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ABSTRACT

Cre recombinase selectively recognizes DNA and
prevents non-specific DNA cleavage through an or-
chestrated series of assembly intermediates. Cre
recombines two /oxP DNA sequences featuring a
pair of palindromic recombinase binding elements
and an asymmetric spacer region, by assembly of
a tetrameric synaptic complex, cleavage of an op-
posing pair of strands, and formation of a Holliday
junction intermediate. We used Cre and /oxP variants
to isolate the monomeric Cre-loxP (54 kDa), dimeric
Cres-loxP (110 kDa), and tetrameric Cres-loxP, as-
sembly intermediates, and determined their struc-
tures using cryo-EM to resolutions of 3.9, 4.5 and 3.2
A, respectively. Progressive and asymmetric bend-
ing of the spacer region along the assembly path-
way enables formation of increasingly intimate in-
terfaces between Cre protomers and illuminates the
structural bases of biased /oxP strand cleavage order
and half-the-sites activity. Application of 3D variabil-
ity analysis to the tetramer data reveals constrained
conformational sampling along the pathway between
protomer activation and Holliday junction isomeriza-
tion. These findings underscore the importance of
protein and DNA flexibility in Cre-mediated site selec-
tion, controlled activation of alternating protomers,
the basis for biased strand cleavage order, and re-
combination efficiency. Such considerations may ad-
vance development of site-specific recombinases for
use in gene editing applications.

INTRODUCTION

We report Cryo-EM structural studies of DNA recogni-
tion and assembly of recombination intermediates by the
enzyme Cre (causes recombination). Cre is a tyrosine site-
specific DNA recombinase (YSSR), originally discovered in
the P1 phage, where Cre functions to ensure proper par-

titioning of prophage replicons during bacterial cell divi-
sion (1-3). Exploitation of Cre in biotechnology applica-
tions has enabled precise removal or replacement of de-
fective DNA through a highly controlled process that pre-
cludes DNA lesions elevating its candidacy as an effec-
tive gene editing technology (4-8). Cre excises, exchanges,
or inverts double stranded DNA beginning with recogni-
tion of two 34-bp asymmetric loxP DNA sites. Each loxP
site comprises two palindromic 13-base pair (bp) recombi-
nase binding elements (RBEs) that are recognized in an-
tiparallel fashion by two Cre proteins (Figure 1A and B).
The RBEs are separated by an 8-bp asymmetric spacer
that determines the orientation of each site and the out-
come of recombination reactions (9-12). Four molecules
of Cre assemble with two loxP DNA sites, in alternat-
ing fashion, and tyrosine residues of each protomer per-
form a series of strand cleavages, exchanges and ligations,
forming covalent 3’-phosphotyrosine and Holliday junc-
tion intermediates to generate recombinant products. Cre
catalyzes this reaction without the need of additional fac-
tors or consumption of ATP, and thus, has emerged as
a powerful tool for genome engineering in the laboratory
(13). However, expanded use of the technology for target-
ing arbitrary or asymmetric recognition sites is hindered by
our limited understanding of the molecular features that
control site selection, DNA cleavage, and recombination
(4-8).

Tetrameric Cre-loxP structure

Much of our understanding of the structural bases for
site selection, assembly, and recombination of loxP DNA
by Cre comes from a series of crystal structures of simi-
lar tetrameric assemblies (a quasi-equivalent trimeric com-
plex has also been reported) (12,14-17). However, until
now, high-resolution structural models of assembly precur-
sors have not been available. Analytical ultra-centrifugation
(AUC) and mobility shift assays have shown that Cre is
monomeric in solution and cooperatively oligomerizes at
nanomolar concentrations in the presence of a loxP DNA
substrate (Figure 1C) (16,18). The available >20 crystal
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B Left RBE 2nd
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TS: 5-ATAACTTCGTATAATGTATGCTATACGAAGTTAT-3
BS: 3’—;I:ATTGAAGCATATTACATACAGIATATGCTTCAATAI—S’
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5- ATAACTTCGTAAATGTATGCTATACGAAGTTAT -3 5-CCATAACTTCGTATAGCATATGC
& TATTGAAGCATATTACATACGATATGCTTCAATA -5 3-CCTATTGAAGCATATCGTATACG

Figure 1. Cre function and assembly intermediates. (A) Cre carries out excision, integration, cassette exchange, and inversion reactions on DNA containing
pairs of loxP sites (black triangles) and manipulated DNA regions (blue/purple). The direction of the arrows indicates the orientation of each asymmetric
loxP site (13). (B) The loxP DNA sequence with conventional nomenclature. The spacer sequence (red) is asymmetric (gray triangle) and thus defines the
overall orientation of the /loxP site and determines which are the left and right RBEs (recombinase binding elements). The top strand (TS) runs 5'-3' from
the left RBE and has the spacer sequence 5-ATGTATGC-3', whereas the bottom strand (BS) runs 5'-3’ from the right RBE and has the complementary
spacer sequence 5'-GCATACAT-3'. Cre recombines DNA with a bias for cleaving opposing sites on the BS, at the right RBE, with later cleavage of the
two TS (filled triangles) (68,72). (C) Wild type (WT) Cre assembles in a reversible, stepwise, and cooperative manner to form a Cre-/ox P monomer, then
a Crey-lox P dimer, followed by antiparallel dimerization of dimers to form a (Cre;-loxP), homotetramer with each Cre protomer related by pseudo-four-
fold symmetry. WT Cre makes and accepts protein—protein contacts (point, pocket) in a circular fashion in tetrameric complexes. Equilibrium constants
for each step were established by analytical ultracentrifugation and mobility shift assays (16,18). (D) Tetrameric, dimeric and monomeric Cre complexes
used in these studies. Tetrameric complexes were prepared using CreX2914 in complex with a full loxP site; additional stabilizing GC ‘clamps’ are shown
in gray. Dimeric complexes were assembled using Cre¥™™ and CreY?"2 variants featuring complementary “point” and “pocket” mutations, respectively. The
palindromic RBE sequences are black, the asymmetric spacer red, and the stabilizing GC clamps in gray. Monomeric complexes were obtained with Cre¥™
bound to a DNA hairpin with a single RBE and a symmetric loxA spacer (14,34).

structures of Cre or Cre-like recombinases in tetrameric lox P site recognition
complexes exhibit similar characteristics, as exemplified by
the tetrameric, pre-cleavage complex between a cleavage-
deficient variant, CreX?°!A and loxP (2HOI (16); Supple-
mental Figure S1): (i) The tetramer exhibits pseudo C2-
symmetry, in which the /oxP sites are antiparallel and the
protomers bound to the right RBEs are primed for DNA
cleavage with their tyrosine nucleophile on helix M po-
sitioned within ~3 A of the scissile phosphate, while the
protomers on the left RBEs are in an inactive conforma-
tion with their catalytic tyrosines ~6 A away from the scis-
sile phosphate. In this bottom strand (BS) complex the
primed protomers reside on the right RBEs, and the bot-
tom strands are poised for cleavage. (ii) Each loxP DNA
duplex is asymmetrically bent by ~108°. (iiil) DNA bend-
ing is coincident with extensive protein—protein interac-
tions between protomers on the same duplex and across the
synapse. These interactions include reciprocal cyclic trans
docking of the C-terminal helix N and a loop between (3-
strands 2 and 3 (the B2-3 loop) in a manner hypothesized
to act as allosteric switches (14,19). This structural asym-
metry in the C-terminus and inter-protomer interfaces ob-
served in all tetrameric synaptic complexes of Cre suggest
that protein flexibility is important for regulating protomer
activity (20-26).

The structural basis for loxP sequence specificity by Cre
has been difficult to decipher. Tetrameric crystal struc-
tures have revealed that relatively few of the bases in
the RBEs or spacer are directly contacted by amino acid
sidechains (5,14,27-30). Biochemical studies using variant
Cre and /oxP sequences have identified specificity determi-
nants that are not well explained by the contacts observed in
tetrameric structures. These observations led to the conclu-
sion that shape complementarity and water-mediated con-
tacts are at least as important as direct readout in sequence
selectivity by Cre (4,14,19,27,31-33). Nevertheless, in the
absence of high-resolution structures of assembly interme-
diates, it has remained unclear whether additional protein—
DNA contacts might play important roles in initial steps
of site recognition that are not retained in the assembled
tetrameric complex. For instance, NMR studies of the cat-
alytic domain of Cre showed that the C-terminal region of
the protein containing helix aN docks in a cis autoinhibited
conformation over the DNA binding site in the absence of
DNA, and is displaced upon binding to lox P DNA, thereby
extending into solution (34). The cryo-EM structures de-
scribed below of Cre bound to DNAs containing one and
two RBEs lend clarity to recognition and progressive assem-
bly of synaptic complexes, and emphasize the roles of shape



recognition, DNA deformation (indirect readout (35-37)),
and protein—protein interactions contributing to specificity.

