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During site-specific DNA recombination, which brings about genetic rearrangement in processes such as viral
integrationandexcisionandchromosomal segregation, recombinaseenzymes recognize specificDNAsequencesand
catalyse the reciprocal exchange of DNA strands between these sites. The bacteriophage recombinase Cre catalyses
site-specific recombination between two 34-base-pair loxP sites. The crystal structure at 2.4 Å resolution of Cre
bound to a loxP substrate reveals an intermediate in the recombination reaction, in which a Cre molecule has cleaved
thesubstrate to formacovalent39-phosphotyrosine linkagewith theDNA.Four recombinasesand two loxPsites forma
synapsed structure in which the DNA resembles models of four-way Holliday-junction intermediates. The Cre–loxP
complex challenges models of site-specific recombination that require large changes in quaternary structure. Subtle
allosteric changesat thecarboxy termini of theCresubunitsmay insteadcoordinate thecleavageandstrand-exchange
reactions.

Based on sequence similarity, recombinases from bacteria and yeast
have been classified into the integrase family and the resolvase–
invertase family, which use two distinct mechanisms of recom-

bination1,2. Integrase family members cleave their DNA substrates
by a series of staggered cuts, during which the recombinase becomes
covalently linked to the DNA through a catalytic tyrosine residue
(Fig. 1). Recombination takes place by exchanging one set of strands
to yield a Holliday structure intermediate, followed by the exchange
of a second set of strands to resolve the intermediate into recombi-
nant products.

The .60 members of the integrase family3 share poor sequence
similarity overall, although four residues required for catalysis are
strictly conserved4,5. The sequence dissimilarity among integrase
family members may reflect the diversity of function and form in
which these recombinases carry out their genetic rearrangements.
Some members, such as the bacteriophage-l integrase, require
additional accessory proteins to facilitate the recombination
process6. In contrast, the Cre recombinase (relative molecular
mass, 38 K) from bacteriophage P1 mediates a site-specific recom-
bination reaction between two 34-base-pair loxP sites (Fig. 1a, b)
which does not require accessory factors and can be performed in
vitro with a variety of DNA substrates7,8. The role of Cre recombi-
nase in the bacteriophage P1 life cycle is to maintain the phage
genome as a monomeric, unit-copy plasmid in the lysogenic state7,9.
The simplicity of the Cre/loxP system has led to its use in a growing
number of in vitro and in vivo applications10,11, including the
engineering of synthetic antibody libraries12, site-directed chromo-
some translocations13, targeted gene deletions14, mosaic genomes15

and gene-specific humanized animal models16. Advances in this
technology have resulted in transgenic systems in which Cre-
mediated genetic rearrangements can be controlled in site-specific,
tissue-specific and time-specific manners17,18.

The largest gap in our understanding of how Cre recombinase
and other integrase family members catalyse the site-specific
recombination reaction has been a result of a lack of three-dimen-
sional structural models for the macromolecular complexes
involved. However, the three-dimensional structures for the cata-
lytic domains of the bacteriophage l and HP1 integrases3,19 and the
structure of the Escherichia coli XerD recombinase20 have recently
been reported. Using the Cre/loxP system as a model, we are

working to bridge this gap by studying the structures of intermedi-
ates in the site-specific recombination reaction. We have deter-
mined the three-dimensional structure at 2.4 Å resolution of a
covalent intermediate in the site-specific recombination reaction
between Cre recombinase and a symmetrized, suicide loxP sub-
strate. This Cre–DNA complex is a structural model for a site-
specific recombination synapse and provides several unexpected
mechanistic insights into the recombination reaction.

