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T
yrosine recombinases carry out
a variety of important functions
involved in moving and main-
taining genomes (1). Several

members of this family, including the
bacteriophage P1 Cre recombinase and
the bacteriophage �-integrase, have also
emerged as powerful tools with broad
applications in genetic engineering and
molecular biology (2, 3). Although
structural, biochemical, and genetic ex-
periments have revealed in some detail
how the tyrosine recombinases carry out
the recombination process, it is less
clear how the more complex members
of this family achieve a high level of
regulation or how the tightly regulated
recombinases have evolved such com-
plexity. An article in a recent issue of
PNAS (4) provides important new in-
sights into both questions. By making a
chimeric protein composed of Cre re-
combinase fused to a small DNA-
binding domain of �-integrase, Warren
et al. (4) have turned the normally un-
regulated Cre into a regulated integrase
with the same requirements and direc-
tionality found in the �-integrase system.

Although Cre and �-integrase carry
out very similar reactions, they differ
dramatically in their level of regulation.
Cre is promiscuous and simple, effi-
ciently recombining minimal 34-bp loxP
sites with little regard to topological
context and with no requirement for
host or phage-encoded protein factors
(5). Because the products of recombina-
tion are also loxP sites, the reaction
is readily reversible. The integration
and excision reactions catalyzed by
�-integrase, however, are strongly direc-
tional and highly regulated (6). Integra-
tion of the phage genome into the bac-
terial chromosome occurs between DNA
sequences named attP and attB (the
phage and host DNA sites, respectively)
and requires the integration host factor
(IHF) protein. Excision of the phage
genome occurs between attL and attR
sites (generated as a result of integra-
tion) and requires both IHF and the
phage-encoded excisionase (Xis)
protein.

The Cre and �-integrase proteins
themselves also have an important dif-
ference. Both share similar catalytic
and core-binding (CB) domains that are
responsible for carrying out the basic
recombination biochemistry, but
�-integrase has an additional domain on
its N terminus, termed the ‘‘N-domain’’

or ‘‘arm-binding domain’’ (Fig. 1). This
N-domain binds to DNA sequences that
are located outside of the core ‘‘loxP-
like’’ site where strand exchange takes
place. Thus, �-integrase binds simulta-
neously to two different DNA se-
quences: the CB and catalytic domains
engage the core site and the N-domains
bind to sequences located in the ‘‘arms’’
of the att sites.

Because the presence of an arm-
binding N-domain is the most obvious
difference between the Cre and �-inte-
grase proteins, Warren et al. (4) asked
whether adding an N-domain to Cre
would lead to a novel recombinase with
the regulatory properties of �-integrase.
To test this idea, they generated modi-
fied attP and attB sites for integration
(called lotP and lotB) and modified attL
and attR sites for excision (called lotL
and lotR) in which the core �-integrase
binding sites were replaced by weakened
Cre binding sites. By weakening the in-
teraction between Cre and its binding
sites, they were able to mimic the situa-
tion in the �-integrase system, where the
core site interaction is weaker than the
arm site interaction.

Remarkably, the resulting Cre chi-
mera is not only functional, but displays
the same regulated directionality as
�-integrase. Chimeric Cre requires IHF
for efficient lotP � lotB recombination
and requires both IHF and Xis for the
lotL � lotR reaction. The chimeric Cre
integration reaction is also inhibited by
Xis and the excision reaction is stimu-
lated by Escherichia coli Fis protein,
both well-established features of the na-
tive �-integrase reactions (6). Warren et
al. (4) also asked whether more subtle
features of the �-integrase system were
reproduced by the chimeric Cre enzyme.
There are five N-domain binding sites in
the arms of �-attP, named P1, P2, P�1,
P�2, and P�3. Previous experiments had
confirmed that P1 but not P2 is re-
quired for the � integration reaction (7).
Similarly, P2 but not P1 is required for
the excision reaction. With substrates in
which the P1 or P2 sites had been inac-
tivated by mutation, chimeric Cre dis-
played the same N-domain binding site
requirements in the att site arms as did
�-integrase. Together, the results
strongly support the idea that chimeric
Cre is carrying out regulated recombina-
tion by using the same mechanistic path-
way as �-integrase.