Activation of Cre

Control over the DNA cleavage activity of the four assem-
bled Cre protomers is critical to faithful DNA recombi-
nation because activation of adjacent protomers would re-
sult in double-strand breaks and failed recombination. The
mechanism for this control is particularly intriguing due
to the close topological and stereochemical similarity of
YSSRs to type IB topoisomerases, whose tyrosine nucle-
ophiles are active to cleave DNA as monomers and exhibit
low sequence selectivity (38). Both classes of enzymes sport
highly conserved active sites comprised of conserved argi-
nine and lysine residues that coordinate the scissile base
and phosphate in similar manners (38). Tetrameric crys-
tal structures of synaptic complexes and Holliday junction
intermediates of Cre (and other YSSRs) have invariantly
shown pseudo-C2 symmetry with opposing pairs of pro-
tomers adopting inactive and primed conformations, as de-
fined above. Comparison of the primed and inactive pro-
tomers in these structures has drawn attention to the B2-
3 loop and C-terminal helices M and oN (Supplemental
Figure S1) (14,27). Solution NMR studies of the C-terminal
domain of apo Cre showed flexibility in the 32-3, aJ-K and
aM-N loops but not for helix aN (34). However, the aJ-K
loop is involved in direct DNA recognition and does not
differ between primed and inactive protomers in crystals, re-
focusing attention on the 32-3 loop and aM-aN.

New insights from Cryo-EM structures

In the work described below, cryo-EM structures of the Cre
assembly intermediates provide important insights into the
mechanism of Cre activation. We designed two mutants,
CreY™ and Cre¥"2, that when added to a full loxP site, in
a 1:1:1 fashion, are expected to assemble into a Crey-loxP
dimer that maintains a native interface along the /lox site
but prevents interactions at the tetramer interface (Figure
1D, Supplemental Figure S1, Methods). Addition of Cre¥™®
to a DNA hairpin containing a single RBE allowed us to
isolate the Cre-loxP monomer complex. Lastly, we assem-
bled a pre-cleavage Crey-lox P, tetramer using the cleavage
deficient Cre®?"!A variant (16). These new structures illu-
minate the critical roles of protein and DNA deformation
in enabling site recognition, trans-docking of the aN helix,
and formation of protein—protein contacts involving the key
regulatory elements 32-3 loop, aM and oN (Supplemen-
tal Figure S2). These insights simultaneously help us un-
derstand site selectivity, controlled activation of alternating
protomers, and the basis for the observed bias for strand
cleavage order. Additionally, our work highlights the use of
conventional defocus methods for high resolution structure
determination of low molecular weight (<100 kDa) macro-
molecular complexes by cryo-EM.

MATERIALS AND METHODS

Computational modeling of Cre mutants

In tetrameric pre-synaptic assemblies with pseudo-C4 sym-
metry, each Cre protomer can be described as having a
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‘point’ and a ‘pocket’ that affords specific protein—protein
interactions at the interface along the DNA strand and
across the synapse (Figure 1C) (14,16,39). Using the crystal-
lographic coordinates of the tetrameric pre-cleavage com-
plex of CreX?!A bound to loxP (2HOI), we engineered the
variant Cre¥™™ by mutating the ‘pocket’ of the protein bound
to the right RBE of the loxP site and deleted the ‘point’ of
the protein bound to the left RBE of the loxP site to engi-
neer Cre¥®"¢ (Figure 1C and D) (16). The Proteins, Inter-
faces, Structures and Assemblies (PISA) tool from PDBe
was used to identify buried residues and residues involved
in hydrogen bonding and salt bridge interactions across the
synapse at both of the possible interfaces (Supplemental
Figure S1, chains A:H and B:G) (40,41). In the coordinates
for 2HOI, residues D33 and R192 on the primed protomers
(chains B and H), and residues R72 and R119 on the in-
active protomers (chains A and G) had the most distinct
and extensive hydrogen bonding and salt bridge networks:
D33 forms salt bridges with R72 and R119, while R192
forms a salt bridge with E308. We then used the mCSM-
PPI2 webserver to perform saturating mutagenesis on the
A:H and B:G interfaces to predict which mutations of the
four residues listed above would provide the most destabi-
lizing effect (42). Informed by this analysis, we selected two
mutations: D33A and A36V on helix aA to eliminate fa-
vorable electrostatic interactions with nearby residues, and
R192A on the 1-2 loop to disfavor the coordination of aN
in the binding pocket of Cre¥™™. Although varying A36 in
helix A was not predicted by mCSM-PPI2 to be detrimen-
tal, we also included in CreY™™ the mutation of A36V, which
was previously shown to be defective in synapsis (presum-
ably a steric interference, but structurally unverified) (16).
For CreYa"¢, we flipped the charges on R72E and R119D
to create a largely negative charged interface to disfavor in-
teractions with D33, while L115D was selected to generate
similar unfavorable charge-charge interactions and elimi-
nate favorable apolar contacts.

Site-directed mutagenesis, protein expression and purifica-
tion

Cre mutants were generated from a pET-21a plasmid tem-
plate (Novagen) containing WT Cre (provided by Gregory
Van Duyne, University of Pennsylvania Philadelphia, PA),
using the Q5 Site-Directed Mutagenesis Kit (NEB) (14,16).
DNA primers (Supplemental Table S1) were obtained from
Integrated DNA Technologies (Coralville, IA). Each mu-
tant was transformed into Escherichia coli T7 Express
LysY/Iq competent cells (NEB) using electroporation in a
1 mm electroporation cuvette. Transformations were plated
on Luria-Bertani (LB) (RPI) media plates supplemented
with 100 wg/ml carbenicillin (RPI) and 25 pwg/ml chloram-
phenicol (Fisher Scientific) and incubated overnight (16 h)
at 37°C. A single, fresh colony was used to inoculate a 50
ml starter culture of LB supplemented with 100 wg/ml car-
benicillin and grown overnight for 16 h at 37°C in a shaking
incubator at 220 rpm. 10 ml of starter culture was used to
inoculate a 1 1 culture of LB supplemented with 100 pg/ml
of carbenicillin and left to grow in a shaking incubator at
220 rpm until an O.D.gp of 0.8 was reached (~3 h). Cul-
tures were then induced with 400 wl of IM IPTG (RPI) and
Cre mutants were expressed for 2 h at 37°C and 220 rpm.
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After incubation, cells were pelleted at 4k rpm and 4°C and
then frozen at —80°C until purified. [U-'>N]-Yang was ex-
pressed as stated above, where LB was replaced with M9
minimal media containing 1 g of '’ N-ammonium chloride
(Cambridge Isotope Labs) as the sole nitrogen source. The
expression time for minimal media cultures was lengthened
to 4 h.

All proteins (WT, K201A, Yin and Yang) were purified
as follows. Frozen pellets were resuspended on ice in ly-
sis buffer, 40 mM Tris, 300 mM NaCl, 5 mM DTT, pH
7.0 (Fisher Scientific/Fisher Scientific/RPI, respectively). A
complete protease inhibitor tablet (Roche) was added to the
cell suspension. The resuspended cells were lysed using son-
ication and centrifuged at 23 000 x g for 45 min at 4°C.
The clarified supernatant was then filtered through a 0.8/0.2
wm syringe filter (Pall) and diluted with Buffer A (40 mM
Tris, 100 mM NaCl, pH 7.0), 1:1. The filtrate was loaded
onto a SPFF column (GE/Cytiva) for cationic exchange pu-
rification and eluted using a gradient of 100% buffer A to
100% buffer B (40 mM Tris, IM NaCl, pH 7.0). Fractions
containing the Cre protein as determined by SDS-PAGE
were pooled and diluted with buffer A. The pooled and di-
luted Cre containing fractions were loaded onto a 5 ml Hep-
arin HP column (GE/Cytiva) and eluted using a gradient
of 100% buffer A to 100% buffer B over 12 column vol-
umes. Fractions containing Cre protein were combined and
concentrated to 1.5 ml using an Amicon Ultra-10, 10 kDa
MWCO spin filter. Concentrated samples were loaded onto
a GE Hi-Load Superdex 75 16/600 prep column and eluted
using Cryo-EM buffer of 20 mM HEPES, 100 mM NacCl, 5
mM MgCl,, pH 7.0 (RPI/Fisher Scientific/Alfa Aesar, re-
spectively). Fractions containing pure protein were pooled
and used in further experiments.