Structure determination
Cre recombinase was expressed in soluble form in E. coli and
purified to homogeneity. The purification and construction of
DNA substrates for co-crystallization was simplified by replacing
the asymmetric 8-base-pair spacer sequence between inverted
repeats in loxP with the symmetric spacer shown in Fig. 1b. This
modified substrate (loxA) was constructed from two modular half-
sites that dimerize through 4-base-pair 59 overhangs to yield a
doubly nicked duplex21. The choice of positions for the missing
phosphodiester linkages in loxA results in the formation of a
trapped covalent intermediate following cleavage by Cre. Because
the residue on the 39 side of the cleaved phosphate is able to diffuse
away, the 59-hydroxyl group that would normally serve as a
nucleophile in the subsequent strand-exchange step of the reaction
is eliminated (Fig. 1c). A similar strategy was used to prepare
covalent l integrase–DNA intermediates22. SDS–PAGE analysis of
Cre/loxA mixtures showed a band of reduced mobility correspond-
ing to formation of a covalent Cre–DNA complex. Crystals of
the Cre-loxA complex (see Methods), dissolved directly in SDS-
containing buffer, showed the same slower-moving band. Crystal-
lographic phases for the Cre-loxA structure were determined at 3 Å
resolution using a combined multiple isomorphous replacement/
anomalous scattering (MIRAS) and multiwavelength anomalous
diffraction (MAD) approach using diffraction data measured at
the NSLS X25 and X4A beamlines. This combined phasing
approach resulted in an experimental electron density map that
was readily interpretable, and refinement of the initial model with
2.4 Å data for the parent complex converged rapidly to R ¼ 0:201
and Rfree ¼ 0:264 for 50–2.4 Å resolution data. Data collection
statistics, phasing statistics and refinement results are summarized
in Table 1.
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Figure 1 a, The Cre–loxP site-specific recombination reaction, based on studies

in the lambda integrase family1 and on the work described here. Two Cre

molecules bind to loxP sites which then associate to form a recombination

synapse (1). Conserved Tyr 324 cleaves each substrate to form covalent 39-

phosphotyrosine intermediates in an antiparallel arrangement (2). (Cleavage of

the substrates could precede synapsis.) The 59-hydroxyl groups released by

cleavage of the phosphodiester linkages become nucleophiles in a strand-

transfer reaction, in which they attack the phosphotyrosines of the partner

substrates, yielding a Holliday-junction intermediate (3). A second round of

cleavage and strand-exchange reactions gives recombinant products (4). The

reaction intermediate shown in 2 represents the Cre–loxA synapse structure

described here. b, Sequence of loxP and of the DNA substrate (which we have

named loxA) used to form Cre/DNA cocrystals. The loxA construct was formed

from 16-mer (59-TATAACTTCGTATAGC-39) and 19-mer (59-ATATGCTATACGAAGT-

TAT-39) oligonucleotides that were annealed together. The 13-bp inverted repeats

in the loxP and loxA sites are underlined and the phosphate groups cleaved

during the Cre–lox recombination reaction are indicated by arrows. The central 8

bp comprise the strand exchange, or crossover region. Vertical lines in the loxA

sequence identify the location of missing phosphodiester linkages in the top and

bottom strands. The number scheme follows refs 26, 30. c, The trapped 39-

phosphotyrosine intermediate formed when Cre cleaves the loxA substrate. The

Cyt 3 residue on the 39 side of the cleaved phosphate is able to diffuse away,

eliminating the 59-hydroxyl group that would normally serve as a nucleophile in

the subsequent strand-exchange step of the reaction.

5'-TATAACTTCGTATAGCATATGCTATACGAAGTTAT-3'
X3'-TATTGAAGCATATCGTATACGATATGCTTCAATAT-5'loxA
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Table 1 Summary of crystallographic analysis

Data collection statistics

Derivative (no. of sites) Source Resolution limit (Å) Rsym* Redundancy† Completeness (%)
Native l ¼ 0:9790 Å NSLS X25‡ 2.4 0.069 5.0 93
Se-Met1§ l ¼ 0:9840 Å NSLS X4A 3.0 0.067 2.7 84
Se-Met2 (22) l ¼ 0:9793 Å NSLS X4A 3.0 0.068 2.7 83
Se-Met3 (22) l ¼ 0:9790 Å NSLS X4A 3.0 0.068 2.7 83
Se-Met4 (22) l ¼ 0:9790 Å NSLS X25 2.7 0.041 2.0 97
Mersalyl (6) Laboratory 3.0 0.051 2.6 88
Iodine-1k (4) l ¼ 0:9790 Å NSLS X25 3.0 0.076 4.6 87
Iodine-2 (4) Laboratory 3.4 0.073 3.1 88
Iodine-3 (4) Laboratory 4.0 0.087 3.7 96

