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SUMMARY

Large serine integrases catalyze unidirectional insertion of large DNA payloads and, in the presence of a
cognate recombination directionality factor (RDF), catalyze unidirectional excision. Understanding how
directionality is enforced has been hampered by a lack of structural information. Here, we report 8 structures
of SPf integrase-DNA complexes along the integrative (—RDF) and excisive (+RDF) reaction pathways at res-
olutions extending to 3.15 A. These include tetrameric intermediates before and after strand exchange and
product-bound dimers for both pathways. We find that recombination-induced conformational changes
and RDF-mediated repositioning of the integrase’s coiled-coil subdomain (1) dictate which pairs of DNA sites
can be assembled into active synaptic complexes and (2) dictate which product complexes will be conforma-
tionally locked, preventing back reactions. Critically, we find that the synaptic complex in which excision oc-
curs is fundamentally different from that in which integration occurs. These insights provide a framework for

engineering improved genome editing tools.

INTRODUCTION

Large serine integrases (LSIs; also called large serine recombi-
nases) and their cognate recombination directionality factors
(RDFs) mediate site-specific DNA recombination reactions that
move the phages or mobile genetic elements that encode
them into and out of host bacterial genomes.” Despite extensive
biochemical and engineering studies, structural information has
been limited, leaving many unanswered questions regarding
how they recognize different attachment (att) sites, how their
conformations shift along the reaction pathway, and, most
importantly, how directionality is dictated.””” The work pre-
sented here elucidates a unique and elegant system for control
of recombination directionality of both the integration and exci-
sion reactions.

Several features make these systems useful as genetic
tools.®® The unidirectional integration reaction requires only inte-
grase and two DNA sites: a ~50-54 bp phage DNA site (attP) and
a ~40-46 bp bacterial site (attB)."°'? The products are two
hybrid sites (attL and attR) flanking the integrated phage DNA
(Figure 1A). Binding of the RDF to the integrase triggers the
reverse (excision) reaction and inhibits the integration reac-
tion.""'® Unlike insertions mediated by DDE-family transpo-
sases or CRISPR-Cas, no DNA repair is needed after LSI-medi-
ated reactions because all broken phosphodiester bonds are

religated (Figure 1B). The large number of known integrases pro-
vides an array of sequence specificity options, and new tools for
inserting att sites into heterologous genomes have streamlined
the use of LSls in genome editing."”>*

Serine recombinases share overlapping biological roles with
tyrosine recombinases, but their sequences, structures, and
mechanisms for DNA strand exchange and directionality control
are unrelated. Some tyrosine recombinases such as Cre and Flp
require only simple DNA sites but catalyze bidirectional reac-
tions. Others such as phage lambda integrase catalyze unidirec-
tional insertion but require a long attP site (240 bp) and host pro-
teins.?® Furthermore, their RDFs (xis) bind DNA as well as the
integrase protein, whereas the RDFs for LSIs only bind the inte-
grase protein.”® Nevertheless, we show here that serine inte-
grases share a fundamental concept with tyrosine integrases:
the use of structurally different synaptic complexes for integra-
tive and excisive recombination.

LSls share a conserved catalytic domain and strand exchange
mechanism with smaller serine-family recombinases such as re-
solvases and invertases.'**~2% Within a synaptic complex, which
contains a recombinase tetramer and two partner DNAs, a cata-
lytic serine residue from each subunit attacks a DNA phosphate,
displacing a 3’ OH and generating double-strand breaks with
2-nt 3’ overhangs. In this intermediate state, each 5 end is cova-
lently linked to a protein subunit (Figures 1B and S1), and the two
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Figure 1. LSI-mediated DNA recombination
(A) Schematic reaction diagram. The integrase unidirectionally recombines a specific site in the phage (attP; light gray) with one in the host chromosome (attB;

dark gray). After DNA cleavage (which creates central 2 nt overhangs), exchange of the right halves of the sites (as shown), and religation, the prophage is inserted
within the host chromosome, flanked by hybrid sites (attL and attR). Motifs recognized by the integrase’s two DNA-binding domains, shown in blue (DBD1) and
yellow (DBD2), are spaced differently in attP and attB. The RDF protein triggers the integrase to catalyze the reverse reaction and inhibits the forward reaction.

(legend continued on next page)
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halves of the synaptic complex can swivel relative to one another
about a central flat, hydrophobic interface to reposition the
broken ends.”® Following a 180° rotation, the chemical reverse
of the cleavage reaction religates the DNA in the recombinant
configuration.?°' However, if the 2-nt overhangs (the “central
dinucleotides”) do not base pair after 180° rotation, the complex
can continue swiveling and eventually religate substrate
DNAs.%7%°

A key control point for serine recombinase regulation is the
transition from inactive dimeric protein-DNA complexes to active
tetrameric synaptic complexes. Interactions among catalytic do-
mains are central to both oligomeric forms. However, tetramer
formation entails large conformational changes that license cat-
alytic activity and create the central flat interface about which
rotation occurs. In the absence of additional tetramer-stabilizing
factors, the dimer conformation is strongly favored.*®*® The
additional factors that control this conformational equilibrium
vary widely among different subfamilies of serine recombi-
nases.'?%% For many small serine recombinases, the
tetramer is stabilized by additional DNA-binding proteins that
form a topologically defined complex.*'™*° As described below,
for LSls, the tetramer is stabilized by an additional domain of the
integrase protein itself.