Purification of DNA constructs

Single-stranded DNA oligonucleotides were purchased
from IDT and shipped dry (Supplemental Table S1). Upon
receipt, oligonucleotides were dissolved in water to a con-
centration of 100 pwM. Complementary pairs of dissolved
oligonucleotides were combined in equimolar amounts.
Concentrated Tris base (pH 7.0) and concentrated NaCl
were added to each mixture to obtain a final concentra-
tion of 10 mM Tris and 100 mM NaCl. Mixtures were then
placed into a 95°C water bath and left to cool overnight.
DNA duplex mixtures were loaded onto a 5 ml QHP ion
exchange column (GE/Cytiva) with buffer A (10 mM Tris
(pH 7.0) and 25 mM NaCl) and the duplexes were eluted
with a gradient 0-100% buffer B (10 mM Tris (pH 7.0) and
1 M NaCl) over 10 column volumes. DNA duplexes eluted
near 600 mM NaCl. Samples were EtOH-precipitated for
further use (43).

Purification of complexes (SEC)

Protein and DNA complexes were formed by addition
of 1.2:1 protein to Cre binding sites and were concen-
trated using an Amicon Ultra-0.5, 3 kDa MWCO spin
concentrator yielding 250 wl samples of CreY"-loxA hair-
pin, Cre¥"-CreY2"2-Jox P, and CreX?"'A_JoxP at 50 mg/ml,
3.5 mg/ml and 10 mg/ml, respectively. Yin-lox4 was puri-
fied over a GE Superdex 75 10/300 analytical column, and

CreYi"-CreYa"e_Jox P and CreX?°!A-Jox P were purified over a
GE Superdex 200 Increase 10/300 analytical column, both
equilibrated with cryo-EM buffer (20 mM HEPES, 100 mM
NaCl, 5 mM MgCl,, pH 7.0).

Recombination reactions

Recombination reactions were performed in 20 wl with 150
ng of a plasmid containing two loxP sites (Addgene Plas-
mid #26852) and 500 nM WT or variant Cre in recombina-
tion buffer (50 mM Tris—Cl, 50 mM NaCl, 10 mM MgCl,, 1
mM DTT, pH 7.0) at 37°C for 1 hr (16,44). Reactions were
subjected to a 70°C water bath for 5 min to deactivate Cre.
The samples were then combined with 6x gel loading dye
(NEB) and electrophoresed on a 1%, 10 cm TBE/agarose
gel (Fisher Scientific) that was impregnated with SYBR safe
(Invitrogen) at 120 V for 55 min.

Electrophoretic mobility shift assay

Gel polymerization and gel running buffers were of the
same composition (50 mM HEPES and 20 mM Tris, pH
7.0). Native 6% PAGE gels were prepared by first making a
gel solution containing 6% acrylamide (29:1) (Fisher Scien-
tific) (16). This solution was then degassed under vacuum
while stirring. 12 ml of degassed solution (enough for two
gels) was polymerized by mixing with 200 w1 of 10% (w/v)
ammonium persulfate (Biorad) dissolved in water and 10 pl
of TEMED (Acros).

A set of 10 pl reactions containing varying amounts of
Cre variants (1-1 000 nM) and 10 nM 5'-Cy5-labeled (bot-
tom strand) loxP DNA (IDT), were prepared in binding
buffer (20 mM HEPES, 150 mM NacCl, 5 mM MgCI2, 2
mM DTT, pH 7.0) along with 50 pg/ml salmon sperm
DNA (Invitrogen) and 100 wg/ml BSA (Thermo Scientific)
(16,44). Binding reactions were equilibrated at room tem-
perature for 30 min. 1 pl of 10x EMSA gel loading dye
(60% glycerol, 40% binding buffer, 0.1% bromophenol blue)
was added to each reaction and then loaded onto a pre-
run (120 V, 30 min) 6% native PAGE gel using gel running
buffer. Samples were electrophoresed at 80 V for 75 min and
imaged on an Amersham Typhoon Gel imager.

Native mass spectrometry

Native MS experiments were performed on a Q Exactive
Extended Mass Range (EMR) mass spectrometer (Thermo
Fisher Scientific) modified to allow for surface-induced dis-
sociation (SID) (45). Stock solutions of proteins and DNA
were individually dialyzed into 200 mM ammonium ac-
etate (pH unadjusted) using a Pierce 96-well microdialysis
plate, 3.5K MWCO (Themo Fisher Scientific). The concen-
trations of the dialyzed stock samples were determined us-
ing a NanoDrop 2000/2000c spectrophotometer (Thermo
Fisher) and their calculated extinction coefficients; extinc-
tion coefficients for the proteins were calculated using the
ExPASy ProtParam tool and the DNA extinction coef-
ficient was calculated from the sequence using the built-
in NanoDrop software (46). For preparation of protein-
DNA complexes, stock samples were mixed to their final
experimental concentration. Each sample was then injected



into an in-house pulled borosilicate filament capillary (OD
1.0 mm, ID 0.78 mm) and subsequently ionized by nano-
electrospray ionization in positive mode. lon optics (includ-
ing SID device) were tuned to allow for transfer of com-
plex ions to the mass analyzer without causing dissociation.
Varying higher energy collisional dissociation (HCD) volt-
age was tested and then set to 60 V for optimal transmis-
sion and de-adducting of the complex ions. Other param-
eters included: spray voltage adjusted to 0.6 kV and then
held constant, capillary temperature 250°C, trap gas pres-
sure set shifted the UHV sensor up to ~8E-10 mbar, ion
inject time 200 ms, averaged micro scans 5, and resolution
8750 as defined at 200 m1/z.

All data were visually examined and then deconvolved us-
ing UniDec V4.4 (47). UniDec parameters included charge
range of +5 to +25, mass range of 10 000-1 100 000 Da,
sample mass every 1 Da, peak full-width at half-maximum
(FWHM) 0.85 Th, Gaussian peak shape function, beta
50 (artifact suppression), charge smooth width 1, point
smooth width 10, native charge offset range -5 to +5, and
peak detection range of 40 Da. These settings worked well,
but manual mode was used to specify charge states for
known m/z regions. This was beneficial for artifact suppres-
sion, particularly for optimizing parameters for a range of
species present across the m/z range. The resulting decon-
volutions were plotted as the sum normalized relative signal
intensities in the form of zero-charge mass spectra.

Cryo-EM grid preparation and data collection

All samples were SEC purified on a GE Superdex 200 In-
crease 10/300 analytical column before grid preparation.
Before plunge freezing of grids, octyl-n-glucoside was added
to a concentration of 16.8 mM to the CreY™"-CreY*"¢-/ox P
and CreX?0!A-Jox P samples, while CHAPSO was added to a
concentration of 4 mM to the CreY"-/ox 4 hairpin sample. 3
wl of CreYi"-/oxA hairpin (7.5 mg/ml), Cre¥"- CreY*2-Jox P
(5 mg/ml) and CreX*'A_JoxP (4 mg/ml) were applied to
glow discharged (20 mA, 1 min, Pelco easiGlow) Au Quan-
tifoil R1.2/1.3 300 mesh grids (Ted Pella) and incubated for
60 s horizontally. Grids were loaded into Vitrobot Mark IV
(Thermo Fisher Scientific) operating at 4°C and 100% hu-
midity and blotted for 4 s with a blot force of 1 before being
plunge frozen into liquid ethane.

Data were acquired on a Titan Krios G3i (Thermo Fisher
Scientific) operated at 300 keV with a Cs corrector in
nanoprobe EFTEM mode (50 wm C2 aperture, 100 pwm ob-
jective aperture). A Gatan K3 camera, operating in corre-
lated double sampling mode, and a BioContinuum energy
filter (15 eV slit width, zero-energy loss) were used to record
45 frame movies with a total dose of 60 ¢/ A2, 3538 movies
(two shots per hole) were collected for the CreY"-/ox A4 hair-
pin sample using a defocus range of —1.0 pm to -2.2 um
at a nominal magnification of 105 000x (0.702 A physi-
cal pixel size). For the CreY"—CreY2"¢-JoxP sample, 1 527
movies were collected with a tilt of 28° using a defocus range
of —1.5 pm to —3.0 pm, and 2 779 movies were collected
with no tilt using a defocus range of —1.0 wm to —2.2 pum at
a nominal magnification of 81 000x (0.899 A physical pixel
size). For the Cre¥?"1A_Jox P sample, 906 movies were col-
lected with a tilt of 28° using a defocus range of —1.5 pm
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to 3.0 wm, and 2 756 movies were collected with no tilt
using a defocus range of —1.0 pum to —2.2 pm at a nominal
magnification of 81 000x (0.899 A physical pixel size). An
additional 3 330 movies were collected of the CreY™"-loxA4
complex to obtain more particles for resolution improve-
ment. These were collected with the same settings listed
above.