Phasing statistics
Resolution limit (Å) 19.8 11.0 7.6 5.8 4.7 4.0 3.4 3.0 All

Phasing power/anomalous phasing power¶
Se-Met2 1.5/0.93 1.6/0.84 1.6/0.83 1.4/0.72 1.1/0.59 0.83/0.52 0.66/0.44 0.98/0.58
Se-Met3 1.2/0.97 1.1/0.98 1.1/1.0 0.88/0.98 0.66/0.82 0.49/0.72 0.37/0.62 0.59/0.79
Se-Met4 0.43/0.41 0.72/0.77 0.77/0.74 0.93/0.85 0.76/0.85 0.52/0.73 0.45/0.63 0.46/0.54 0.56/0.68
Mersalyl 0.58 1.5 1.6 1.7 1.2 0.83 0.78 0.82 0.96
Iodine-1 0.88 0.76 0.79 0.88 0.62 0.41 0.36 0.37 0.47
Iodine-2 0.61 0.97 1.1 1.1 0.72 0.56 0.51 0.64
Iodine-3 0.66 1.3 1.0 0.96 0.70 0.52 0.70

Mean figure of merit 0.44 0.76 0.77 0.78 0.70 0.58 0.50 0.43 0.56

Refinement results
Resolution (Å) R-factor# Free R-factor# No. of reflections

Data with F . 2j 50–2.4 0.201 0.264 41,368
All data 50–2.4 0.208 0.272 42,896

R.m.s. deviations Bond lengths 0.005 Å Bond angles 1.28 B values (bonded) 3.7 Å
...................................................................................................................................................................................................................................................................................................................................................................
* Rsym ¼ S Ih 2 〈 Ih〉 =SIh

�
�

�
� , where 〈 Ih 〉 is the average intensity over symmetry equivalent measurements.

†Redundancy is the number of measured data/number of unique data.
‡NSLS X25, NSLS X4A: National Synchrotron Light Source beamlines X25 and X4A, Brookhaven National Laboratory.
§ Se–Met1–3 data were measured from the same crystal in a multiple-wavelength anomalous diffraction experiment. Dispersive differences (treated as isomorphous differences) for Se-
Met2 and Se-Met3 are with respect to Se-Met1. Se-Met4 data were measured from a different crystal and isomorphous differences are with respect to the native data.
k Iodine-1, short strand in Fig.1b is changed to 59-TAXAACTTCGTAXAGC-39, where X is 5-iodo-dU; iodine-2, long strand is changed to 59-ATATGCXAXACGAAGTTAT-39; iodine-3, long strand is
changed to 59-ATATGCTATACGAAGXXAT-39.
¶ Phasing power ¼ S FH =S FPHobs 2 FPHcalc jj

�
�

�
�

�
�

�
�

�
�

�
� ; anomalous phasing power ¼ S FH0 S ADobs 2 ADcalc jj

�
�

�
�

�
�

�
�

�
�

�
� , where AD is the anomalous difference.

# R-factor ¼ S Fobs 2 Fcalc =SFobs

�
�

�
� , where summation is over data used in the refinement; free R-factor includes only the 10% of data excluded from all refinements.
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Architecture of the Cre–loxA complex
The structure of the Cre–loxA complex reveals two Cre molecules
bound to a single loxA site (Fig. 2). Each Cre molecule contacts the
outermost 15 base pairs of one loxA half-site, which includes the 13-
base-pair inverted-repeat sequence and the first two base pairs of the
central strand-exchange region. One of the two Cre molecules
bound to the loxA site has cleaved the DNA substrate to form a
covalent 39-phosphotyrosine linkage. Two antiparallel Cre–loxA
complexes are associated in the crystal to form a dyad-symmetric
recombination synapse (Fig. 5a). A similar protein–protein inter-
face is formed both between Cre molecules bound to the same loxA
site and between Cre molecules bound to different loxA sites in the
synapse, generating pseudo-C4 symmetry in the synaptic assembly.
The cleaved loxA sites are bent by ,1008 at their centres, resulting in
a pseudo-fourfold arrangement of loxA half-site arms in the synapse
that resembles a square planar isomer of a Holliday-junction
intermediate23,24. The protein:DNA scaffold surrounds a ‘strand
exchange cavity’ which contains the central six bases of the crossover
region. Single-stranded DNA segments that are released by the
cleavage reaction are not contacted by the recombinase tetramer
and have both flexibility and unencumbered access to the active sites
of the Cre-loxA synapse.

Structure of Cre recombinase
Cre folds into two distinct domains that are separated by a short
linker (Fig. 3a, b). The amino-terminal domain (residues 20–129)
contains five a-helical segments connected by short loops. Three of
the helices (C, D and E) are organized into an antiparallel bundle.
Helices A and B are nearly orthogonal to the three-helix bundle,
with helix B in close contact with a hydrophobic bundle surface.
Helix A is only loosely associated with the rest of the domain. As
discussed below, helices A and E are involved in formation of the
recombinase tetramer and helices B and D contact the major groove
of the loxA half-site. The two independent amino-terminal domain
conformations in the Cre-loxA complex are similar, with an r.m.s.
deviation of 0.7 Å for a-carbon atoms.