The forward progression of serine recombinase-catalyzed re-
actions is not driven by changes in chemical bond energy but
rather by other energetic differences between the substrates
and products.?® For small serine resolvases, an overall negative
AG is provided by the accompanying change in DNA topol-
ogy.?®*® The unidirectionality of LSI-catalyzed reactions does
not rely on DNA topology and therefore must depend on differ-
ences between the substrate and product protein-DNA com-
plexes. This is feasible in a thermodynamic framework because,
unlike true catalysts that cannot change chemical equilibria,
serine recombinases generally remain bound to their products
and are therefore components of the reaction itself. However,
a lack of 3D structural information has hampered our under-
standing of how LSIs apply this principle to accomplish direc-
tionality in general, as well as how RDFs reverse it.

The modular domain structure of LSIs facilitates stabilization
of substrate-bound tetramers and control of reaction direction.
All serine recombinases share a catalytic domain (“CAT"), fol-
lowed by a long helix (“helix E”) that is sometimes considered
to be part of the catalytic domain. Small serine recombinases
carry a single DNA-binding domain, usually at the C terminus,
but at the N terminus for some serine transposases.’’ LSls
contain two DNA-binding domains that follow helix E, DBD1
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and DBD?2, also referred to as a recombinase domain (RD) and
a zinc ribbon domain (ZD), respectively (Figures 1C-1E).>'° In-
serted within DBD2, and flanked by flexible hinges, is a coiled
coil (CC) with a hydrophobic tip. As described below, interac-
tions between CC tips can mediate either activating inter-dimer
interactions or inhibitory intra-dimer interactions, depending on
the context—that is, depending on which DNA sites the proteins
are bound to and the presence or absence of the RDF.%*4652

Differentiating substrates from products requires differences
in the partner DNA sites that alter the bound proteins’ conforma-
tions. For LSls, the integration substrates attP and attB are each
functionally symmetric (except for their central dinucleotides) but
differ from one another in length and sequence. The critical dif-
ference between attP and attB sites was deduced from the struc-
ture of the DBDs of LI integrase bound to half of an attP site.*®
The authors noted that the motifs recognized by DBD2 are
5 bp, or half a helical turn, closer to the center of attB sites
than of attP sites.® Furthermore, they proposed that this posi-
tioning of DBD2s allows the CCs within them to (1) promote syn-
apsis of attP and attB sites via inter-dimer “handshakes” be-
tween CCs and (2) after subunit rotation, swap interaction
partners to lock the dimer-bound attL and attR products via
intra-dimer “handcuffing” (Figure 1F, top half).

RDF binding was proposed to unlock the attL- and attR-bound
dimers, allowing re-formation of an active synaptic complex.>"
In agreement with this idea, known RDFs share a common pre-
dicted binding site near the base of the CC motif of their cognate
LSIs.>>°° However, this model for RDF function lacks a struc-
tural underpinning and struggles to explain the unidirectionality
of excision—that is, it does not explain why the RDF not only ac-
tivates attL x attR recombination but also inhibits attP x attB
recombination.

To understand the structural basis of directionality control,
and the role of the RDF in the process, we determined 8 cryo-
electronmicroscopy (cryo-EM) structures of B. subtilis phage
SPp integrase (“Int”, also known as SprA) in the presence and
absence of its cognate RDF (also known as SprB)°® and with
different att sites, at resolutions from 3.15t0 7.18 A. These struc-
tures include synaptic tetramers for both the integrative and ex-
cisive pathways, as well as product dimers for both pathways.
These are the first experimental views of LSI-RDF interactions.
The synaptic tetramers were captured in the covalent intermedi-
ate state, when the complex was free to swivel and, for each
pathway, both the pre- and post- strand exchange states were
populated. Our results provide direct evidence to support and
expand upon prior models for directionality control in

(B) The catalytic domain (“CAT”; green) is covalently linked to the 5’ ends of the cleaved DNA intermediate through a phosphoserine linkage. The phosphorus
atom is indicated by a red circle, and Ca of Ser 22 is indicated by a yellow-green circle here and throughout the figures.

(C) Ribbon diagram of one SPp integrase (“Int”) monomer isolated from the synaptic complex.

(D) Cartoons of a LS| bound along an attB-half-site (left) and an attP-half-site (right). The arrow indicates mobility of the CC motif.

(E) Domain architecture of LSI, which consists of catalytic domain (green), DBD1 (blue), DBD2 (yellow), and a coiled-coil motif (CC; orange) that is inserted
within DBD2.

(F) Pathways for integrative (upper) and excisive (lower) recombination. Magenta asterisks denote cryo-EM structures reported here. Inter-dimer CC-CC in-
teractions stabilize the allowed synaptic complexes, while intra-dimer CC-CC interactions trap products, inhibiting the reverse reactions (red X’s). The integration
pathway follows that proposed by Rutherford and Van Duyne,” but the CC motifs are redrawn to match the experimental data presented here. In the excision
pathway, structures described here show that the RDF redirects the trajectories of the CCs so that a different synaptic complex (between attL and attR) and a
different product dimer (attP-bound) are stabilized.
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Figure 2. Overview of the attLsym-bound
SPg Int dimer

(A) Composite cryo-EM map of the complex,
colored as in Figure 1. Orange asterisk highlights
the CC-CC interactions.

(B) Orthogonal view of the same map as in (A).
(C) Ribbon diagram view of the handcuffing CC-
CC interaction oriented as in (A) (orange box).

(D) The same map as in (A) and (B), from an
orthogonal view.

(E) Close-up view near the central dinucleotide
region, oriented as in (A) (green box), with the map
in transparent gray. The catalytic S22s (yellow-
green spheres) are distant from the scissile
phosphates (red spheres). Residues F147 and
M154 intercalate between bases +1T and +2A.
(F) The bent E-helices shown in close-up view
oriented as in (D) (purple box). The proteins are
gray except for the E-helices (green). F147 and
M154 are shown as sticks.

