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Abstract

Cre recombinase is a phage-derived enzyme that has found utility for precise manipulation of
DNA sequences. Cre recognizes and recombines pairs of /oxP sequences characterized by an
inverted repeat and asymmetric spacer. Cre cleaves and religates its DNA targets such that
error-prone repair pathways are not required to generate intact DNA products. Major obstacles

to broader applications are lack of knowledge of how Cre recognizes its targets, and how its
activity is controlled. The picture emerging from high resolution methods is that the dynamic
properties of both the enzyme and its DNA target are important determinants of its activity in both
sequence recognition and DNA cleavage. Improved understanding of the role of dynamics in the
key steps along the pathway of Cre-/oxP recombination should significantly advance our ability to
both redirect Cre to new sequences and to control its DNA cleavage activity in the test tube and in
cells.
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Introduction

The tyrosine family of site-specific DNA recombinases (Y-SSRs)[1-4] represent powerful
tools for genome engineering — insertion, excision, or exchange of genes into precise
locations in chromosomes. These enzymes (e.g., A-integrase, Cre, and Flp recombinases)
have proven useful for applications including construction of mouse libraries with nearly
every gene under conditional control (http://www.creportal.org/) [5], lineage tracing in
developing cells [6] and mapping of synaptic circuits in developing brains (Brainbow)
[7]. Moreover, the therapeutic potential of Y-SSRs is illustrated by their use in excision

of stably integrated proviral DNA [8,9], and for correcting a genomic inversion associated
with Hemophilia A [10]. For /n situ applications in eukaryotic cells, Y-SSRs have an
advantage over gene editing systems that activate error-prone double-strand DNA repair
pathways (as do TALENS, zinc finger nucleases, and CRISPR-Cas9 [11]), because many
don’t require additional host-encoded factors and generate intact double-stranded DNA
products [3,12,13].
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Structural studies of Cre (Causes Recombination; Figure 1) and related tyrosine
recombinases have provided high-resolution snapshots of steps along the recombination
pathway [3,4,14,15], illuminating a role for both protein and DNA conformational changes
(dynamics) in their function. The 343 amino acids of Cre comprise an N-terminal “core-
binding” domain (CB) and a C-terminal “catalytic domain” (Cat) wherein resides the
eponymous tyrosine residue, connected by an eleven residue linker. Cre and other Y-SSRs
share structural and mechanistic similarity to type I-B topoisomerases (topo 1B), which form
a C-shaped clamp over duplex DNA and release strain by producing single-strand breaks
via formation of a covalent DNA-protein phosphotyrosyl intermediate (reviewed in [16]).
Conformational fluctuations in topo IB enzymes are found to be important for DNA binding,
strand passage, and sensitivity to inhibitors [17]. An important distinction is that while topo
IB enzymes function as monomers, Cre and other Y-SSRs require site-specific assembly

of higher-order structures in which protein-protein contacts and changes in DNA topology
modulate DNA cleavage activity [4,13,18].

Cre catalyzes recombination between a pair of homologous 34 bp /oxPsites via a series

of steps involving (Figure 1d): (1) recognition and binding of a pair of Cre molecules

to its target site containing two inverted repeats (recombinase binding elements, RBES)
separated by an asymmetric 8 bp “spacer”, (2) antiparallel “synapsis” of a pair of Cre
dimers on /oxPsites (Crep-/oxP) to form a stable tetrameric (Crep-/oxP), structure, (3)
cleavage of two opposing DNA strands to produce an intermediate with two Cre protomers
covalently attached to a 3’-phosphate via a tyrosyl linkage, followed by (4) strand exchange
and re-ligation to form a four-way DNA Holliday junction (HJ) intermediate. A central
isomerization step (5) that changes the geometry of the HJ intermediate is thought to
determine which pair of protomers is active for DNA cleavage, thereby determining the
direction by which the Holliday junction is resolved [1,3,13,19].

Despite much success in application of Y-SSRs to problems in molecular and cell biology,
barriers to their broader application remain. Two major barriers to their broader application
are that the specificity determinants of recombinases for their target sites, and the underlying
mechanisms that control recombination outcome are not sufficiently understood to enable
effective retargeting to new genomic sites [4,13,20-24]. It is probable that both target site
specificity and outcome of the enzymatic reaction are governed by structural properties
throughout the recombination pathway, implicating poorly understood protein and DNA
dynamics. Here we highlight dynamic properties of the Cre-/oxPand other Y-SSR systems
and suggest that future exploration of these dynamics will allow us to better understand and
apply Y-SSRs in gene editing applications.