The larger carboxy-terminal domain of Cre recombinase includes
amino acids 132–341 and is primarily helical. A small b-sheet
(strands 1–3) packs against one surface of a nine-helix domain
(helices F–N). The terminal helix N extends away from the rest of
the domain and is involved in intersubunit contacts. The C-
terminal domain of Cre recombinase is structurally similar to the
lambda integrase and HP1 integrase catalytic domains3,19. But
unlike the amino-terminal domain, the C-terminal domain differs
significantly between the two loxA-bound Cre molecules, with the
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Figure 2Stereo ribbonmodel49 of the Cre–loxA complex. The Cre subunit that has

cleaved the loxA site is in green (right) and the Cre subunit that has not cleaved the

loxA site is purple (left). Side chains of the active-site residues (Arg 173, His 289,

Arg 292, Trp 315 and Tyr 324) are in red. The N- and C-terminal amino-acid

numbers, the first and last bases in the uncleaved DNA strand, and selected a-

helices are labelled.

Figure 3 a, Ribbon model49 of Cre recombinase. a-Helices are labelled A–N and

the amino and carboxy termini are indicated by residue numbers. b, Secondary

structure assignment for Cre recombinase. Active-site residues are boxed;

asterisks indicate amino acids that contact DNA (,3.6 Å) in the subunit that has

cleaved the loxA site.
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largest structural deviations coming from the C-terminal segments
leading to helix N. The two C-terminal domain structures have
r.m.s. deviations of 2.5 Å for all a-carbon atoms and 1.5 Å for a-
carbon atoms omitting the final 17 amino acids.

The Cre–loxA interface
As shown in Fig. 2, two Cre molecules are bound to the loxA site.
Each Cre molecule contacts a loxA half-site and one of the two
molecules has formed a covalent 39-phosphotyrosine linkage with
the DNA. The amino and carboxy-terminal domains of Cre form a
clamp around the half-site, making extensive contacts with both
the major and minor grooves. This Cre–DNA interface buries
,5,000Å2 of solvent-accessible surface area for each Cre–half-site
interaction. The contacts we observe are in good agreement with the
results of DNase and hydroxyl radical footprinting studies using
both full-length Cre and a Cre deletion mutant lacking the N-
terminal domain25,26. The number of electrostatic interactions
between Cre and the phosphate backbone of the DNA substrate is
striking. A total of 39 contacts to the loxA site involving arginine,
lysine and histidine side chains are formed by the two Cre subunits.
Although the two Cre–DNA interfaces are similar, a clear asym-
metry exists that may result in part from conformational changes
associated with cleavage of the DNA substrate by only one of the two
Cre subunits.

The N-terminal domain contacts the DNA primarily via the
orthogonal B and D helices, burying ,1,800 Å2 of solvent-accessible
surface area in the interface formed by the non-cleaving Cre subunit
and ,2,300 Å2 in the interface formed by the cleaving subunit. The
crossed B and D helices sit in the major groove, centred at positions
5–6 and 59–69 of the loxA sites, and extend about three base pairs in
each direction. Together, helix B and helix D make three direct
contacts to DNA bases. Helix E of the amino-terminal domain in the

cleaving Cre subunit is aligned directly over the DNA backbone,
where it forms three close electrostatic interactions with phosphates
at the concave surface of the bent loxA site. This interface is different
in the non-cleaving subunit, where helix E is instead positioned
between adjacent loxA substrates in the synapse (Figs 2, 5a).

The C-terminal domain interacts with the entire 13-base-pair
inverted-repeat region of the loxA half-site plus the first two base
pairs of the strand-exchange region. This interface is more complex,
involving the entire face of the domain, with both secondary
structural elements and connecting loops interacting with the
major groove, the minor groove and the sugar–phosphate back-
bone. The protein surface area buried at this interface is ,3,000 Å2

for both the cleaving and non-cleaving subunits, but only a small
fraction of this surface involves major-groove interactions. The
amino terminus of helix J interacts with the major groove near
base pairs 10–11, where Arg 259 forms hydrogen bonds to N7 and
O6 of guanine 10 (Gua 10). This is the only direct major-groove
contact we observe involving the C-terminal domain. A striking
feature of this domain–DNA interface is the number of direct
contacts to bases in the minor groove. A short b-strand between
helices I and J makes three direct contacts. For example, the side
chain of Lys 244 bridges thymine (Thy)-16 O2 and Thy-17 O2.
Similarly, the loop between strands 2 and 3 of the b-sheet bridges
Gua-4 N3 and Thy-5 O2 with the side chain of Lys 201. A third
minor-groove interaction involves Arg 282 in the loop between
helices J and K, which forms hydrogen bonds to adenine(Ade)-7 N3.