Cryo-EM data processing

All data processing was carried out using CryoSPARC v3.0
(48).

Cre¥™-lox A hairpin. 3 538 movies were patch motion cor-
rected and their CTF parameters were estimated using
patch CTF estimation. Micrographs were curated by CTF
fits <4 A and total motion <200 pixels, resulting in a stack
of 3 211 micrographs. 300 micrographs were blob picked
and 2D classified to yield a set of 47 291 particles that were
used to train a TOPAZ model. This model was then used to
pick all 3 211 micrographs, yielding 477 224 particles (49).
Particles were extracted using a 256 x 256 box subsequently
down-sampled to 128 x 128 (1.404 A /pixel). Initial 2D clas-
sification removing false picks or poorly defined classes left
415 307 particles. These particles were then subjected to ab
initio reconstruction using two classes, of which 284 516
particles were left in the class resembling a monomer bound
to a DNA hairpin. These particles were then subjected to
three rounds of 3D classification that resulted in a stack
of 90 940 particles that upon non-uniform refinement re-
sulted in a map with a gold-standard FSC global resolution
of 4.26 A. Re-centering and re-extraction with a box size
of 350 x 350 pixels and down sampled to 256 x 256 pixels
(0 959 A/ px) followed by non-uniform refinement resulted
inamap witha4.10 A resolution using 87 515 particles (50).
Additionally, 3 330 movies were collected and processed in
the same manner yielding 59 200 more particles. In total,
146 715 particles were used for the reconstruction of the
Yin-loxA hairpin complex, resulting in a final global res-
olution of 3.9 A.

Cre¥™- CreY™s_JoxP. 1527 28°-tilt and 2 779 0°-tilt movies
were independently patch motion-corrected and their CTF
parameters were estimated using patch CTF estimation.
Micrographs were curated by CTF fits <4 A and total mo-
tion less than 200 pixels, resulting in a stack of 1 198 and
2 650 micrographs, respectively. Blob picking of 300 mi-
crographs resulted in 62 749 particles and these particles
were used to generate templates for template picking. Tem-
plate picking all micrographs yielded roughly 700k parti-
cles. Concurrently, a TOPAZ model was trained on the
same 62k, blob-picked particles and the model was used
to pick all micrographs resulting in 1.9M particles (49).
These particle stacks were combined, and duplicates were
removed to yield a stack of 2.2M particles. Particles were ex-
tracted using a 256 x 256 box subsequently down-sampled
to 128 x 128 (1.798 A/p1xel) 1.2M partlcles were then sub-
jected to ab initio reconstruction using three classes. Multi-
ple rounds of 3D classification and non-uniform refinement
resulted in a stack of 256 734 particles. Particle subtraction
of partial density attributed to a fractionally bound third
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protein (Supplemental Figure S6) followed by local, non-
uniform refinement yielded a map at 4.48 A (50).

Cref014 JoxP. 906 28°-tilt and 2 756 0°-tilt movies were
independently patch motion corrected and their CTF pa-
rameters were estimated using patch CTF estimation. 28°-
tilt micrographs were curated by CTF fits <4 A and total
motion <200 pixels, yielding 806 micrographs. Blob pick-
ing of 150 micrographs resulted in 22 250 particles and these
particles were used to train a TOPAZ model. The TOPAZ
model was used to pick all micrographs, resulting in 1.2M
picked particles (49). Blob picking of the individual datasets
yielded roughly 588k particles. TOPAZ and blob-picked
particle sets were combined and duplicates were removed to
yield 737 980 particles. 2D classification to remove poorly
aligning particles resulted in 608k particles that were further
processed using 3D methods. Particles were extracted using
a 256 x 256 box (0.899 A/plxel) 608K particles were then
subjected to ab initio reconstruction using a single class. A
single round of 3D classification with two classes resulted in
315 574 particles that refined to 3.23 A. These 315K parti-
cles were then subjected to 3D Variability Analysis with two
modes (51).

Model building

Cre'™-loxA hairpin. Chain A of PDB 2HOI was used as
the starting model for the monomer with mutations intro-
duced using PyMol. The hairpin DNA was generated us-
ing 3DNA (http://web.x3dna.org/) by compositing a B-form
loxA RBE and spacer sequence with a GAA hairpin from
PDB 1JVE (52,53). The loxA hairpin and protein model
were rigidly docked into the map using ChimeraX (54,55).
The complex was subjected to all-atom refinement in Coot
using user-defined restraints (all atoms within 5 A of one an-
other) (56). Iterative rounds of flexible fitting using the pro-
gram ISOLDE, implemented in ChimeraX, and real space
refinement in Phenix were used to obtain the final monomer
model (57,58).

CreY"- Cre¥s-JoxP. The protein chain from the Yin-lox A
model was used as the starting model for each protein in
the dimer with mutations introduced using PyMol. 3DNA
was used to generate a B-form /loxP site that matched our
DNA construct (53). Orientation of the asymmetric loxP
spacer, and densities of the proteins were assigned based
on similarity of DNA helical parameters to those of BS
complexes in tetrameric complexes from crystallography
(2HOI), and Cryo-EM (below). Each DNA and protein
model were rigidly docked into the map using ChimeraX
(54, 55) The complex was then subjected to all-atom refine-
ment in Coot using user-defined restraints (all atoms within
5 A of one another) (56). Iterative rounds of flexible fitting
using the program ISOLDE, implemented in ChimeraX,
and real space refinement in Phenix were used to obtain the
final dimer model (54,55,57,58).

Cref?014_ JoxP.  PDB 2HOI was used as the starting model
and was rigidly docked into the map using ChimeraX
(16,54,55). The DNA ends of each strand were extended us-
ing PyMol to match the DNA used in the study. Iterative

rounds of flexible fitting using the program ISOLDE, im-
plemented in ChimeraX and real space refinement in Phenix
were used to obtain the final tetramer model (57,58).
3DVA was performed in CryoSPARC using two modes,
a filter resolution of 4.0 A and maps displayed in 20 frames
(51). ISOLDE was used to fit the consensus model into the
first and the last frame output from the 3DVA job (58).

RESULTS
Characterization of isolated Cre assembly intermediates

Wild-type Cre, Cre¥?"'4  Cre¥Y™ and Cre¥®"¢ pro-
teins were purified to greater than 95% homogene-
ity as indicated by band intensities from Coomassie
stained SDS-PAGE gels (Figure 2A). WT Cre,
CreX201A " CreYi" (D33A/A36V/R192A) and CreYene
(R72E/L115D/R119D) were assayed against a linearized
plasmid containing two loxP sites in direct repeat (Figure
2B). Cre excises the intervening sequence to produce a cir-
cular 1 200 bp product and a linear 4 000 bp product, which
can be resolved on a 1% agarose gel (59,60). Cre recombines
the substrate as expected (to ~65% completion due to the
competing reverse reaction), whereas cleavage-deficient
Cre®2914 does not (16). In addition, Cre¥™®, Cre¥2"¢ and the
CreY" /CreY2"¢ combination did not generate recombinant
products.

We used EMSA to assay the Cre constructs for their abil-
ity to assemble with loxP DNA at concentrations approx-
imating the equilibrium dissociation constant for synapsis
of WT Cre (16). In this assay, each Cre mutant was com-
bined with a 5'-Cy5-labeled lox P DNA and electrophoresed
on a 10% native page gel. For CreX?'!A which has been
shown to be capable of synapsis but not cleavage (16), we
observed bands corresponding to free DNA, singly bound
loxP DNA (monomers), fully bound /loxP sites (dimers),
and two loxP DNA sites coordinated by four Cre proteins
(tetramers) (Figure 2C). Using 10 nM /JoxP DNA and var-
ious amounts of Cre¥?"!4 we observe about 50% dimers
and 50% tetramers, consistent with the published synap-
tic Kp of ~8 nM; moreover, the monomer to dimer tran-
sition is highly cooperative as indicated by a very low pop-
ulation of monomers (16). Next, we tested a Cre deletion
mutant (AaN, residues 1-330) that has been shown to be
synapsis-defective (16). Upon addition of Cre®*N to loxP
DNA, we can observe that most, if not all, cooperativity is
lost, evident from the prominent monomer band, and the
formation of tetramers is strongly disfavored (Figure 2C).
Although Cre¥™ and CreY"¢ were designed to not inter-
act favorably, they nevertheless are observed to form ho-
modimers on DNA in a cooperative manner, with a low
population of monomeric species; no tetrameric species
were observed under these conditions (Figure 2C). When
CreYin, CreY2"2 and JoxP DNA were combined, a mixture
of dimer species was observed, with more than one band
corresponding to the dimer species on DNA. Because the
electrophoretic mobilities of the Cre¥" /Cre¥"¢ homo- and
heterodimers on DNA were almost indistinguishable, this
warranted investigation with higher-resolution analytical
tools.