For product-bound dimer complexes
containing uncleaved attL or attP, the
central dinucleotide was symmetrized
(AT rather than AA, denoted as attLsym
and attPsym; see STAR Methods for se-
quences). This facilitated biochemical ex-
periments: either relative orientation of

S22 \\»

| CAT dimer |

attPsym and attBsym can be recombined

LSI-mediated integrative recombination and provide a revised
model for unidirectionality of the excision reaction.?*%°>°” We
find that product dimers in both pathways, not just the integrative
one, are handcuffed by CC-CC interactions (Figure 1F). Further-
more, we show that the prevailing model for RDF function is
incorrect: rather than simply unlocking attL- and attR-bound di-
mers, RDF binding redirects the CC to dictate a very different
synaptic complex for the excisive versus the integrative reaction.

RESULTS

Eight structures illuminate integrative and excisive
recombination

To obtain structures along the integrative pathway, we used
wild-type (WT) SPp Int. For excisive pathway structures, we
used the previously described method of fusing the RDF to the
C terminus of Int with a flexible linker between the two,*® which
prevented loss of the small RDF protein. The DNA duplexes
used carried the WT att sequences, except for the central dinu-
cleotides, as described below. For most structures, dAg was
added to the ends of attP-derived half-sites to facilitate distin-
guishing them from attB-derived half-sites. This “tag” proved
unnecessary but was visible in the maps even though not con-
tacted by the protein, presumably due to the rigid nature of A
tracts.®*®° We numbered all DNAs such that the central dinucle-
otides are —1 and +1.
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by the integrase, while two copies of attL-
sym can be recombined by the integrase-
RDF fusion. The only functional differ-
ence between WT attL and attR sites is their asymmetric central
dinucleotide (Figure S2).°"

We also trapped synaptic complexes in the double-strand-
break intermediate state in which Ser 22 of each subunit is cova-
lently attached to a 5’ DNA end. To do so, we changed the central
dinucleotide of both strands to TT (attPmm, attBmm, and
attLmm; Figure S1), based on observations that serine recombi-
nases can cleave but not religate substrates with central mis-
matches.®? These samples yielded structures of the pre- and
post-rotation states for both the integrative and the excisive syn-
aptic complexes, as well as two unplanned additional structures,
as described below.

The attL-bound product dimer: A 4 bp shift between half-
sites allows CC-CC handcuffing

We focus first on the attL-bound Int dimer structure because that
map extended to the highest resolution (3.15 A) (Figures 2 and S3
and Table 1). This complex provides a model for both products of
integrative recombination, because attL and attR each contain
one attB- and one attP-derived half-site.

The primary difference between the attB and attP sides of the
complex is that DBD2 lies 4 bp closer to the center on the attB
half-sites. The overall architecture of the attP side of the complex
resembles that of the LI integrase-attP half-site complex struc-
ture.”® However, although a 5 bp shift of DBD2 between attP
and attB sites was predicted for many LSls,**°"%* the density
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Table 1. Cryo-EM data collection, refinement, and validation statistics

SPB Int pre- SPB Int post- SPg Int-attPmm SPg Int attLsym SPp Int-RDF pre-  SPfint-RDF post-  SPp Int-RDF SPg Int-RDF
rotation state rotation state tetramer (EMD- dimer (EMD- rotation state rotation state attPmm dimer attPsym dimer
(EMD-47288) (EMD-47289) 47290) (PDB 72552) (PDB (EMD-47284) (EMD-47286) (EMD-47287) (EMD-47284)
(PDB 9DXH) (PDB 9DXJ) 9DXK) 9Y66) (PDB 9DXD) (PDB 9DXF) (PDB 9DXG) (PDB 9Y6V)

Data collection and processing

Magnification 81,000 81,000 81,000 81,000 81,000 81,000 81,000 81,000

Voltage (kV) 300 300 300 300 300 300 300 300

Electron . 65 65 65 65 65 65 65 65

exposure (e-/A2)

Defocus range —09to-1.9 —-09to-1.9 —0.9to-1.9 —0.9to—-1.9 —0.9to-1.9 —0.9to—-1.9 —-09to—-1.9 —0.9to-1.9

(pm)

Pixel size (A) 1.065 1.065 1.065 1.065 1.065 1.065 1.065 1.065

Symmetry C1 C1 C1 C1 C1 C1 C1 C1

imposed

Initial particle 1,364,105 1,364,105 1,364,105 860,317 2,114,654 2,114,654 2,114,654 162,334

images (no)

Final particle 13,917 27,865 92,812 342,692 550,169 248,916 54,766 24,616

images (no)

Map resolution 7.18 6.92 4.81 3.3 4.82 5.00 6.61 6.9

A

FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143

Refinement

Model resolution ~ 7.34 7.44 7.37 3.8 4.23 4.22 12.70 7.10

@

FSC threshold 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Map sharEening —368.8 —438.8 —229.6 -127.8 —-321.1 —395.5 —505.3 —620.6

B factor (A2)

Non-hydrogen 42438 42440 43689 21563 46399 46360 23758 23118

atoms

Protein residues 2134 2134 2140 1072 2366 2364 1182 1182

Nucleotide 232 232 268 124 232 232 134 114

Ligands ZN: 4 ZN: 4 ZN: 4 ZN: 2 ZN: 4 ZN: 4 ZN: 2 ZN: 2

Protein 208.26 212.19 596.91 139.24 72.31 71.31 1333.16 617.12

Nucleotide 235.45 237.11 598.59 110.12 68.69 68.69 71.64 523.94

Bond lengths ()  0.006 0.005 0.006 0.004 0.005 0.005 0.004 0.003

Bond angles (°) 0.724 0.684 0.757 0.675 0.633 0.633 0.757 0.594

(Continued on next page)
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map was clear, and the outer portions of the SPp binding site se-
quences align better if a 4 bp shift is assumed (Figure S4).
Because of this shift, DBD2 of the attP-bound subunit docks
onto same side of the DNA as DBD1, whereas for the attB-bound
subunit it docks onto the opposite side. Furthermore, the two
copies of DBD2 are positioned on the same face of the complex.