Active sites and the phospho-Tyr linkage
The Cre active site contains the conserved catalytic triad residues
Arg 173, His 289 and Arg 292, the conserved nucleophilic Tyr 324
and Trp 315. The amino acids in a single active site are all derived
from the same subunit, indicating that Cre recombinase does not
form a shared active site like Flp recombinase27. There are two
distinct active sites in the Cre–loxA complex, one for each Cre
subunit bound to a loxA half-site. As the synapse is formed by the
association of two Cre–loxA complexes, the synapse tetramer
contains a total of four active sites, corresponding to the four
scissile phosphates in the site-specific recombination reaction.
One active site in the Cre–loxA complex (two per synapse) contains
a 39-phosphotyrosine DNA–Cre linkage resulting from cleavage of
the DNA substrate. This covalently attached phosphate is activated
for the strand-exchange step of the reaction, which requires nucleo-
philic attack of the phosphotyrosine by the 59-hydroxyl released
upon cleavage of the partner substrate (Fig. 1a).

Figure 4a shows the stereochemistry of the active site after
cleavage of the DNA substrate. The non-bridging oxygen atoms of
the scissile phosphate are coordinated by five hydrogen bonds.
Three hydrogen bonds come from the guanidino groups of
Arg 173 and Arg 292, which contact the oxygen atoms through
their Ne and Nh hydrogen atoms. One oxygen atom also receives a
hydrogen bond from the Ne hydrogen of His 289, which is ideally
positioned to serve as proton donor to the Tyr 324 leaving group
during the strand-transfer reaction. An additional hydrogen bond
to the second phosphate oxygen atom comes from the side chain of
Trp 315. This tryptophan is not conserved in the integrase family,
and a histidine residue is more often found in this position. The side
chains of histidine and tryptophan could, however, donate similar
hydrogen bonds and this functionality may well be conserved in the
integrase family. Together, the active-site His, Arg and Trp side
chains form a positively charged ‘proton cradle’ that appears to be
preorganized to accommodate the negative charges of equatorial
phosphate oxygen atoms in a trigonal bipyramidal transition state
of the phosphoryl transfer reaction.

The other active site in the Cre–loxA complex surrounds a scissile
phosphate that has not been cleaved by Cre (Fig. 4b). A super-
position of the two Cre subunits shows that the catalytic arginine
side chains and the Trp-315 side chain occupy similar positions in
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Figure 4 The Cre–loxA active sites. Perspective of the active site a, where Cre

recombinase has cleaved the DNA substrate to form a 39-phosphotyrosine

linkage; and b, where Cre has not cleaved the DNA substrate.
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this active site. Tyr 324, however, is shifted away from the scissile
phosphate with a phosphorus–hydroxyl distance of 5.8 Å. In this
conformation, the tyrosine hydroxyl group forms a hydrogen bond
with the phosphate group between Gua 4 and Ade 5. This change in
structure is partly due to a concerted 3 Å shift in helix M, which
contains Tyr 324. His 289 has also shifted away from the scissile
phosphate in this active site. We suggest that the stereochemical
differences between the two active sites may in part reflect the
allosteric consequences of the initial cleavage reaction. The resulting
asymmetry is likely to be of mechanistic importance, because the
stepwise nature of the integrase family site-specific recombination
reaction requires that only one half-site in each substrate be cleaved
in preparation for a given exchange of DNA strands.