To quantify and characterize the composition of the
CreYin/Yang heterodimers on DNA, we turned to native mass
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Figure 2. Assembly and recombination of JoxP DNA by WT Cre and variants Cre¥201A | CreYin| CreY2"e and Cre®*N. (A) Representative Coomassie-
stained 8-16% SDS-PAGE of SEC purified WT Cre (~95% purity). (B) In vitro recombination assay in which 150 ng of a linearized 5.2 kb plasmid with two
lox P sites in direct repeat is treated with 500 nM Cre at 37°C for 1 h and visualized on a 1% agarose gel. (C) Electrophoretic mobility shift assays (EMSA)
on 10% polyacrylamide gels, with 10 nM fluorescently labeled (5'-CyS5 [bottom stand]) /ox P DNA and varying concentrations of Cre*N, CreK201A CreYin,
Cre¥2"2 or CreY™ + Cre¥2"2, Unbound DNA and protein-DNA complexes with 1:1, 2:1 and 2:2 stoichiometry are indicated schematically. (D) The zero-
charge deconvolved ESI mass spectrum of the 2:1 protein:/loxP complexes formed by CreYin [U-15N]-CreY2"2 and loxP DNA. Masses correspond to two
CreY™ + JoxP (blue triangle), Cre¥Y™ + [U-1’NJ-Cre¥2"2 + Jox P (green diamond), and two PN-CreY2 € + Jox P (orange circle). Gray shapes are assigned as
proteoforms of these complexes. The summed relative intensities of the three complexes are indicated in the inset table.

spectrometry (MS). MS uses soft ionization methods and
non-denaturing solution conditions to record gas-phase
mass spectra that preserve non-covalent interactions reflec-
tive of those in solution (61). We first screened each individ-
ual component’s mass and purity (Supplemental Figure S3,
Supplemental Table S2), and subsequently analyzed mix-
tures of CreY™, Cre¥*™2 and /loxP DNA. To increase the
mass separation between Cre¥™™ (38 307 Da) and CreYne
(38 342 kDa), we used uniformly '"N-labeled CreY2"e (38
844 Da, if fully labeled); mass analysis showed >95% la-
beling (Supplemental Table S1). The experimentally deter-
mined masses of CreY™ and Cre¥*"¢ matched the theoret-
ical masses, but some minor species were present for "N-
CreYa2 and CreY™. These are likely truncations, modifica-
tions, or specific salt adducts (Supplemental Figure S3, Sup-
plemental Table S2). The '"N-CreY#"¢ spectrum contains
two charge state distributions with the higher charge state
centered around +17 being indicative of unfolded or disor-
dered protein (62). The determined mass for loxP-38 (loxP
site with a GC clamp on each end) matched the theoretical
mass. (Supplemental Figure S3, Supplemental Table S2). In
all spectra, many of the peaks had additional mass spacing
of ~22 Da attributable to sodium adducts.

Native mass spectra were recorded of samples containing
0.10 M loxP and either (i) 0.50 uM Cre¥™, (ii) 0.50 uM
BN-CreYa¢ or (iii) 0.25 wM Cre¥™ + 0.25 M PN-CreYan2
in a solution of 200 mM ammonium acetate. For each sam-
ple, we observed signals corresponding to the molecular
weights of complexes with protein:DNA stoichiometries of
1:1 (monomeric complexes) and 2:1 (dimeric complexes)
(Supplemental Figure S4). When both Cre¥™ and ’N-
Cre ¢ were mixed with loxP, we observed abundant sig-
nals corresponding to both homo- and heterodimeric com-
plexes with loxP DNA (CreY"-CreY®, CreY"-CreY*"¢ and
CreYane.CreY2"2) (Figure 2D). Absent interactions between
protomers, we would expect statistical population ratios of
1:2:1 for these complexes, and an additional bias in favor
of the heterocomplex due to their complementary protein—
protein interfaces. However, the number of gas-phase ions
corresponding to Cre¥™ + SN-Cre¥2"¢ were only ~36% of
the total ion count; this may reflect imperfect proportional-
ity between ion counts and solution populations (63). Nev-
ertheless, this compositional heterogeneity decreased the
number of usable particles in subsequent cryo-EM recon-
structions and may also have resulted in averaging of homo-
and heteromeric species (see below).
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Cryo-EM of Cre assembly intermediates

Three Cre-DNA complexes were examined by Cryo-
EM: Cre""-loxA hairpin (monomer), CreY"-CreY"¢-Jox P
(dimer) and CreX?°!A_Jox P (tetramer) were assembled, puri-
fied using size exclusion chromatography, vitrified, and im-
aged using a Titan Krios G3i microscope equipped with
a Gatan K3 detector and energy filter. Images were sub-
jected to single particle analysis via 2D classification of mo-
tion corrected and CTF estimated particles, followed by 3D
classification and non-uniform refinement in cryoSPARC
v3.0 (48,50). Additionally, 3D Variability Analysis was per-
formed on the tetramer dataset (51). These resulted in 3D
density maps with global resolutions (gold standard FSC
cutoff of 0.143) of 3.91 A for the Cre¥™-loxA monomeric
complex (Figure 3A, Supplemental Figure S5, Supplemen-
tal Table S3), 4.48 A for the Cre¥-Cre¥™"_JoxP dimeric
complex (Figure 3B, Supplemental Figure S6, Supplemen-
tal Table S3), and 3.23 A for the K201A-loxP tetrameric
complex (Figure 3C, Supplemental Figure S7, Supplemen-
tal Table S3). Local resolutions varied from 3.3 to 7.1 A,
from 4.1 to 7.0 A, and from 2.9 to 5.4 A, respectively. All
single particle reconstructions were performed without the
use of symmetry. Atomic models were built in an iterative
fashion using Coot, ISOLDE and Phenix real space refine-
ment (56-58). Protein residues 1-19 in all complexes had no
resolvable density and were omitted from modeling. Data
collection, data processing, and model building statistics are
summarized in Supplemental Table S1.

CreY"_lox A half-site map and model

The density map for the CreY"-JoxA complex contains both
domains of the protein, their interdomain linker, and the
fully resolved /lox A hairpin (Figure 3A). Helices aB, aD and
aJ, participants in all the major groove protein-DNA inter-
actions (Supplemental Figure S9), and catalytic core (Sup-
plemental Figure S9) were of the highest resolution (be-
tween 3.3 and 4.0 A), allowing for accurate sidechain place-
ment into the map (64). Density is present for the B2 and 3
strands that form the anchor for the B2-3 loop, but no ro-
bust density was observed for the loop itself (residues 199—
207, Figure 4A and B), which includes the active site residue
K201 Likewise, clear density was observed for oM and the
catalytic tyrosine, placing the Or of Y324 ~6 A from the
scissile phosphate (Figure 4F), but no density existed to
model aN. Thus residues 199-207 and 330-343 were ex-
cluded from the model. The /loxA hairpin phosphate back-
bone, major and minor grooves were well resolved, and in
the higher resolution regions of the DNA individual ribo-
syl groups can be visualized. To better visualize the global
DNA bend, the loxA hairpin model was extended with B-
form DNA to contain a second RBE (Figure 5A, monomer,
white RBE) (53,65). The loxA hairpin DNA exhibits an
overall bend of 18° with a maximal bend located at the
RBE-spacer junction (Figure 5A and C) (66).