The attL-bound dimer map clearly shows the product-stabilizing
intra-dimer CC-CC interaction (Figures 2 and S3) first proposed by
Rutherford and Van Duyne.>*" This interaction is facilitated by the
relative placement of the two DBD2s, which the CCs are inserted
into. The DBD2-CC junctions are flexible, but the CCs themselves
are well ordered. As seen in structures of the isolated CCs of LI in-
tegrase, the two tips interact in a front-to-back manner, rather than
a 2-fold-symmetric manner (Figures S5A and S5B).? The attB-
bound subunit’s CC is sandwiched between that subunit’s cata-
lytic domain and the attP-bound subunit’s CC (Figures 2 and
S5B), an interaction that was unexpected.

The attL-bound dimer is clearly in an inactive state because
the two active site serines (S22) are 9-10 A from the phosphorus
atoms that they would attack in a DNA cleavage reaction
(Figures 2E and 2F). The E-helices are bent and interact with
one another in a largely antiparallel fashion that differs from the
more nearly parallel interaction seen in DNA-bound dimers of
small serine recombinases.®434

The DNA in this complex is bent at the center by ~65°, reflect-
ing two kinks flanking the central dinucleotide with large roll an-
gles between adjacent base pairs (Figures 2B, 2E, 2F, and 3).
The C-terminal portion of helix E, which connects the catalytic
domain to DBD1, docks into the minor groove, widens it, and in-
serts the hydrophobic side chains of F147 and M154 into the
kink. Similar groove-widening by helix E, sometimes including
hydrophobic intercalation, was reported for small serine recom-
binases.”®>** These interactions likely contribute to indirect
readout of the DNA sequence near the cleavage sites, as they
do in LI integrase.®” These helix E-DNA interactions are similar
on both sides of the attL-bound dimer but are not maintained
in the complexes with cleaved DNA reported below.

Partially modular protein-DNA interactions

Details of the Int—DNA interactions are described for the attL-
bound dimer because comparison with additional structures
showed that most of the Int-DNA interactions depend only on
whether a subunit is bound to an attP- versus an attB-derived
half-site, rather than on the larger context of the complex (e.g.,
cleaved versus uncleaved, +/—RDF or pre- versus post-rotation).
The sole exception is helix E, which interacts differently with
cleaved versus uncleaved DNA. Four different protein segments
interact closely with the DNA: the C-terminal portion of helix E,
DBD1, the linker between DBDs, and DBD2 (Figures 3A-3E
and S6; Video S1). Int-DNA interactions are only partially
modular: while most local interactions are similar on attB and
attP half-sites, the outer portion of DBD1 and the interdomain
linker interact differently with attB versus attP DNA.

The inner portion of DBD1 binds base pairs 4-7 of both types
of half-sites. The identity of these bases is conserved among all
four half-sites (Figure S4). Of particular interest is the long
B-hairpin loop between aH and al that makes multiple contacts
with the phosphodiester backbone, inserts Y254 into the minor



Please cite this article in press as:
10.1016/j.molcel.2026.09.028

Shin et al., Structural basis of directionality control in large serine integrases, Molecular Cell (2026), https://doi.org/

Molecular Cell

---inner DBD1---
7N

)
outer
DBD1

DBD1

¢? CellPress

OPEN ACCESS

Figure 3. Partially modular protein-DNA in-
teractions

(A) Ribbon diagram of the SPB Int dimer-attLsym
complex oriented as in Figure 2B. Boxes indicate
close-up views in parts (B)-(D).

(B) Close-up view of the DBD1 interactions. The
attP side (lighter blue and gray) is oriented as in (A)
(purple box), and the attB-side DBD1 and DNA
(darker blue and black) are superimposed on it.

Due to the divergence in DNA paths, Y237 adopts

different rotamers, and the backbone NH of A215
(blue sphere at the end of helix G) only interacts
with the phosphate of T-14 on the attB-side (black
sphere versus gray sphere).

(C) Close-up views of DBD1 and DNA on both
sides, oriented as in (A) (blue box).

(D) Close-up views of DBD2 and DNA on both
sides, oriented as in (A) (yellow box). Binding of the
DBD2 domains induces an unusual DNA kink at
nucleotides —19/-283, indicated by spheres in
colors corresponding to y angle plot in (E). See
Figure S6 for details of the DBD1-DBD2 linker-

DBD2: attB half
DBD2 linker aE  oE
DBD2 Dl‘3D1 DI?D1

1
TATTAR

-28 [ LI /¥
CAGCATGTCATTAATATCAGTACAGA?EJAGCTGTP

DNA interactions.

(E) Sequence and structural parameters of attL-
sym. Underlined nucleotides differ from the WT
attL sequence, and bold nucleotides are identical
in all four half-sites (see alignment in Figure S4).
Interacting protein domains are noted above the
sequence, and structural parameters are plotted
below (roll angle between successive base pairs,
minor groove widths, and y torsion angles). DBD2
is 4 bp further from the center on the attP side
versus the attB side.

DBD2: aft? ha

linker ppp2

25
CTTACTACAAAA? A

different rotamers and contacts different

bases (Figures 3B and 3C). On the attB
site, a kink between base pairs 13 and 14
facilitates H-bonding between a backbone

Minor Groove Width(A)

amide at the N terminus of aG and phos-
phate —14 (blue and black spheres,
respectively, in Figures 3B and 3C). On
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Base Pair Position

groove and R265 into the major groove, where it makes a
sequence-specific bidentate interaction with the conserved
G6. The flat guanidinium group of R265 is positioned to stack
against T5 with its protruding methyl, forming an interaction
similar to that seen in the TG- and 5-methyl-CG specific interac-
tions of other proteins.®” This loop varies widely among LSls, and
its major groove-interacting tip is absent in LI integrase, where
DBD1 lacks significant sequence specificity.”’