Interactions in the synaptic complex
The interface between Cre subunits in the synapse tetramer is
extensive, with 13,800 Å2 of solvent-accessible protein surface
buried overall, or 3,450 Å2 buried per subunit. The contacts between
Cre molecules bound to the same loxA site are similar to the contacts
between Cre molecules bound to different loxA sites, giving rise
to the pseudo-fourfold symmetry of the synapse assembly. The
N-terminal domain contributes to this network of interactions
primarily with helices A and E, which form a parallel helix–helix
interface (Figs 2, 5a). The C terminus of helix E also contacts the b-

turn between strands 2 and 3 of the C-terminal domain in the
adjacent subunit. The interactions between C-terminal domains in
neighbouring subunits are intriguing. The segment following helix
M (amino acids 326–333) leads to a short C-terminal helix (N) that
buries one face in a hydrophobic pocket of the adjacent subunit
(Fig. 2). The hydrophobic pocket is formed partly by the L and M
helices, which are integral components of the recombinase active
sites. This intermolecular grapple crosslinks Cre subunits in a cyclic
manner (Fig. 5c) and may provide a means of communication
through which changes in the conformation of helix M and in the
segment leading to helix N are relayed to the adjacent subunit. A
reciprocal, rather than cyclic, exchange of helices was observed in
the structure of the HP1 integrase catalytic domain, where the
domains crystallized as dimers that mutually exchanged their C-
terminal helix homologues of Cre19. RuvA, a protein involved in
mediating branch migration of Holliday junctions, uses an inter-
molecular organization in forming a tetramer that is similar to the
cyclic exchange observed in the Cre–loxA synapse28.

The two Cre subunits bound to the loxA substrate differ in the
conformation of the segment connecting helix M and helix N. Helix
M in the subunit that has cleaved loxA is shifted by ,3 Å relative to
the same helix in the non-covalently bound subunit, in order to
form the phosphotyrosine linkage. As a consequence, the segment
connecting helices M and N adopts a more extended conformation
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Figure 5 Ribbon and space-filling models50 of the Cre–loxA synapse.a, View from

the N-terminal domain side of the tetramer, parallel to the dyadof symmetry and to

the pseudo-fourfold axis of symmetry. Helices A and E are indicated. b, Side view,

rotated 908 about a horizontal axis with respect to a. Approximate positions of the

N and C termini are indicated. Uncleaved DNA strands are drawn as continuous

ribbons in a and b. c, Space-filling model of the recombinase tetramer, showing

the cyclic interaction between subunits involving the C-terminal segments of Cre;

the view is from the C-terminal side of the synapse. d, Close-up of the DNA

substrate in the same orientation as in c, with the recombinase subunits omitted.

The direction of nucleophilic attack by missing Cyt 3 and formation of a recombinant

base-pair between Ade 2 and Thy2 in the strand-exchange step of the recom-

bination reaction are indicated by arrows. Tyr 324, visible in b and d, is in black.
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in the cleaving subunit (Fig. 2). In the non-cleaving Cre subunit, the
position of helix M causes the M–N linker segment to adopt a more
compact conformation involving formation of a short 310 helix and
a different set of interactions with the cleaving subunit located
across the synapse on the partner substrate (Fig. 5c).

Structure of the synapsed loxA DNA
The synapsed loxA sites have the overall appearance of a distorted
four-fold symmetric Holliday structure, with arms formed by the
duplex inverted repeat segments of the loxA half-sites (Fig. 5a, d).
However, as the strand-exchange step of the recombination reaction
has been blocked, the covalent bonds leading to a Holliday inter-
mediate have not been formed. There is a smooth bend of ,258
within the inverted repeat arms that is present in both the cleaved
and uncleaved half-sites. This bend produces a concave DNA
surface on one side of the synapse that is evident in Fig. 5b. An
increase in the width of the minor groove occurs in the regions
involving side chain–minor groove base contacts, but the helical
parameters of these duplex segments are otherwise generally
consistent with those of B-form DNA29.

The crossover region in the cleaved loxA site is composed of both
single- and double-stranded segments (Fig. 5d). In the cleaved
strand (top strand in Fig. 1b, c), Gua 4 maintains standard base-
pairing geometry in spite of the phosphotyrosine linkage. Cyto-
sine 3 has been released by the cleavage reaction and is missing from
the electron density, as expected. Ade 2 and Thy 1 are not base-
paired with the uncleaved strand, but instead have moved towards
the centre of the strand-exchange cavity, where their weak electron
density and high thermal parameters indicate a high degree of
mobility. The remaining four nucleotides (Ade 19 to Cyt 49) in the
cleaved strand are base-paired, with a trend of decreasing mobility
and increasing electron density quality nearer to the end of the
strand-exchange region. The first two single-stranded bases in the
uncleaved strand (Gua 3 and Thy 2) are stacked against neighbour-
ing Cyt 4 and have well-defined conformations. Ade 1 is poorly
stacked against its neighbours and provides the nucleation point for
a bend in the loxA site that leads to a ,1008 disposition between
half-site arms. This base has a poorly defined conformation in the
Cre–loxA structure and is the only position within the strand-
exchange region of loxP that was previously found to be intolerant
to mutation30.