CreY"-CreY2"2-Jox P map and model

Single particle analysis of the CreY"-CreY®"2-joxP as-
sembly was complicated by the presence of homo- and

heterodimers (loxP bound by CreY"-CreY, CreYane.
CreY2"¢ and CreY"-CreY?"2), as evidenced by the EMSA and
native MS experiments described above. During 3D classi-
fication, three populations of dimers emerged. The resolu-
tion of the three maps was insufficient to assign the iden-
tity of each bound protomer as Cre¥™ or CreY*"2, How-
ever, in two of the three populations, the density for the
N-terminal domain of one protomer was diffuse and dis-
placed from its expected binding site in the major groove,
and in the third population the N- and C-terminal do-
mains of both protomers were positioned in the major
groove of the loxP DNA (Supplemental Figure S6). We
assigned this third class as being Cre¥-CreY*"¢-/oxP het-
erodimers, and the two poorly-bound classes as homod-
imers on the expectation that engineered electrostatic re-
pulsion between two Cre¥#"¢ protomers, or steric repul-
sion and loss of salt bridge between two Cre¥™ protomers,
would disfavor tandem docking of both N-terminal do-
mains in these species. This assignment is also supported
by the observation that the relative populations for each
dimer class closely matched that of native MS experiments
(Figure 2D).

A particle subtraction routine was used to further re-
fine the dimer map. After selecting for fully assembled het-
erodimers on DNA, it was apparent that the resulting re-
constructed particle set had a third protein loosely bound
(Supplemental Figure S6). This third protein was faintly vis-
ible in 2D classes and in 3D reconstructions as a smearing
of density that originated from the end of helix aM of the
density assigned to the CreY*"¢ protomer. Complexes with a
third Cre protein bound to Cre;-lox P were not detected by
EMSA or native mass spectra; therefore, we used a particle
subtraction routine to remove density of the third loosely
associated protein; nevertheless, it seems likely that this type
of interaction could be important in the context of synapsis
of two Cre,-loxP dimers.

In the resulting map, we could identify two Cre protomers
(Figure 3B, blue, orange) bound to a full loxP DNA site
(Figure 3B, magenta). The loxP DNA helix was well de-
fined in the map with an asymmetric global bend of ~48°
(Figure SA and C); this bend is consistent with that mea-
sured by phase-sensitive gel mobility shift (67). However,
the resolution of the map was insufficient to unambigu-
ously assign the orientation of the asymmetric spacer of
the loxP DNA; therefore, it is possible that the maps arise
from a mixture of DNA orientations. Nevertheless, we mod-
eled the /oxP DNA with a BS orientation such that the he-
lical deformation parameters (Supplemental Figure S8) of
the dimer agree with structural and biochemical data show-
ing the preference for BS complexes (68). Due to the lim-
ited resolution of this map, protein modeling was guided
by secondary structural elements in the monomer (above)
and tetramer (below). Density is clearly visible for the aN
helix of the Cre¥™ protomer docked into the aN binding
pocket of CreY2"¢. Compared to crystal structures and the
tetramer (below), the aM-aN linker adopts an extended
conformation, thereby comprising the only extensive inter-
protomer interactions in the dimer complex (Supplemental
Table S4). The aN helix of CreY*"¢ was likely removed via
particle subtraction due to its association with a third pro-
tein, and therefore, residues 328-343 were not modeled. The
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Figure 3. Cryo-EM maps and refined models of Cre-/oxP assembly intermediates. (A) CreY"-JoxA half-site DNA complex (threshold of 0.55); hairpin
DNA is green and CreY™ is blue. (B) CreY-CreY2"¢-/ox P hetero-dimer (threshold of 0.5); with Cre¥™ in blue, Cre¥2"¢ in orange, and the loxP DNA in
magenta. Cryo-EM map shown in transparent white. The dimer is bent in a direction that favors bottom strand (BS) cleavage, on the right RBE.’R” and
‘L’ indicate right and left RBEs, respectively. (C) BS tetrameric K201A-/oxP synaptic complex (threshold of 0.4); with /oxP DNA in red, protomers in
primed and inactive conformations colored yellow and white, respectively. Gray arrows indicate spacer orientation. 'R’ and ‘L’ indicate right and left RBEs,

respectively.

beta sheet comprised of strands B1, 2, and B3 of both pro-
tomers could be modeled as there was clear density present,
but both Cre¥™ and CreY*"¢ lacked robust density for the
B2-3 loops, so residues 199-207 were also omitted from
modeling (Figure 4A and C).

Tetrameric CreX20'A_Jox P map and model

Local resolutions ranging from 2.9 to 3.9 A for much of
the tetrameric complex allowed for accurate modeling of
each protein and the loxP DNA (Supplemental Figure S7).
Clearly resolved backbone and sidechain density permitted
modeling of residues 20-341 for all four protomers. Sparse
density was present for a few residues preceding residue 20,
but lack of clear connectivity prevented us from modeling
into it (not shown). The loxP DNA constitutes the highest

resolution portions of the CreX?*'A_/ox P map. For much of
the DNA, the density allowed for discrimination of purine
and pyrimidine bases, and accurate placement of bases was
enabled by clear density for the phosphate backbone, ri-
bosyl groups and the bases themselves. Each loxP DNA is
highly bent to about 83 degrees (Figure 5A, tetramer), most
prominently at the right side of the spacer, which features six
consecutive AT or TA base pairs (Figure 5C). Despite this, it
is possible that the tetrameric reconstruction arose from av-
eraging of synapses poised for top strand and bottom strand
cleavage (Figure 1); if BS and TS cleavage complexes are
overall isomorphous, particle classification with the resolu-
tion of acquired data would not be sensitive to nucleotide
identity within the spacer sequence (69,70). Nevertheless,
the tetramer is highly isomorphous to that of the crystal-
lized pre-synaptic complex of Cre¥?°!A bound to loxP, with
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Figure 4. Progressive structural changes that accompany assembly and activation of Cre-loxP complexes. (A) EM density (gray) and model of the 32-3
strands and loop for each protomer; density for the loop is only observed in the tetrameric complex. (B) Monomer and (C) dimer atomic models with
solid and dashed ellipses highlighting missing «N and 32-3 loop density, respectively. ‘R’ and ‘L’ indicate right and left RBEs, respectively. (D) Intra- and
inter-molecular 32-3 contacts help position aM of primed protomers (yellow) in the tetrameric structure. Close contacts (white arrows) result in activation
along the duplex; loose contacts (red arrows) are insufficient to activate protomers across the synapse. loxP DNA is gray. ‘R” and ‘L’ indicate right and left
RBEs, respectively. (E) Selected region of superposition from Figure 5 showing the difference in position of aA between the monomer, dimer, and tetramer
protomers. A second protomer from the tetramer is shown in gray where oA docks against «C and «E of the neighboring protomer. (F) Selected region of
superposition from Figure 5 showing aM and Y324 position in contrast to the scissile phosphate for the monomer, dimer and tetramer protomers.
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an overall backbone RMSD of ~2.1 A, sharing most fea-
tures of the active presynaptic complex (16).

This Cryo-EM-derived structure recapitulates key fea-
tures of the x-ray crystal structure of the K201A tetramer
(16). As seen in this crystal structure and others of Cre in
tetrameric complexes (12,13,26), each protomer bound to
the right RBE adopts a primed conformation wherein Y324
is positioned close to the scissile phosphate on the BS, and
the Y324 of the protomer bound to the left RBE is far from
the scissile phosphate on the TS, adopting an inactive con-
formation (Figure 4F). Primed and inactive conformers in
the tetramer are related by a pseudo C2 axis, such that each
dimer can be seen as exhibiting half-the-sites activity. The
density map was refined with no imposed symmetry, and
a separate homogenous refinement in cryoSPARC with C2

symmetry did not yield a map with significant improve-
ments in resolution (~0.1 A). Overlay of each Crey-loxP
dimer in the tetramer resulted in an all-atom RMSD of 0.4
A, similar to that reported in other crystal structures of Cre
(14,16,39).

Progressive DNA deformations occur during assembly

Comparative analysis of the assembly intermediates reveals
the roles of charge and shape complementarity in recog-
nition of the loxP DNA sequence. Protein binding results
in marked DNA deformations relative to canonical B-form
DNA (Figure 5C) (53,65). Each RBE (Figure 5C, non-
shaded regions) experiences similar deformations due to
protein binding. Superposition of protomer models by a-
carbons, excluding the regions of varied structure (aA, aM,
aN and B2-3 loop), yields an overall RMSD of 1.1 A (Fig-
ure 6). In all three structures, helices aJ, B, and aD are in-

serted into the major groove of the /oxP DNA site at bases
6-9, 10-12 and 12-15, respectively (Figure 6). In addition,
the B4-5 loop is inserted into the minor groove at bases 1-3
and the aJ-K loop is inserted into the minor groove at bases
9-10 (Figure 6). These interactions result in widening and
narrowing of the major and minor grooves that is consistent
among the assembly intermediates. The major and minor
groove widths within the spacer region (Figure 5C, shaded
region) vary between assembly intermediates and follow the
global DNA bend that progresses along the assembly path.
The protomers in the monomer and dimer complexes, and
the inactive protomers in the tetramer, bury roughly 2100
A? of surface area at their respectlve protein—-DNA inter-
face. The primed protomers in the tetramer make more ex-
tensive DNA contacts burying roughly 2500 A? of surface
area (Figure 5B) due to engagement of B2-3 loop into the
minor groove and increased interactions of side chains from
o«E with phosphates of bases in the spacer region.