DNA site recognition

Complementarity between the shape and electrostatic properties of proteins and their target
DNA is critical to achieving sequence specificity. Specificity is achieved by a combination
of “direct readout” of DNA bases by amino acid functional groups, and “indirect readout”
arising from sequence-specific differences in the shape of the DNA helix [25]. Moreover,
specificity requires proteins to overcome the long appreciated kinetic search problem of
finding a set of unique “cognate” DNA sequences in a large background of “non-cognate”
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sequences with similar structures. Postulated solutions to this site search problem invoke
three-dimensional diffusion, one-dimensional sliding, hopping, and direct transfer between
strands [26-28], all of which require that protein-DNA interactions reflect a balance
between loose association for efficient sequence scanning and high affinity binding for
achieving specificity [29]. Consistent with these ideas, single molecule tracking experiments
in cells show that DNA binding proteins (DBPs) spend most of their time bound to DNA
[30] in a “non-specific” manner. Molecular strategies for achieving this balance between
loose and tight association are suggested to include the presence of flexible inter-domain
linkers in multidomain proteins [31], or negatively charged disordered regions [32].

Structural and biochemical studies have provided an incomplete picture of specificity
determinants in Cre-/oxPrecognition. Crystal structures have shown that upon binding to an
RBE each Cre protomer buries ~5000 A2 in the protein-DNA interface but makes just a few
direct contacts to the bases (Figure 1c) [4,14,33]. Nevertheless, high-throughput selection,
screening and sequencing of recombined DNA libraries show that recombination is strongly
dependent on nucleotide positions throughout the 34 bp site [34-37]. These observations
implicate /ndirect readout (shape recognition) as a major player in Cre-mediated DNA
recombination, bringing focus to the complementary structural and dynamic properties of
Cre and its target site, /oxP.

A high-resolution structure of Cre in the absence of DNA is not currently available, but
several pieces of information provide important clues to how it achieves its function.

Cre is monomeric in the absence of DNA, and superposition of two-dimensional 1H-15N
NMR spectra of full-length Cre and of the isolated CB and Cat domains indicates

that they fold independently [38], while the linker likely provides flexibility that would
enable reorientation relative to each other. This flexibility could be expected to allow

the protein to bind in different modes featuring both transient weak, and long-lived high
affinity complexes with DNA, and to enable effective sequence scanning [31]. NMR 1°N
spin relaxation experiments sensitive to fast motions (< 1079 s) have revealed dynamics
associated with its function [38]. Large amplitude fluctuations are observed in the Cat
domain for two loops: the J-K loop, which connects helices that play a role in contacting
DNA; and the B2-3 loop, which bears one of the active site residues and forms part of

the protein-protein interface that differs between active and inactive protomers in tetrameric
assemblies (Figure 1). Upon monomer binding to a single RBE the J-K loop motions are
dampened while the p2-3 loop remains flexible. Unexpectedly, the C-terminal region of the
protein corresponding to the aN helix is rigid in the absence of DNA, indicating that it is
not extended into solution to capture a neighboring protomer (Figure 1b). Additional NMR
experiments with a C-terminal deletion or with a paramagnetic spin-labeled C-terminus
revealed that in free protein the C-terminal sequence docks /17 ¢is, blocking the DNA binding
site of the catalytic domain. The functional consequences of this ¢/s-docking mode on target
sequence scanning and activation are considered below.

Likewise, there is no direct experimental information on the structure of the Cre-free /oxP
DNA sequence, but there is abundant evidence that its structural features are important
determinants to the efficiency and outcome of recombination reactions. Minimally, because
protein-protein interactions are extensive in tetrameric complexes and differ between active
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and inactive protomers (Figure 1a), the ability to form these interactions depends on the
bending propensity of the /oxPsite. A JoxP half-site bound to Cre shows deformations from
standard B-form, including widening of the major groove and narrowing of the minor groove
at positions adjacent to the spacer [39]; some of these structural deviations are well aligned
with predictions based on sequence [40,41]. These deformations become more pronounced
in dimeric and tetrameric assemblies. The /oxP spacer is observed to bend asymmetrically,
with a higher degree of deformation on the AT-rich side [33] and this has been associated
with favoring first cleavage to occur at the opposite end of the spacer region (on the bottom
strand) [18,33]. Given that there are very few contacts between Cre and the spacer, it seems
likely that the bias towards bottom strand cleavage is related to inherent bending of the
spacer itself. MD simulations of free and Cre-bound /oxP are consistent with the idea that
local variation in flexibility and groove dimensions play roles in both site recognition and
strand cleavage order [42]. High-resolution structural studies of free Cre and of /oxP DNA
would help to test these expectations.