To investigate whether the framework of the Cre–loxA synapse
has the appropriate geometry to mediate the strand-exchange
reaction, we modelled the missing Cyt 3 to the 59 end of Ade 2
and manually moved the DNA chain towards the phosphotyrosine
of the partner substrate (arrows in Fig. 5d). By adjusting their
backbone torsion angles, Cyt 3 and Ade 2 could be base-paired with
Gua 3 and Thy 2 of the partner substrate, placing the 59-hydroxyl of
Cyt 3 in an appropriate position for nucleophilic attack. Only the
torsion angles of Thy 1, Ade 2 and Cyt 3 needed to be changed to
adopt this strand-attack geometry. From this analysis, the strand-
exchange step of the site-specific recombination reaction could
occur in the nucleoprotein architecture of the Cre–loxA synapse
without major alterations in quaternary structure.

Cre–loxP site-specific recombination
Models of the l integrase family site-specific recombination reac-
tion have until recently been based on the assumption that the
branch point of the Holliday junction intermediate is formed at the
initial strand-exchange site. To exchange a second set of DNA
strands, branch migration and isomerization of the Holliday struc-
ture would be required to bring the appropriate pair of cleavage sites
into mutual proximity31. The requirement for homology between
recombining sites has been explained by the need for branch
migration of the Holliday junction between cleavage sites, which
would stall upon encountering a mismatch1,32. In contrast, we find
that the four active sites in the Cre–loxA synapse are symmetrically

positioned around their respective scissile phosphates following the
first cleavage step of the recombination reaction. In this arrange-
ment, the distances between adjacent active sites are all similar and
the loxA half-site arms adopt a pseudosquare planar conformation.
We therefore propose that the Holliday junction intermediate
adopts a nearly four-fold symmetric structure that is stabilized by
Cre–DNA interactions and that the cleavage and strand-exchange
steps of the recombination reaction occur within the Cre/DNA
framework, with no requirement for large-scale protein–DNA
isomerization steps (Fig. 1a). A more recent model for site-specific
recombination in the l integrase family requires only limited
branch migration of the Holliday junction intermediate, in which
the branch point is formed near the centre of the crossover
region33–35. Homology between recombining sites is tested in this
model by formation of recombinant base pairs during the strand-
exchange steps of the reaction. The Cre–loxA structure strongly
supports this model; the arrows in Fig. 5d indicate how two such
recombinant base pairs might be formed.

The stepwise nature of the integrase-family recombination
mechanism requires that only one half-site of the DNA substrate
be cleaved before strand exchange. What prevents double-strand
cleavage? In the synaptic complex, a number of subtle conforma-
tional changes involving the C-terminal 40 amino acids may
accompany the first strand-cleavage step and prevent attack of the
neighbouring half-site through allosteric effects. In the unsynapsed
Cre–DNA complex, where two Cre molecules bind to a loxP site,
cleavage at only one half-site may be ensured by the formation of
only a single competent active site. As shown in Fig. 2, only one of
the C-terminal segments in a Cre–loxP complex would be able to
interact with its adjacent Cre subunit, even if the bend in the
uncleaved loxP site were somewhat different. Without the appro-
priate intersubunit contacts, the second C-terminal segment may
adopt a different structure, or it may not adopt a unique conforma-
tion, as seen in the structure of the isolated l integrase catalytic
domain3. It is also unclear how the structure of Cre recombinase
would change when bound to an isolated half-site substrate, where
there would be no intersubunit contacts. This could be important
for interpreting experiments that have relied on the structural
integrity of the recombinases when bound to modified DNA half-
site probes36.