The outer portion of DBD1 interacts differently with the two types
of half-sites. It contains a helix-turn-helix motif (aF, «G, and aH).
Even though such motifs often display strong preferences for spe-
cific DNA sequences, the bases that this one contacts are variable.
Helix H docks into the major groove, but only Q236 and Y237
extend toward the unique edges of the bases themselves. The
tip of Q236 is within H-bonding distance of a base on the attB
side but not on the attP side, and the side chain of Y237 adopts

the attP side, the major groove is wider at
this point, the minor groove narrower,
and the phosphodiester backbone is
pulled away from aG. This correlates with amore AT-rich sequence
in attP than attB (Figure 3E): AT-rich sequences intrinsically favor a
narrowed minor groove.®

The DBD1-DBD2 linker also interacts differently with the two
types of half-sites (Figure S6). On the attB side of the complex,
L302 and L303 of the linker partially intercalate between
base pairs 13 and 14, inducing and/or stabilizing a nearly 40° roll
angle that greatly widens the minor groove (Figures 3E and SEA).
The linker also interacts with a widened minor groove on the attP
side, but the DNA is more smoothly bent by only ~ 30°. Further-
more, rather than L302 and L3083, residues P304, K306, and
F309 interact most closely with the floor of the minor groove
(Figure S6B). On the shorter attB side, the linker-binding region
overlaps with the outer portion of the DBD1 binding site.

The local interactions between DBD2 and DNA are similar on
both types of att sites despite the overall 4 bp shift (Figure 3D).
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Direct H-bonding interactions between protein side chains and
DNA bases are sparse, implying that sequence recognition may
rely heavily on indirect readout of sequence-dependent variations
in the structure and flexibility of the DNA. The most prominent
DNA-binding feature of DBD2 is a long beta hairpin that lies in
the major groove and makes multiple contacts with the phospho-
diester backbone, ending with K339 contacting the 5 phosphate
of T-23 (attB side)/T-27 (attP side). This hairpin is unusually long
in SPP Int (Figure S7) and, therefore, its cognate attB and attP sites
are longer than those for many LSls: 46 and 54 bp, respectively. A
second beta hairpin places R516 in the minor groove, where it do-
nates H-bonds to two consecutive bases. These contacts by
themselves are not sequence-specific because A, T, C, and G all
have an H-bond acceptor in a similar location. However, together
with the other beta hairpin and Y360, they form part of a grip across
the DNA backbone that induces an unusual kink centered on A-19
(attB side)/G-23 (attP side). Integrase activity depends not only on
DNA affinity but on distinguishing attP from attB,°* which in turn de-
pends on proper placement of DBD2. Figure S4C shows that
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Y4 resolvase
tetramer (PDB: 1ZR4)

Molecular Cell

Figure 4. Integrative synaptic complex
structures and comparison of E-helices in
dimeric and synaptic complexes

(A) Ribbon diagram (top) and cryo-EM map (bot-
tom) of the SPp Int attP:attB synaptic complex in
the pre-rotation state, captured in the covalent
intermediate state. Colors are as in previous fig-
ures, and orange asterisks mark approximately
where CC-CC interactions occur. See also the
“side” view in Figure 5C.

(B) Ribbon diagram (top) and cryo-EM map (bot-
tom) of the same complex in the post-rotation
state. The entire right half of this complex has
rotated ~180° relative to the one in part (A).

(C) Comparison of the E-helices in the dimeric (left
column) and synaptic complexes (right column) in
the top (top row) and side (bottom row) views. The
dimer’s two E-helices are green; the additional two
E-helices from the tetramer are pink. The remainder
of the dimer’s CAT domains are shownin gray. F138,
which repacks between forms, is shown as yellow
sticks. Spheres indicate the scissile phosphates
(red) and catalytic S22 residues (yellow-green).

(D) Ribbon diagram of the y6 resolvase tetramer®
(PDB: 1ZR4; also in the covalent intermediate
state) shown in the same orientations and color
scheme as in (C).

placement of DBD2 probably depends
not only on the presence of conserved
sequence motifs in the correct place but
also on their absence from the
wrong place.

The integrative synaptic complex
trapped in the swiveling state
Integrative synaptic complexes were
formed by mixing SPB Int with attPmm
and attBmm. These substrates were
paired and cleaved by Int, but not reli-
gated, and therefore trapped the complex in the swiveling-
competent covalent intermediate state. Two classes of particles
contain Int tetramers along the integrative reaction pathway: one
in the pre-rotation cleaved-substrate conformation, synapsing
an attP and an attB site, and one in the post-rotation not-yet-
ligated-product state in which one half of the complex is rotated
by ~180° relative to the other (Figure 4). While there are no cova-
lent bonds between the two half-complexes to restrain rotation,
there are likely energy wells at the 0° and 180° positions that are
deep enough to favor these positions but shallow enough to allow
rotation driven by thermal energy. The global resolutions for these
maps were 7.18 and 6.92 A, respectively, and local resolution
extended to 4.69 A (Figure S8).