Dynamics associated with DNA binding and sequence scanning

The observation that in free Cre its C-terminal region blocks the DNA binding site of the Cat
domain [38] raises questions about the functional consequences of this “auto-inhibited”
conformation. As conspicuous as is this auto-inhibited state, upon forming a C-clamp
structure around a DNA double helix the C-terminus is displaced from the DNA binding
interface and extends in a disordered fashion into solution, wherein it is available to dock
on a neighboring protomer [38,39]. On purely thermodynamic grounds, the presence of

a conformation with blocked or weakened DNA binding affinity would be expected to
reduce the overall affinity of Cre for both cognate and non-cognate DNA (Figure 2). As
the C-terminus appears only to block the Cat domain, the CB domain could be expected to
remain available for transient DNA binding enabling the enzyme to exhibit enhanced rates
of DNA scanning. The idea that auto-inhibition could enhance sequence searching in Cre
recombinase is supported by studies on DNA scanning by other sequence-specific DNA
binding proteins [32,43,44].

Protein and DNA dynamics are also implicated in the observation that site-specific binding
of Cre to /oxP is accompanied by distortion of the DNA through bending and alternation
of groove dimensions (Figure 2 b) [39]. /oxP sequences exhibit low GC content, with

TA base steps being amenable to protein-induced DNA distortions compared to other
sequences with greater GC content [45,46]. Differences in the structures of Cre bound

as monomers, dimers and tetramers to DNA [39], implicate protein dynamics in achieving
site-specific recognition. The likely importance of binding-coupled conformational changes
in site recognition by Cre is underscored by the observation that the protein makes very
few base-specific contacts to the 34 bp /oxPsite (Figure 1). Indeed, single molecule force
spectroscopy experiments have shown that when deformation of DNA is disallowed by
applying tension, DNA binding proteins that induce bending upon target site binding have
decreased specificity [47,48].
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Protein-protein interactions regulate Cre

Dynamics

Fluctuating protein-protein interactions (PPIs) are at the crux of Cre function. Upon binding
DNA, Cre may capture a second protomer via trans-docking by the C-terminal aN helix,
burying ~2600 A2 of protein-protein surface area. A thus assembled Cre,-/oxP dimer can
then synapse with another such dimer by both donating and accepting a C-terminal trans
docking interaction, burying an additional 8000 A2 of protein-protein surfaces across the
synapse. Although each protomer makes similar contacts with its RBE [13,14], synaptic
complexes are two-fold, not four-fold symmetric (Figure 1), and the protein-protein
interfaces differ between the duplex and synaptic interfaces. These differences reveal that
the PPIs are malleable and able to dynamically sample multiple conformations.

Dynamics are also implicated in controlling DNA cleavage activity by Cre. Single Cre
protomers bound to DNA lack cleavage activity [49], and in tetrameric complexes, only
alternating protomers adopt an “active” conformation (Figure 1). Comparison of the active
site structures of Cre-/oxP complexes at different points during assembly to that of a type

IB topoisomerase [50] reveal variation in the position of a lysine that serves a general acid,
and the tyrosine nucleophile, K201 and Y324 in Cre (Figure 3). These residues are critical
for cleavage activity and their misarrangement in lower-order oligomers is consistent with
Cre’s lack of topoisomerase-like activity [49]. These variations in the active site structure

of Cre during assembly and between protomers in the tetrameric complex are linked to
differences in the PPIs. Various sets of PPIs stabilize Cre-/oxP complexes while maintaining
an “inactive” conformation, while a unique set of PPIs is responsible for producing an
“active” conformation for only one protomer on each duplex (Figure 3). The requirement of
a unique set of PPIs to activate Cre may provide a mechanism to avoid unproductive DNA
cleavage activity. As well, the necessity of conformational changes in both protein and DNA
substrate to generate the active conformation is likely to be a source of specificity for Cre
and other recombinases, as only certain DNA substrates will adopt conformations that allow
these critical PPIs to form.

and synapse heterogeneity

In addition to playing dominant roles in site selection and control over protomer cleavage
activity, protein and DNA dynamics are also likely to directly influence recombination
outcomes. As two Cre,-/foxP “dimer” complexes synapse to form tetrameric complexes,
dynamic equilibria between at least two alternative conformations of the dimer may

have deterministic consequences on the recombination pathway (Figure 4). Of particular
interest is how these dynamic processes govern the bias for first cleavage in Cre mediated
recombination.

