 3C). We propose that the regulated
expression plasmid encoding the chCre, Cre, or no recombinase.  directionality of the A Int pathway has been conferred on Cre by the
Sixty minutes after transformation, the cells were pulsed with  appended 74 N-terminal residues.

IPTG to induce protein expression, and aliquots of the cells were In the chCre protein characterized here, the N-terminal
harvested at the indicated times for qPCR analysis of the  domain of A Int was fused directly to the N-terminal residue of
recombination assay plasmid (see Experimental Procedures). A Cre. Because the first 12 residues of Cre can be deleted without
typical set of results is shown in Fig. 4. The results with the  impairing function (24) and the first 20 residues of Cre are
control plasmid show that in the absence of recombinase there  sufficiently unstructured that they do not appear in any of the
is virtually no recombination, and there is very little stimulation =~ Cre co-crystal structures (11), we also created a chCre in which
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Fig. 3. Individual N-domain binding sites have different roles in the 2
chimeric Cre-promoted recombination reactions. (A) The conserved triad core
(TCA) in DNA sequences of the 5 N-domain binding sites (only 3 are shown) is
altered to generate nonbinding ten mutations. (B) The P1 but not the P2
N-domain bindingsite is required for recombination between supercoiled lotP
and [a-32P]dCTP-labeled /otB (6 nM). The P1 and P2 N-domain binding sites
were either wild-type or contained the GTC ten mutation, as indicated. (C) The
P2 but not the P1 N-domain binding site is required for recombination
between /otL and lotR. [a-32P]dCTP-labeled /otL (6 nM) containing either a
mutated P’'3 N-domain site (lanes 1-15) or a wild-type P’3 N-domain binding
site (lanes 16-20) was recombined with supercoiled /otR (6 nM) containing P1
and P2 N-domain binding sites that were either wild-type or contained the
GTC ten mutation, as indicated. The very faint bands in lanes 1-4 and 9-12
(above the product) are likely the result of a second round of recombination.

the first 20 residues of Cre are deleted. We did not find any
significant differences in the behavior of this chCre from the
results reported here with the full length-Cre chimera. It seems
likely that in the chCre characterized here, the first 20 residues
of Cre are unstructured and looped out. It also seems likely that
there are few if any specific interactions between the A and Cre
portions of the chimeric protein. These two observations suggest
a reevaluation of the role of “allosteric control,” as proposed in
models based on previous X-ray crystal structures (14).

A number of chimeric recombinases have been created to
study site-specific recombination (25, 26). More generally, there
has also been considerable success in generating chimeric en-
zymes with novel enzymatic activities such as new substrate
specificities, altered catalytic properties, and enhanced expres-
sion levels (27). Here, regulated directionality and complexity
are conferred in a simple chimeric construction.

The robust activity of Cre has made it an adaptable and
malleable tool for genetic engineering (19, 28) and studies on
topological selectivity (29, 30). The experiments described here
additionally bear on the evolution of site-specific recombinases.
According to a common view, the simple unregulated recombi-
nases, such as Cre, preceded the more complex bivalent recom-
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Fig.4. Time coursesof chimeric Cre-initiated recombination in vivo highlight
the requirement for IHF and the differentiating role of Xis. (A) The in vivo
recombination assay plasmids each contain a pair of recombination partners
oriented as inverted repeats so that recombination between them inverts the
intervening 4-kb DNA segment. Inversion was measured by real-time qPCR as
described in Experimental Procedures. Recombination was initiated by trans-
forming cells with an expression plasmid encoding recombinase. Each exper-
iment included a control in which cells were transformed with a plasmid not
encoding any recombinase. (B) Xis inhibits chimeric Cre-mediated /otP by /otB
recombination. Two cell lines each containing the /otP-/otB recombination
substrate plasmid, the IHF expression plasmid, and another plasmid, with or
without the Xis gene, were transformed at time 0 with protein expression
vectors encoding Cre, chCre, or neither. (C) ChCre-mediated recombination
between lotL and /otR requires Xis. The plasmids and protocol were the same
as described in B except that the recombination substrate plasmid carried an
invertible DNA segment flanked by /otL and /otR.