The three short helices (L–N) that comprise the C-terminal 40
amino acids of Cre also lie at the heart of a mechanistic paradox in
the integrase family36. In question is the source of the conserved
tyrosine that is responsible for strand cleavage at a given half-site.
Does it come from the same recombinase molecule that provides the
other active site residues for that half-site (cis cleavage) or is it from
one of the remaining three subunits (trans cleavage)? The Cre–loxA
structure presented here shows that Cre recombinase undergoes cis
cleavage of the loxA site, in disagreement with a recent report37.
Lambda integrase and the Xer recombinases both cleave their
recombination sites in cis38,39; Flp recombinase cleaves in trans27.
The answer may lie both in the context-dependent nature of the C
termini of the recombinases and in subtle structural differences
among integrase family members. Based on the Cre–loxA complex,
trans donation of helix M (which contains Tyr 324) to an adjacent
active site is plausible: the helical segments are close together and
only small changes in structure would be required (Fig. 2). This is
particularly feasible for Flp recombinase, which contains a slightly
longer linker between helices L and M40: indeed, modelling of the
Cre–loxA structure indicates that, given a longer linker, the M helix
could be donated in trans and the remaining C-terminal residues
could loop back to the same subunit to bury helix N in cis. These
interactions would generate a ‘trans-cyclic’ arrangement in the
synapse, a scheme that is similar to the ‘asymmetric’ mode proposed
for Flp recombinase41.

In summary, our structure of Cre recombinase bound to a suicide
DNA substrate provides a model for a l integrase family site-specific
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recombination synapse. The nearly four-fold symmetric tetramer of
Cre–DNA half-sites formed by the association of two Cre–loxA
complexes suggests a mechanism for recombination that does not
involve branch migration of the Holliday junction intermediate
between cleavage sites or isomerization of the protein–DNA archi-
tecture. Intersubunit contacts between C-terminal segments of Cre
may regulate the ordered cleavage and strand-exchange steps of the
reaction and these regions are likely to adopt conformations that
depend on their molecular context. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Crystallization of Cre–loxA. A Cre expression construct was prepared by
polymerase chain reaction (PCR) amplification of the Cre coding region from
bacteriophage P1 DNA and ligation into pET21a (Novagen). Both Cre and Se-
Met Cre were purified from bacterial lysates on SP-Sepharose, Source-15S
(Pharmacia) and CH15 hydroxyapatite (BioRad) columns. Crystals of the
Cre–loxA complex were grown at 18 8C by the hanging-drop method. Initial
drops contained 4–8 ml 50 mM sodium acetate buffer, pH 5, 12% 2-methyl-
2,4-pentanediol (MPD), 10 mM CaCl2, 50 mM Cre, 75 mM loxA half-site,
and reservoirs contained 100 mM acetate, pH 5, 24% MPD, 20 mM CaCl2.
Orthorhombic crystals (a ¼ 107:7, b ¼ 121:0, c ¼ 180:4 Å; C2221) grew in 3–4
days and reached a maximum size of 0:2 3 0:2 3 0:04 mm after 2–4 weeks.
Structure determination and refinement. Crystals were mounted in loops
made of 20-mm nylon filaments and flash-frozen in liquid propane42. The
asymmetric unit of this crystal form contained two Cre molecules and two loxA
half-sites; the crystals diffracted well to 3 Å at a temperature of 100 K on
laboratory sources and to at least 2.4 Å using synchrotron sources. Data were
measured using a rotating anode X-ray source equipped with Charles Supper
focusing mirrors and a MAR Research image-plate detector; NSLS X25 data
were measured using a MAR Research image-plate detector, and NSLS X4A
data were measured using Fuji image plates. All data were measured at 90–
100 K and processed as described42. Two sets of dispersive differences (with
respect to wavelength 1) and anomalous differences from a three-wavelength
MAD experiment performed at NSLS X4A were treated as isomorphous and
anomalous differences, respectively, and used together with the MIRAS data in
a locally modified maximum-likelihood procedure43 to phase the parent Cre/
loxA structure. Modification of the solvent region44 and phase combination
with experimental probability distributions resulted in a clean electron density
map with interpretable density for protein residues 21–340 and nearly all of the
DNA bases. The two Cre molecules in the asymmetric unit were independently
traced and non-crystallographic symmetry averaging was not used at any stage
of the structure solution or refinement.

The Cre–loxA model was refined using simulated annealing coupled with
torsion angle dynamics45 at 3.0, 2.7 and 2.4 Å resolution, with model adjust-
ments following each refinement round46. A bulk solvent correction47 allowed
refinement with no low-resolution cutoff in the reflection data. A new
parameter set was used to restrain nucleic acid geometry48, with no torsional
restraints imposed on the phosphotyrosine linkage. The final model includes
644 out of 686 amino acids (residues 20–341 in both Cre molecules), all
nucleotides except one of the two overhanging 59 T residues, and 488 water
molecules with unit occupancy and good hydrogen-bonding stereochemistry.
All amino acids have (f, w) backbone torsion angles in allowed regions of
Ramachandran space.
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