Helix E is straight in these complexes and forms the central plat-
form for rotation, as seen previously for small serine recombinases
in the active tetrameric form (Figure 4).2°%° Although most of the
Int-DNA interactions with individual half-sites are similar to those
seen in the attL-Int dimer complex, helix E and the catalytic do-
mains form very different interactions with the DNA and with



10.1016/j.molcel.2026.09.028

Please cite this article in press as: Shin et al., Structural basis of directionality control in large serine integrases, Molecular Cell (2026), https://doi.org/

Molecular Cell

each other. Helix E is still docked into the minor groove, but due to
DNA cleavage the DNA kinking and intercalation of the F147 and
M154 side chains is no longer seen (Figure S9).

The integrative synaptic complex is stabilized by inter-
dimer CC-CC interactions

In these synaptic complexes, the CC motifs, which are clearly
visible in the maps, form inter- rather than intra-dimer interac-
tions. The two cleaved DNAs lie on the outside of the synaptic
complexes and are held together not only by tetramerization of
the catalytic domains but also by inter-dimer handshakes be-
tween the CC motifs (Figures 4 and S8). The CC of each attP-
bound subunit is sandwiched between the catalytic domain
and the CC of its attB-bound partner. These tetramer-buttress-
ing interactions occur on opposite sides of the pre-rotation com-
plex but on the same side of the post-rotation complex. As dis-
cussed below, this geometry prevents formation of handcuffing
intra-dimer CC-CC interactions before rotation and facilitates
them after rotation.

An unexpected third class of particles contained a tetramer
of Int synapsing two attP sites, yielding a 4.81 A map
(Figures S8 and S10). The presence of multiple attP sites in a
cell is unlikely in a biologically relevant context, and these tet-
ramers are unlikely to allow strand exchange because the
CC-CC interactions occur diagonally, which is incompatible
with rotation. We confirmed that SPJ Int-attPmm complexes
do elute as tetramers in size exclusion chromatography (SEC)
(Figure S11). Similar observations were recently reported for
¢C31 integrase.®®

Conformational changes may be needed after rotation to
bring the 3' OH groups close enough for religation and to fully
assemble the active site for catalysis. In all the synaptic com-
plexes described here, the two halves of each cleaved DNA
are roughly co-linear, but the phosphoserines are ~24 A apart
(measured between P atoms), ~10 A further than they would be
in intact B-form DNA. Furthermore, the catalytically important
conserved arginines are not well ordered in these struc-
tures.®”®® The proposed conformational changes may involve
rigid-body motion of the DNA half-sites as well as adjustments
within the catalytic domains. The attB half-sites in our synaptic
complexes tilt away from the catalytic domains, as does the
DNA in most serine recombinase complexes,®®2%:36:4344 pyt
the attP half-sites tilt toward the catalytic domains. This may
reflect an intrinsic feature of attP, or it may reflect the inter-
dimer CC-CC interactions pulling the attP DNA toward its
attB partner. 3D variability analysis and 3D flexible reconstruc-
tion showed some flexibility in the relative orientation of the
DNAs (Video S2).

The RDF dictates a different synaptic complex for
excision

Three structures were determined from samples of the SPp Int-
RDF fusion protein in complex with attLmm, also trapped in
the covalent intermediate state (Figures 5A, 5B, and S12): synap-
tic tetramers in the pre- and post-rotation states and a smaller
class of particles containing dimers bound to unligated product
attP sites. We could not identify attB-bound dimers. The global
resolution was 4.82 A for the pre-rotation state (with local reso-
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lution extending to 4.16 A), 5.00 A for the rotated state, and
7.1 A for the attP-bound dimer.

Comparison of the integrative and excisive synaptic com-
plexes shows a major and unexpected difference: the CC-
CC interactions that stabilize them occur on opposite sides
(Figure 5C versus 5D; see Figure S13 for maps). Nevertheless,
the local interactions between the tips of the CCs are quite
similar in both cases, except that “front” versus “back” is
switched—that is, without the RDF, the front of each attB-
bound subunit’s CC interacts with the back of an attP-bound
subunit’s CC, whereas with the RDF, the backs of the attB
CCs interact with the fronts of the attP CCs (Figure S5). Over-
all, RDF binding to Int does not simply disrupt the handcuffed
attL- and attR-bound dimers that are the product of integra-
tion—it stabilizes a very different trajectory of the CC and pro-
motes the formation of a different synaptic complex for
excision.

The RDF changes the pivot point for CC flexibility

The SPB RDF is a small protein that binds both DBD2 and the
DBD2-proximal portion of the CC, tying them together
(Figure 5D; Video S3). Comparison of all the DBD2-CC confor-
mations seen with and without the RDF shows that there are
two hinges between DBD2 and the CC tip (Figure S14): hinge
1, located at the CC-DBD2 junction and hinge 2 further along
the CC. Within each set of structures (—RDF versus +RDF),
hinge 1 remains rigid, while hinge 2 serves as the pivot point
for CC motion. RDF binding to the inter-hinge region changes
the conformation of hinge 1, which repositions hinge 2 and
consequently changes the spatial range accessible to the CC
tips. In general, in the absence of the RDF, hinge 2 lies in front
of or behind the DNA, but in the presence of the RDF, it lies
above or below the DNA (Figures 5C, 5D, S15, and S16 ). In
attL- and attR-bound Int-RDF substrate complexes, the RDF-
stabilized position of hinge 2 would prevent intra-dimer CC-
CC handcuffing. However, within the synaptic tetramer, the
subunit rotation that converts substrates to products changes
the relative positioning of the attP-bound subunits’ hinge 2s
from diagonally opposed across the tetramer to close prox-
imity, which facilitates handcuffing of the attP-bound product
(see below). Although we could not determine an attB-bound
product structure, Figure S17 suggests that it is probably
also handcuffed.