One interesting implication of the
chimeric Cre experiments relates to the
extent of interaction between the
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Fig. 1. Possible evolutionary pathway for tyrosine
recombinases. The simplest recombinases, typified
by Cre, may have evolved from an ancestral topo-
isomerase that is related to modern TopoIb enzymes
(10). The simple recombinases may then have gained
regulatory control by attenuation of their own DNA-
binding activity, together with acquisition of auxil-
iary DNA-binding domains. The chimeric Cre protein
is a simulation of that process, where Cre has gained
the N-domain of �-integrase. The TopoIb and ty-
rosine recombinase enzymes share similar catalytic
domains, active sites, and mechanisms of phosphoryl
transfer. The CB domains of Cre and �-integrase are
similar to one another, but quite different from the
corresponding domain in the TopoIb enzymes.
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N-domains and the CB domains of
�-integrase when assembled into a pro-
tein–DNA complex competent for re-
combination. The only structural models
available that include the intact inte-
grase protein are low-resolution crystal
structures where the four N-domains are
bound to two DNA duplexes (8). Al-
though the N-domain site arrangement
in these structures is artificial, it allowed
the complex to be crystallized and the
architecture of the full-length tetrameric
complex to be visualized. The N-
domains form a tetramer in these struc-
tures that appears to be tightly coupled
to the CB domains through an interdo-
main linker. This coupling was proposed
to form the basis of an allosteric mode
of regulation, whereby the N-domains
modulate the activity of the CB and cat-
alytic domains (8).

Because the sequence similarity be-
tween Cre and �-integrase is low, it is
unlikely that a functional interaction
between the �-integrase N-domain and
the Cre CB-domain occurs in the con-
text of the chimeric Cre system. Indeed,
a rather long linker is present in the
Cre-integrase fusion construct, suggest-
ing that the N-domain is tethered, but
not tightly coupled to the CB domain.
Given that chimeric Cre has similar reg-
ulated directionality as �-integrase and
has the same N-domain binding site re-
quirements, it is reasonable to conclude
that tight coupling of the N-domain and

CB domain is not required for regulated
directionality. This idea is consistent
with the presence of a flexible, pro-
tease-sensitive linker between domains
in �-integrase and helps to explain find-
ings that the N-domain binding site re-

quirements in the P and P� arms might
require more flexibility than is implied
by the compact N-domain tetramer ob-
served in the crystal structures (9).

It is remarkable that Warren et al. (4)
were able to transfer a complex regula-
tory framework to an unregulated re-
combinase by making only a small num-
ber of rationally designed changes. They
have suggested that the relative ease of
this conversion of function might indi-
cate an evolutionary pathway by which
simpler recombinases represented by
Cre could have acquired higher-level
regulation (Fig. 1). Two steps would
have been required in this process:
weakening of the recombinase–DNA
interaction and fusion of an auxiliary
DNA-binding domain to the N termi-

nus. The first could occur by simple mu-
tation of the recombinase and/or the
binding sites. The second could occur as
the outcome of homologous recombina-
tion events, but Warren et al. (4) point
out that an alternative, more efficient
mechanism could also play an important
role. Many recombinase genes are lo-
cated adjacent to their att sites, setting
the stage for fusion with new sequences
via site-specific recombination with
weak att sites located within the recom-
binase gene and elsewhere in the bacte-
rial genome.

The finding that a chimeric Cre-inte-
grase has gained regulated directionality
by adding only a 60-residue DNA-bind-
ing domain from �-integrase is intrigu-
ing for a number of reasons. In addition
to the mechanistic and evolutionary in-
sights noted above, this work opens the
door for some interesting new direc-
tions. For example, new hybrid recombi-
nases could be prepared by using similar
strategies and tested for properties that
would be useful in experiments involving
programmed gene rearrangements. As
noted by Warren et al. (4), a process of
self-promoted recombination that the
chimeric Cre construct may represent
could also be exploited as an experi-
mental platform for exploring new se-
quences. Of course, we are also re-
minded once again that there is much to
be learned from �.
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turned the normally

unregulated Cre into a
regulated integrase.

Van Duyne PNAS � January 6, 2009 � vol. 106 � no. 1 � 5

C
O

M
M

E
N

T
A

R
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
10

, 2
02

1 