binases, such as A Int. The data presented here suggest that 2
simple steps, in no specified order, would be required in this
evolution: the acquisition of a small DNA-binding domain and
a “detuning” of the Cre protein. The detuning (a reduction in the
strength of DNA binding and/or synaptic protein—protein inter-
actions) makes recombinase binding in the region of strand
exchange dependent on both the additional DNA-binding do-
main and the facilitating accessory proteins. The detuning results
from loss-of-function mutations and therefore could be a rela-
tively frequent evolutionary step. This pathway is particularly
easy to envisage for Cre because the first step, acquisition of a
new N-terminal domain, did not significantly impair the parental
Cre activity on canonical lox sites (data not shown). It seems
reasonable to speculate, but difficult to implicate, the existence
of such detuning steps in the evolution of many complex
multielement regulatory pathways, especially those involving
nucleic acid-binding proteins.
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According to an alternative evolutionary trajectory, the simple
and complex site-specific recombinases evolved in parallel from
a common less efficient precursor. The Cre-like recombinases
would have acquired a peptide in the N-terminal domain that,
along with other mutations, conferred a greater propensity for
tetramerization and/or a higher affinity for core-type DNA sites.
The Int-like recombinases would have become more efficient by
acquiring a small N-terminal domain comprising an additional
DNA-binding pocket.

Site-specific recombinases are known to be engines of genomic
rearrangements in an evolutionary pathway that draws on rare
recombination events at loci scattered throughout the genome.
These “secondary att sites” serve as inefficient recombination
targets because they fortuitously possess some elements of similar-
ity to a canonical a#t site. Their efficiencies, which are readily
observable in E. coli over a 10°fold range, reflect the extent to
which a particular secondary a#t site is compatible with the recom-
binase and the canonical recombination partner (31). Secondary att
sites also occur fortuitously within recombinase genes. Recombi-
nation between one of these and a canonical att site (which most
often is adjacent to the recombinase gene) leads to replacement of
recombinase sequences by a “new att site.” Once such an att-
containing recombinase gene has been created, it has the potential
to be recombined (by a recombinase in trans) into other secondary
att sites throughout the genome. This sets the stage for evolving
“new” recombinases, not unlike the chCre protein characterized
here. Such recombination events have been most intensively studied
in bacteriophage A and include one well-characterized secondary att
site within the C-terminal region of the Int gene (32). A particularly
dramatic example of this capacity for “self-promoted evolution” is
found in the archaebacteria SSV family of recombinases in which
the canonical viral atf site already lies within the Int gene (33). As
a consequence of this capacity for self-promoted evolution, it is not
surprising that the site-specific recombinases are so numerous and
so varied. We suggest it is plausible that conferring regulated
directionality on Cre has simulated such a path and concurrently
generated a potential platform for strategies in genetic engineering.

Experimental Procedures

Protein Expression and Purification. All of the proteins were produced in E. coli
BL21(DE3)RIL from expression plasmids under the control of the T7 promoter
as described (34-39). The purity of all of the proteins was >90% as judged by
Coomassie blue staining of overloaded SDS/polyacrylamide gels.

Chimeric Recombination Substrates and Proteins. The chimeric recombination
substrates were constructed as described in Fig. 1 A. IHF binding at the H1 site
in the P-arm inhibits excisive recombination and so was mutated in /otR
substrates. The H1~ (40), lox (20), and ten (16) mutations were introduced into
their relevant sites by using the QuikChange site-directed mutagenesis kit
(Stratagene). The chCre recombinase is a fusion of the first 74 aa of A Int to the
first methionine of the 343 aa of Cre.

In Vitro Recombination Assays. A plasmid encoding the substrate to be labeled
(lotB, lotL, or lotR) was linearized by digestion with Hindlll, and the recessed ends
were filled in with the Klenow fragment of DNA polymerase (NEB). The recovery
of radiolabeled DNA was quantified by using agarose gel electrophoresis to
determine the final concentration of substrate. LotP—/otB and lotR—/otL recom-
bination reactions were carried out at 37 °C in 5 mM EDTA (pH 8), 6 mM

1. Criag NL, Craigie R, Gellert M, Lambowitz AM (2002) Mobile DNA Il (Am Soc Microbiol,
Washington, DQ).
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appropriate master mix. The reactions were stopped by the addition of SDS-
containing loading solution and analyzed by electrophoresis through 1.2% aga-
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assay substrates were cloned into the Duet T7-controlled protein expression
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tive). The parental vectors were designed with compatible replicons and different
drug resistance genes for effective propagation and maintenance of up to 4
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ER2566 cells (NEB) were transformed with one of the /ot recombination assay
substrates (pAW3236A or pAW3236AH-PB for excisive and integrative recombi-
nation, respectively). A colony was picked for each, and competent cells were
made by using the calcium chloride protocol. The procedure was repeated for the
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chCre. Sixty minutes after transformation, the cells were pulsed with 100 mM IPTG
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indicated times for gPCR analysis of the recombination assay plasmid.
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plasmid DNA was determined and reported as percentage recombination.
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