In reaction with /oxP DNA substrates, Cre preferentially cleaves the bottom-strand (BS) first
[51,52]. A variety of experiments using systematic and random variation of the /oxP spacer
have shown that sequence variants can alter the thermodynamics of synapsis, cleavage bias,
and recombination efficiency of Cre-mediated recombination [51-54]. Since formation of
productive PPIs by Cre requires large deformations in the DNA substrate, it follows that
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such mutations may alter the flexibility of pre-synaptic complexes, disfavoring formation of
productive conformations.

Bias for BS cleavage is proposed to arise from preferential synapsis of Cre,-/oxP dimers
with the substrate bent in a direction that primes the protomer bound to the right RBE for
cleavage of the BS, whereas dimers bent in the opposite direction prime the protomer on
the left RBE for cleavage of the TS (Figure 4) [33,51]. Synapsis between two similarly bent
dimers would produce tetramers that are antiparallel with respect to the asymmetric spacer,
that are poised for TS or BS cleavage, while synapsis of dimers with opposite bends would
generate parallel complexes that are likely dead-end products [51,55-57]. Equal populations
of TS and BS dimers would be expected to result in assembly of equal probability of
assembling TS, BS and parallel synaptic complexes, whereas a bias in the dimer population
favoring either BS or TS cleavage would favor those complexes and disfavor formation of
dead-end products. As mentioned above, intrinsic properties of the DNA substrate, and its
ability to adopt the conformations necessary to proceed with assembly and recombination
[42], are likely important determinants. Thus, understanding the structure and dynamics

of Crep-/oxP complexes preceding synapsis, and the mechanisms by which a dynamic
equilibrium of dimeric conformations is produced, may be essential for understanding the
order of stand cleavage and recombination efficiency.

Dynamics of synaptic tetrameric complexes

Cre and other Y-SSRs exhibit conformational shifts within the synaptic complex before and
in conjunction with the first cleavage event [39,58-61]. Synapsis of two Cre,-/oxP dimers
into a tetrameric complex establishes new protein-protein interactions (PPIs) that activate the
enzyme for DNA cleavage [51,53]. Structural evidence shows that synapsis is accompanied
by additional DNA bending and rigidification of regions implicated in recombination
activity [33,62,63]. Of particular interest is the p2-3 loop which contains active site residue
K201. In synaptic complexes the p2-3 loop from inactive protomers pack against the aM
helix of the adjacent protomer in the duplex interface (Figure 3), helping to position the
neighboring Y324 for cleavage; cleavage-primed protomers display a f2—3 conformation
closer to the scissile phosphate, also properly positioning K201 (Figure 1d) [33]. Analysis
of structure variability within the cryo-EM data of pre-cleavage Cre201A. foxP tetramers
revealed a continuum of DNA bending angles that are coupled to restructuring of the 2-3
loop and thus priming Cre for DNA cleavage (Figure 5). In addition to contributing to
activity in synaptic complexes, it seems likely that this structural variability in synaptic
complexes provide insight into the types of dynamics that must take place during the
downstream steps of Holliday junction isomerization of and resolution.

Holliday junction formation and isomerization

Conformational isomerization of the asymmetric Cre-/oxP Holliday junction (HJ)

intermediate is thought to exchange the act/ve and inactive protomer pairs, interconverting
TS and BS complexes, and determining the direction of resolution to duplex DNA [13,64—
66]. Formation of the HJ intermediate requires a series of rearrangements in the tetrameric
synaptic complex: coordinated cleavage of a pair of strands by active protomers, exchange
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of the resulting pair of 5’-hydroxyl-bearing single strands across the synapse, and reversal
of the 3’-phophotyrosine linkages (Figure 1d, steps 3—4). Mechanistic details are scarce
regarding dynamics in these steps [51,66], but macroscopic similarity of the structures of
synaptic and HJ complexes suggests that necessary protein and DNA rearrangements are
local.