Evolution of PPIs during assembly of synaptic complexes

Assembly of Cre-loxP synaptic complexes is accompanied
by formation of protein—protein interactions (PPIs) that po-
sition motifs important for DNA cleavage by Cre. In the
monomer and dimer structures, there is no visible density
for the B2-3 loops of each protomer (Figure 4A and B) and
two of the three aN helices (Figure 4B and C). In the dimer,
docking of aN from Cre¥™ on the right RBE into CreY‘jmg
on the left RBE buries ~690 A2 of surface area (Supple-
mental Table S4), but there are no other significant inter-
actions between the protomers. The aN helices and 2-3
loops become structured upon synapsis, with each aN helix
docking onto neighboring protomers in a cyclic fashion in
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Figure 6. Similarity of site recognition across assembly intermediates. Superposition of the five protein models with important motifs labeled. Superposition
performed using all C,s in a-helices except A, aM and aN. RBEs are colored gray and the spacer region is colored green.

the tetramer. The B2-3 loops of primed protomers on the
right RBE insert themselves into the DNA minor groove
at the scissile base (Figure 4D). The 32-3 loops originating
from the inactive protomers on the left RBE are not inserted
into the DNA minor groove, and instead pack tightly in a
reciprocal fashion against the M helix of the primed pro-
tomer whose aN helix is donated to it. Together, the pack-
ing of inactive protomer $32-3 loops can be seen to confine
the aM of each primed protomer, while the primed protomer
does not similarly constrain the aM of inactive protomers,
allowing those aM-N linkers to adopt extended conforma-
tions (Figure 4D, Figure 6). Together with local differences
in DNA geometry between the primed and inactive sites,
these structural differences position Y324 of M at the BS
scissile phosphate in the primed protomer of each right RBE
(Figure 4F). Additional structural changes that accompany
assembly include the reorientation of aA: in the monomer
and dimer structures oA packs against helix aB, whereas it
rotates by about 90° to pack against «E of an adjacent pro-
tomer when forming the tetrameric complex (Figure 4E).

Conformational sampling of Cre tetrameric complexes

A range of conformations were revealed in the Cre®?01A-

loxP complexes. 3D variability analysis (3DVA) (51) was
carried out on the tetramer cryo-EM dataset using two prin-
cipal components, of which PC1 yielded continuous het-
erogeneity associated with changes in the degree of loxP
DNA bending (Supplemental Movie S1). We used ISOLDE
to flexibly fit the consensus model into the start and end
conformations of PC1 (Figure 7A) to better interpret the
structural changes connecting the first and last frames (58).
The bending angle of the DNA varies by about 10° over
the course of the modeled heterogeneity (Figure 7b) (66). In
the first frame (F000), the loxP DNA is bent at about 75°,

and there is no clear density for either inactive or primed
B2-3 loops (Figure 7B and C). The angle of DNA bend-
ing increases to about 85° in the last frame (F019) as the
protomers rotate along the /oxP DNA interface, and clear
density for the B2-3 loop is observed (Figure 7B and C). In-
creased DNA bending and rigidification of the f2-3 loop is
thus coincident with positioning of the primed protomer’s
Y324 near the scissile phosphate (Figure 7D).

DISCUSSION
Cryo-EM offers new insights into Cre assembly and function

These cryo-EM studies of Cre-loxP assembly intermedi-
ates provide new insights into mechanisms of site recogni-
tion, half-the-sites activity, strand cleavage order, and con-
certed strand cleavage. The cryo-EM structure of tetrameric
CreX201A_Jox P complex reaffirms the key attributes of an
active, pre-cleavage complex revealed by prior crystallo-
graphic studies of the CreX?*'A_Jox P complex and lends new
insights into concerted conformational changes required for
activation, DNA bending, and maintenance of half-sites
activity (16). The structure of the Cre;-loxP dimer sup-
ports long standing hypothesis of initial regulation of half-
sites activity and order of strand exchange. The structure
of the Cre-loxA monomer (54 kDa) shows similar protein—
DNA contacts to those of tetrameric proteins and provides
a structural explanation for its lack of topoisomerase activ-

ity.

Monomeric Cre specifically binds and recognizes a single
RBE but cannot cleave it

To prevent intermolecular protein—protein interactions
meditated through helix aN, we assembled complexes of
CreY™™ (which bears a mutation at its aN docking site) on
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Figure 7. Flexibility in protein—protein interfaces and differing degrees of protomer activation in 3D Variability Analysis of the CreK201A_Jox P dataset.
(A) Density maps filtered at 4 A for frame 000 (green) and frame 019 (purple). Arrows indicating the interpolated movement between the start and end
frames. (B) Superposition of modeled DNAs from frame 000 (green), frame 019 (purple), and the consensus refinement (red). (C) Density and models
(chain A, inactive; chain B, primed) for the 32-3 loop for frame 000, frame 019 and consensus refinements. (D) Models (chain B) from consensus (red),
frame 000 (green) and frame 019 (purple) refinements showing the relationship between Y324 and the scissile phosphate.

a lox A hairpin substrate comprising a single RBE and sym-
metrized ‘right’ spacer (Figure 1). In the cryo-EM density
map of the Cre-lox P half-site complex, the aJ-K loop is or-
dered, consistent with a role in DNA binding. However, no
density is observed for helix aN and the B2-3 loop, pre-
sumably due to the absence of stabilizing protein—protein
interactions. This is consistent with their role in mediating
protein—protein interactions with neighboring protomers
and structural variability in the inactive and primed con-
formations. Indeed, the 3.9 A structure is highly congruent
with the inactive protomer in the synaptic complex, with an
overall backbone RMSD of ~1 A (Figure 6), and Y324 is
far from the scissile phosphate (Figure 4F). Since K201 re-
sides at the tip of the B2-3 loop, the active site is not fully
formed at this step of assembly. The monomeric Cre-loxP
complex reveals the same major and minor groove protein—
DNA contacts observed in protomers of fully assembled
synaptic complexes (Supplemental Figure S9), indicating
that sequence specific recognition of the RBE is realized
upon a single Cre protein binding to a lox P half-site. Com-
parison of individual protein—phosphate backbone contacts
observed in the monomer (Cre-/oxA complex) and in the ac-
tive and inactive protomers of the tetrameric complex un-
derscores the role of both base-specific contacts and shape
recognition (indirect readout (35,36)) in site selection (Sup-
plemental Figure S9). Thus, the cryo-EM structure of the
monomer is consistent with the observed site-specific bind-
ing of Cre and the lack of topoisomerase activity due to ab-
sence of a fully formed active site from insufficient protein—
protein interactions (13,26,38,71).

Half-sites activity and order of strand exchange inferred from
pre-synaptic Cre-lox P dimers

The use of CreY"/Cre¥2"¢ pairs allowed for isolation and
characterization of pre-synaptic Cre,-loxP complexes fea-
turing a native protein—protein dimer interface (Figures 3B
and 4C). A defining feature of dimer assembly is trans dock-
ing by the aN of Cre¥™™ onto its docking site on CreY*"2, ac-
companied by an increase in DNA bending and increased
DNA deformations of bases proximal to and in the spacer
(Figure 5A and C). Once two Cre protomers are assembled
onto a loxP site, directional DNA bending results from the
aN of one protomer docking into its site on the adjacent
protomer. Remembering that directionality of the loxP site
is determined by the asymmetric spacer sequence, in a BS
complex (Figure 4C) the lox P DNA is favorably bent within
the AT-rich region to allow the aN helix of the protomer
bound to the right RBE (blue) to dock into the protomer
positioned on the left RBE (orange); the alN of the recipi-
ent protomer then extends out into solution in the opposite
direction as the DNA bend. Thus, in the case of synapsis
by two BS dimers only the protomers positioned to cleave the
BS (Figure 4C, blue) can be activated for cleavage through
packing with the B2-3 loops of the adjacent (orange) pro-
tomers. Conversely, if the loxP is bent in the opposite direc-
tion, the aN from the protomer on the left RBE will dock
on the protomer on the right RBE, and the dimer will be
poised for TS cleavage.