We also noted that the RDF appears to destabilize the
integration-competent trajectory of the CC while stabilizing
the excision-competent trajectory (Figure S17). In the
absence of the RDF, the helical inter-hinge segment
(amino acids [aa] 381-397) packs against DBD2 in the
same location where a loop of the RDF binds, effectively
shielding a small hydrophobic region. This shielded pocket
includes the extreme C-terminal region of Int (aa 530-545),
notably F532, which is essential for catalyzing excision
reaction but largely dispensable for integration.®® Additionally,
the CC-proximal ends of helices J (aa 376-379) and M
(aa 474-484) within DBD2 are unwound in the presence of
the RDF and form part of the inter-hinge region. Both
the experimental maps and AlphaFold models support this
helical extension in the absence of the RDF. The endpoints
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[ without RDF

of these two helices are also variable among the 4 copies in
the asymmetric unit of the crystal structure of the LI integrase
DNA-binding domains.*®

RDF binding displaces the inter-hinge helical segment (aa
381-397) by inserting its C-terminal helix and the loop that
precedes it into the DBD2 hydrophobic region. This displace-
ment destabilizes the helix M extension, exposing hydropho-
bic residues such as 1472 and V477 to form new contacts
with F40 of the RDF, thereby stabilizing the repositioned hinge
2 conformation. Concurrently, repositioning of the integrase C
terminus allows F532 and F534 to engage in close hydropho-
bic contacts with RDF residues including L37 and F40 (with
additional support from Y41 and F44), stabilizing the new
conformation of hinge 1. These interactions between DBD2
and the RDF align with functional data®® from Abe et al.,
who described the Int C terminus as a potential component
of a “molecular toggle switch” controlling recombination
directionality.
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Figure 5. The RDF redirects the CC subdo-
main, dictating a different synaptic complex
for excision

(A) Ribbon diagram (top) and cryo-EM map
(bottom) of the SPp Int-RDF fusion synaptic
complex in the pre-rotation state, captured in the
covalent intermediate state. Structures are
colored as in previous figures, with the RDF in
turquoise. The orange asterisks indicate where
the CC tips from the subunits bound to the
upper and lower DNAs meet (see also the side
view in D).

(B) Ribbon diagram (top) and cryo-EM map
(bottom) of the same complex in the post-rota-
tion state.

(C) DNA-end view of half of an integrative syn-
aptic complex in the absence of the RDF, colored
as in previous figures. The orange asterisk marks
where two CC motifs meet.

(D) A similar view of half an excisive synaptic
complex in the presence of the RDF. See
Figure S13 for experimental maps.

CC-CC handcuffing of the attP-
bound integrase-RDF dimer

Although a low-resolution structure of an
attP-bound dimer structure was derived
from the attLmm-SPp Int-RDF sample,
the central mismatches trapped it in the
cleaved state rather than the final religated
state. We therefore directly formed product
dimer complexes with uncleaved DNA by
mixing the SPP Int-RDF fusion protein
with attPsym and attBsym substrates. Un-
der these conditions, only an attP-bound
dimer species was observed (Figure S18),
which yielded a structure at an overall res-
olution of 7.1 A. No CC-CAT interactions
are seen in either of these dimers.

In both attP-bound dimers, the two
copies of hinge 2 lie on the top face
of attP, placing the CCs and their tips in close proximity
and enabling intra-dimer CC-CC interactions that likely
drive or stabilize tetramer-to-dimer dissociation (Figure 6A).
Figure 6B compares the relevant half of a post-rotation
tetramer in both reaction pathways to the final product dimer.
In both cases, hinge 2 is placed to facilitate handcuffing of the
product.

Although both the attLmm-derived attP dimer and attPsym-
bound dimer bind essentially identical attP half-sites, they reveal
markedly different degrees of CAT domain ordering and posi-
tioning: the CAT domains are much better ordered when the
DNA is uncleaved (attPsym, Figures 6Aand S18) than when it is
cleaved (attLmm-derived, Figures 6A and S12). In the best-
resolved 3D class, the dimer formed by the two CAT domains
closely resembles the unusual (for serine recombinases) CAT
domain dimer seen in the handcuffed attLsym-bound dimer in
the absence of the RDF (Figure 6B). Thus, while the dimer contain-
ing cleaved DNA samples a highly dynamic ensemble of CAT

nge 1

with RDF
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Figure 6. CC:CC handcuffing traps product
dimers for both pathways

(A) Orthogonal views of the cryo-EM maps of SPp
Int-RDF dimers bound to intact (left column) and
cleaved (right column) attP DNA.

(B) Comparison of one half of the post-rotation
integrative synaptic complex (top) with the corre-
sponding handcuffed product dimer (bottom).
Arrows show the CC motions presumed to occur
in the transition between states. See Figure S15
for more detail.

(C) Similar comparison of one half of the post-
rotation excisive synaptic complex (top) with the
corresponding handcuffed product dimer (bot-
tom). See Figure S16 for more detail.

cleaved Int-RDF attP bound dimer map

B Integration (-RDF) pathwa C Excision (+RDF) pathwa
. flanks Int F532, which was previously
Hinge 1 ) shown to be important for directionality
: Hinge 1y control®® as discussed above, and the
7y S second pair interacts directly with the in-
N2 e ter-hinge segment. These data support

* S

attL half of post- lattP half of post- ‘

2,
rotation tetramer

handcuffed

product dimer handcuffed

product dimer

conformations, the dimer containing uncleaved DNA is biased to-
ward an open, E-helix bent, and catalytically inactive state.