Application of single molecule fluorescence microscopy experiments that are sensitive to
dynamics and distance provided insights into the kinetics of steps in the recombination
pathway [57]. In a long DNA duplex containing two /oxPsites, with FRET donor/acceptor
pairs positioned to be able to distinguish TS and BS complexes, experiments with
recombination deficient Cre mutants allowed detection of particles with either low or high
FRET states. The use of wild-type protein resulted in particles with intermediate FRET,
suggesting that the high and low FRET states are being rapidly averaged on a timescale
faster the 100 ms exposure time of the camera [57]. Remarkably, this timescale is similar to
that measured for isomerization of protein-free Holliday junctions [67]. One interpretation is
that the protein is just a passenger and neither constrains nor enhances this intrinsic dynamic
behavior of the DNA four-way junction. Alternatively, the protein may play a role in steering
dynamics towards productive isomerization.

Knowledge of the structure and dynamics of HJ isomerization could help reveal the role

of Cre in the process. In crystals, Cre [65,66] and related Y-recombinases [68,69] adopt a
nearly planar “open” conformation wherein the HJ arms splay out in a nearly cruciform
fashion. By contrast, naked HJs favor a “closed” conformation, resulting in a pair of

coaxial stacks. Open HJ conformations may represent the transition state between stacked
isomers and are observed at low ionic strength and in the absence of cofactors [67,70].
Loop-closure kinetics experiments suggest that Cre-/oxP tetrameric complexes can adopt
non-planar intermediates different from the planar structures seen in crystals [71]. Rotation
about the Cre-/oxP synaptic interface to generate tetrahedral-like structures is also thought to
be stable for the same reason closed-junctions exhibit an interhelical rotation [71]. Thus, Cre
binding to /oxP under physiological conditions may stabilize open-like structures that help
shepherd HJs along the recombination pathway, making use of intrinsic junction dynamics
to remodel protein-protein interfaces.

Cre-mediated recombination in eukaryotic cells

Given that Cre is an enzyme of bacteriophage origin, it bears considering how its
biophysical properties, which evolved for function in bacteria, enable powerful genome
editing in eukaryotic cells. Remarkably, Cre features sequence elements that have been
shown to enable its active transport into the eukaryotic nucleus [72]. Moreover, experiments
with mammalian chromosomes have shown that while recombination efficiency decreases
with genetic distance, it can nevertheless occur when that distance is maximized [73].
Various experiments indicate that nucleosomal packaging presents a barrier to Cre-mediated
recombination: increased recombination is observed in mouse spermatids wherein DNA
becomes exposed upon chromatin reorganization [74]; increased recombination is observed
during the Sphase of the cell cycle of synchronized HelLa cells, when DNA is exposed

for replication [75]; and recombination frequency with evolved recombinases is strongly
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correlated with epigenetic marks of active transcription [76]. Nevertheless, there is also
evidence that Cre and related recombinases can effectively compete with chromatin for
access to its target sites [77]. These observations call for insightful experiments to better
understand mechanisms of site selection, synapsis, strand exchange and resolution in the
much more complex environment in the eukaryotic nucleus.

Conclusion

Molecular tools to edit genomic DNA in a precise and efficient manner would tremendously
advance our understanding of biology and could potentially provide targeted therapy.
Structural studies of Cre-mediated DNA recombination have provided exquisite snapshots
of steps along the recombination pathway. Those structures have illuminated discrete
conformational changes associated with DNA site recognition and protein activation, while
providing an incomplete picture of the specificity determinants. With the rapidly expanding
list of natural and engineered Cre-like enzymes capable of editing target DNA, effective
tools now seem within reach. Improved understanding of the role of dynamics in the key
steps along the Cre-/oxPrecombination pathway should significantly advance that objective.
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Figure 1.
Structure and overall mechanism of Cre-loxP recombination. (a) Structure of the Cre-loxP