Productive synapsis occurs when two similarly bent
dimers encounter each other in an antiparallel orientation
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(69,70). In this model, tetrameric TS and BS complex for-
mation is determined by the probability of a Cre-loxP
dimer forming bends that favor BS or TS cleavage, and then
encountering another similarly bent dimer. Formation of
BS-BS synapses would result in bottom strand first cleavage,
TS-TS synapses could cleave the top strands, whereas as-
sembly of BS-TS complexes would result in unproductive,
or mutagenic recombination events (73). Assuming simi-
lar efficiency for recombination by either BS-BS or TS-
TS synaptic complexes, an ~80% preference for BS strand
first recombination would be explained by a small 15%
bias (kT In (0.65/0.35) ~0.6 kT) toward formation of BS-
bent dimers [0.65 x 0.65 — (0.65 x 0.65 + 0.35 x 0.35) =
78%)] (72,74). An 88% BS preference (74) would correspond
to a bend bias of ~1 kT.

The asymmetry of this protein—protein interaction also il-
luminates the basis for half-the-sites activity of the enzyme
(14,19). In tetrameric complexes, the packing of B2-3 of one
protomer (Figure 4D, white) onto the aM of an adjacent
protomer (Figure 4D, yellow) activates it (white arrows)
for cleavage. However, in the other (synaptic) interface, the
packing of the B2-3 loops with the aM of their adjacent
protomers (red arrows) is insufficient to activate that pair of
protomers for cleavage. Thus, the dynamics and conforma-
tional state (Figure 4A-D and Figure 7C) of the B2-3 loop
can be seen as acting as a switch driven by protein—protein
interactions, that results in activation of alternating active
sites, thereby preventing double strand breaks. Therefore,
the structure of the Cre,-loxP dimer provides new insights
into the structural basis for cooperative DNA binding (by
trans aN docking), for the observed BS/TS cleavage pref-
erences (biased spacer bending), and half-the sites activity
due to poorly formed protein—protein interfaces that fail to
assemble a complete active site at either scissile phosphate.

A model for assembly and activation of Cre recombinase

The new structures support a model in which protein and
DNA dynamics play important roles in Cre-/oxP synaptic
complex assembly and activation (Figure 8): (i) Sequestra-
tion of helix aN over the C-terminal domain DNA bind-
ing surface prevents premature oligomerization of Cre pro-
tomers, while flexibility in the linker facilitates C-clamp for-
mation by the independently folding N- and C-terminal do-
mains (34). A single Cre protein binds to an RBE and ex-
tends a flexible helix aN into solution. Incomplete forma-
tion of the Cre active site, due to insufficient protein—protein
interactions to stabilize the B2-3 loop and helices «M and
aN, results in a loosely bound complex incapable of pre-
mature DNA cleavage, while enabling DNA sequence scan-
ning and intersegmental transfer (75,76). (i1)) The aN he-
lix, extended and flexibly sampling multiple conformations,
uses a fly-casting mechanism to capture a second Cre pro-
tomer on an adjacent RBE of the Jox P site. Biased bending
of the asymmetric spacer of doubly bound /oxP DNA al-
lows sampling of TS and BS complexes, each of which could
be reversibly stabilized by docking of helix aN from one
protomer into its site on the other protomer in the dimer.
Conformational sampling is enabled by inherent flexibil-
ity of the DNA, and of the protein: the 32-3 loop, helix
«, as well as helix aA, which result in ill-formed protein—

protein interactions in the dimer. (iii) Pairing of antiparal-
lel duplexes with matching bends is mediated by fly-casting
by the free aN of each dimer to result in synapsis, wherein
each synaptic complex is primed for either BS- or TS-first
cleavage. Consistent with the observation of a third pro-
tomer recruited to dimer complexes, this model poses that
synapsis occurs in stepwise fashion: (i) capturing of one pro-
tomer in a dimer by the free aN of another dimer com-
plex, thereby tethering two dimer complexes together; (ii)
concerted dynamics that result in full capture of the second
dimer. (iii) Productive synapsis of two like dimers is accom-
panied by additional DNA bending, and assembly of active
sites through stabilization of protein—protein interfaces by
rearrangements of aA, B2-3 and a«M—N. Conformational
sampling in the tetrameric complex, described by 3DVA,
suggests that synapsis is not coincident with activation, and
hints at a propensity for the conformational changes that
follow initial DNA cleavage. Stochastic and concerted con-
formational sampling involving the flexible protein—protein
interfaces would also facilitate strand exchange and the sub-
sequent isomerization step that exchanges primed and inac-
tive protomer conformations.

Insights into lox P site recognition

The potential for repurposing Cre recombinase for lesion-
free DNA recombination in a cellular context has motivated
broad efforts to understand the biochemical basis for its se-
quence specificity (12,13,77). Specificity could be achieved
at the level of highly selective assembly of Cre tetramers on
target sites, or by much higher recombination efficiency at
those sites (i.e. kca/Knm). Optimizing these properties in a
rational way requires knowledge of the structural features
that drive both activities.

Recombination assays with WT Cre and variants have
shown that DNA sequence specificity is driven by some
amino acid residues that in tetrameric crystal structures do
not make direct contacts to DNA bases in the RBEs, as
well as those that do (5-7,20,28-30,33,78-82). The struc-
tures of the Cre-/loxP monomer, dimer and tetramer feature
the same sets of contacts with the RBEs (from helices aB,
aD, al, the aJ-K loop and the B4-5 loop; Supplemental
Figure S9), and similar deviations from canonical B-DNA
helical parameters (Figures 5 and 6; Supplemental Figure
S8). These observations suggest that no major RBE recog-
nition elements evolve during the assembly process, under-
scoring the dual importance of direct and indirect readout.

Despite almost no direct interaction between Cre and
bases in the spacer DNA, its sequence is nevertheless an im-
portant determinant for recombination by Cre (31,83,84).
In vitro and in vivo experiments have shown that even sin-
gle base pair changes to the spacer region can reduce re-
combination efficiency to greater than 90% by wild-type Cre
(83). Thus, it is reasonable that these changes might alter the
structure or rigidity of the spacer region and thus its ability
to adopt cleavage competent conformations (33,82).

Nevertheless, directed evolution experiments have pro-
duced Cre variants capable of efficiently recombining non-
cognate sites (5,7,78,80,82). These variants contain muta-
tions mapping primarily to protein—protein interfaces in
tetrameric complexes, suggesting that such mutations in
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Figure 8. Assembly pathway of Cre recombinase on /oxP DNA. (i) Binding of the first Cre protomer to an RBE dislodges aN from its autoinhibited
conformation and induces a slight bend (~18°) in the DNA; ‘A’ and ‘B’ identify protomers bound to the left or right RBEs (‘L’, ‘R’), respectively. (ii)
Fly-casting by the extended and flexible aN (blue cylinders) captures a second Cre protomer on an adjacent RBE; this is accompanied by further DNA
bending (to ~50°) to form top strand (TS) or bottom strand (BS) dimer complexes. Isomerization between TS and BS complexes can occur through
reversible undocking of the aN to form an extended intermediate; DNA re-bending and subsequent aN docking generates either TS or BS dimers. (iii)
Synapsis of two similarly bent Cre,-/oxP dimers (TS or BS), facilitated by fly-casting by the free N on each dimer, results in initial tetrameric complexes
that undergo further conformational sampling (dotted arrows) to form either TS or BS synaptic tetramers. (iv) The fully formed synaptic tetramers feature
~83° bends in the DNA and alternating pairs of primed and inactive protomers; packing of the 32-3 loop (small, rounded rectangles) across the spacer
activates the recipient protomers (red) to cleave either the TS, or BS. Additional conformational sampling of the synaptic complexes (evident in 3DVA
analysis) may help promote cleavage and enable subsequent recombination steps. Gray arrows indicate the direction of the asymmetric spacer sequence
(red). Cleavage sites on the top and bottom strands (TS, BS) are indicated by black arrowheads.

early rounds of selection might function by relaxing speci- SUPPLEMENTARY DATA
ficity for these altered sites, whereby cleavage-competent
protein—protein and protein-DNA conformations can be
sampled (5,6,33,82). This idea is supported by the observa-
tions of the variable DNA distortions and protein—protein ACKNOWLEDGEMENTS
interfaces observed between the dimeric complex and in the
3DVA series for the tetrameric complex. Thus, the balance
between protein—protein interactions and DNA flexibility
seems to be an important determinant for selecting DNA
sites.

Supplementary Data are available at NAR Online.
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These considerations may help guide future studies aimed at
developing Cre/lox variants targeting alternative sequences.
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