synaptic complex (PDB 2HOI) comprises two homologous DNA duplexes and four Cre
protomers. These antiparallel complexes exhibit approximate C2 symmetry, with the loxP
DNA (pink, white) asymmetrically bent, and alternating protomers adopting “active” (blue)
and “inactive” (grey) conformations as determined by protein-protein contacts in the
synaptic and duplex interface. The C-terminal aN helix from each protomer makes a contact
in trans with an adjacent protomer, generating a cyclic pattern of interactions. (b) Each Cre
protomer (grey) forms a C-shaped clamp around DNA (pink), in which both the core binding
(CB) and catalytic (Cat) domains bind DNA and are separated by a flexible linker. aM
contains the catalytic Y324 (blue) and aN extends away from the DNA when bound. (c) The
loxP DNA sequence comprises a pair of 13-bp inverted repeats (black; recombinase binding
elements; RBES) separated by an 8-bp asymmetric spacer (red, triangle). Arrows indicate
the sites of preferred first and second cleavage on the “top” (TS) and “bottom” (BS) strands
of each duplex. Base-specific major groove interactions are highlighted with blue triangles
while minor groove interactions are denoted by green circles. (d) Overall mechanism of
Y-SSR-mediated DNA recombination, from site selection (1), synapsis of doubly bound
target sites (2), cleavage (3), strand exchange and ligation (4) to form a Holliday junction
intermediate. In tetrameric complexes only one pair of protomers is thought to be active for
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DNA cleavage (blue), while a central isomerization step (5) interconverts active and inactive
protomers and allows forward progression through the pathway.
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Figure 2.
Mechanism of DNA scanning and site selection by Cre recombinase. (a) Equilibrium K;s,

to an autoinhibited state involving the C-terminus of Cre (blue) allows for two modes

of DNA binding (i). Binding by the uninhibited conformation leads to a high affinity,

slow scanning complex (top), whereas DNA binding by the autoinhibited state of the

protein produces a low affinity, fast scanning complex (ii). Upon reaching a loxP sequence,
Cre induces complex-stabilizing conformational changes including DNA bending (iii). (b)
Hypothetical free energy landscape of DNA scanning. Low-affinity, fast scanning complexes
have smaller energy barriers when translocating between adjacent DNA binding sites, n and
n+1, compared to high affinity, slow scanning complexes. (c) Binding of a Cre protomer to
an RBE (PDB 7RHY) forms a specific complex featuring an 18° bend in the DNA, along
with stabilizing conformational changes in the protein.
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Tetramer-inactive aM Tetramer-active

Figure 3. Protein-protein contacts regulate Cre activity.
(a) Superposition of active site residues from a Cre monomer bound to a half-site (magenta,

7RHY), the inactive protomer from a synaptic complex (grey, 2HOI) and the DNA-free
topoisomerase IB from Deinococcus radiodurans (gold, 2F4Q) reveals mis-positioning of
K201 and Y324 relative to the scissile phosphate in the inactive states (orange sphere).

(b) By comparison, the active protomer from the synaptic complex (blue) aligns well to

the constitutively active topoisomerase 1B structure. (c) The duplex interface within the
synaptic complex of Cre-loxP displays packing of the p2-3 of the inactive protomer (grey)
against the aM helix of the active protomer (blue). This properly positions Y324 of the
active protomer, while displacing K201 of the inactive protomer away from the scissile
phosphate. (d) The synaptic interface exhibits a different orientation of f2—-3 and aM in the
two protomers. In this interface the p2—3 of the active protomer (blue) invades the minor
groove of loxP and positions K201 near the scissile phosphate for catalysis. With the loss of
contact from p2-3 of the active protomer, the aM helix and Y324 of the inactive protomer
(grey) are more distant from the scissile phosphate, not poised for nucleophilic attack.
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Figure 4. Heterogeneity in Cre-loxP synaptic assembly.
(Left) Creo-loxP dimers may exchange between conformations in which the protomer on

the left RBE donates its aN to the neighboring protomer, and is primed (blue) for cleavage
of the top strand, or bent in the opposite direction, favoring bottom strand cleavage by the
protomer on the right RBE. Assembly of two like dimers results in anti-parallel synapsis
(with respect to the loxP sequence) and subsequent activation of the protomers (blue) for
the corresponding first cleavage on the top or bottom strands. Synapsis between dimers with
opposite bends results in a parallel tetramer, which due to lack of proper base pairing and
possible steric hinderance during recombination is assumed to be unproductive.
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Figure 5. Pre-cleavage dynamicsin Tyr-recombinase synaptic complexes.
(a) Overlay of electron density maps from first (green) and last (violet) frames of 3D

variability analysis of the CreK201A_|oxP pre-cleavage synaptic complex.[45] (b) Models
of inactive and active Cre protomers fit to the electron density maps of the CreK201A_|oxp
complex in a, highlighting the change in density and restructuring of the 32-3 loop region.
Panels a and b were adapted from [45].
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