Mutational analysis reveals the RDF-CC interface is
essential for redirecting CC trajectory

We employed an E. coli-based promoter inversion assay to
investigate the functional importance of Int-RDF interactions
(Figure $19).5%7° Int flips a promoter flanked by attP and attB
sites to drive GFP rather than RFP expression, while the Int-
RDF fusion acts on the attL and attR sites in the product plasmid,
flipping the promoter back to RFP expression. Use of the Int-
RDF fusion avoids artifacts due to unequal protein expression
or weakened protein-protein affinity. Figure S19B shows that
the WT proteins drove recombination to completion after only
2 h of expression. Deletion of the N-terminal helix of the RDF
(Int-RDF AN-ter helix 1-13), which interacts only with DBD2,
had no effect on RDF function in this assay. In contrast, the
RDF’s C-terminal helix (Int-RDF AC-ter helix 37-58), which
packs between DBD2 and the inter-hinge region of the CC, is
essential: when this helix was deleted, the fusion protein acted
as a slow version of WT Int without RDF, eventually converting
all substrates to the attL/attR configuration. Similar results
were obtained for two less drastic changes in the C-terminal he-
lix: pairwise mutations L37D/F40D and A45D/L49D. The first pair

rotation tetramer l
g d W
$ = -

z*;;;\ , ening the hinges in Int. Hinge 1 was

¢ the hypothesis that restraining the inter-

hinge region of the CC is critical to RDF
function.

We also tested the effects of length-

lengthened by inserting GGSGSSG into
both the outgoing and returning chains
(Figure S19C), and hinge 2 was similarly
lengthened by inserting GGSGSG (see
Figure S19C). The effects of elongating
hinge 1 were minor: both integrative and
excisive reactions were slower, and the
Int-RDF  fusion was less cleanly
switched—excisive recombination was still favored but not as
decisively. Elongating hinge 2 had no detectable effect on Int
or Int-RDF function in our assays. Although elongating the CC
of Ll integrase by ~two helical turns weakened recombination ef-
ficiency and directionality,® our results suggest that the most
important function of the RDF is to change the pivot point of
the CC rather than simply to restrain how far it can extend.

Additional protein-protein interactions

The SPp synaptic complexes include additional protein-protein
interactions that were not predicted from partial structures and
previous modeling (Figure S20). In all tetramers, E258 of the
long DNA-binding loop of one subunit’s DBD1 could form a
salt bridge with the catalytic domain of the subunit bound to
the DNA on the opposite side of the synapse, potentially helping
to stabilize the synaptic complex. Contacts between the CC and
CAT domains occur only in the absence of the RDF. The details
vary between the tetramer and dimer states, but P54 (CAT
domain) and F426 (CC) are included in both sets of contacts.
Interestingly, that region of the catalytic domain is involved in
activating contacts from other proteins or DNAs in small serine
recombinases.”’ In contrast, only when the RDF is present, the
CC from the attP-bound subunits contacts a small hydrophobic
patch on DBD1 of the same subunit. Similar CC-DBD1 contacts
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Figure 7. Schematic model of how CC-CC interactions and the RDF mediate directionality control

Only the catalytic domain (green), CC (orange), hinges (black dots in yellow and orange circles), RDF (blue), and DNA (attP in white and attB in gray) are shown.
DNA-binding domains are not shown for simplicity. Both hinge 1 and hinge 2 are critical to directionality. The location of hinge 1 depends only on whether the
protein is bound to an attP- or attB-derived half-site. The RDF causes rotation about hinge 1, which repositions hinge 2. Within each pathway, the pivot point for

the CC is hinge 2.

are made by both attP-bound subunits within the tetramer and
by one subunit within the attP-bound dimer.

We tested the effects of mutating these contacts in a pro-
moter-flipping assay (Figure S20). E258A decreased excision
but did not detectably affect integration, perhaps because the
CC-CAT contacts formed in the absence of the RDF also stabi-
lize CAT domain positioning. Because F426 also participates in
CC-CC contacts, we could only test the importance of the inte-
gration-specific CC-CAT contacts by mutating the CAT domain.
Atriple mutation was deleterious in both reaction directions, sug-
gesting that it affected catalytic activity, but it did not completely
ablate excision. Most mutations of the excision-specific DBD1-
CC contacts affected excision more strongly than integration,
in agreement with those contacts only occurring in the presence
of the RDF. Our results support the idea that some mutations
may affect the two reaction pathways differently.

DISCUSSION

Biology often requires that site-specific DNA recombination reac-
tions proceed to completion even when the net number of phos-
phodiester bonds does not change. Multiple solutions to this
conundrum have evolved. For tyrosine-family integrases, addi-
tional DNA-binding proteins set up a synaptic complex from which
recombination is downhill in terms of conformational energy.”®
The XerC/XerD tyrosine recombinase pair cooperates with the
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FtsK translocase to resolve chromosome dimers or, to resolve
plasmid dimers, exploits additional DNA-binding proteins and
supercoiling.”” Small serine recombinases that resolve replicon
fusions also employ additional DNA-binding proteins to sense
and be driven by DNA topology.”® In contrast, unidirectional
recombination by LSIs requires neither a particular DNA topology
nor additional proteins.

Understanding the control of reaction directionality for the
LSIs has been a long-standing challenge. Our series of SPp Int
and Int-RDF complex structures can be assembled into a movie
of an LSI “in action” (Video S4). This work provides direct evi-
dence for an updated model, diagrammed in Figures 1F and 7,
that agrees with current models for integrative recombination®’
but fundamentally changes the model for excisive recombina-
tion. Unidirectionality in both pathways is explained by the inter-
play among 3 key features: the CC, the RDF, and the difference
between attP- and attB-half-sites. These control the oligomeric
state of the integrase and consequently the conformation and
activity of the catalytic domain.

For both reaction pathways, the CC-CC interactions stabilize
the synaptic complex, then stabilize or “handcuff” at least one,
if not both, product dimers. Dimer handcuffing prevents reaction
products (attL and attR for integration and attP and attB for exci-
sion) from forming synaptic tetramers, thus preventing the back
reaction. Integration and excision are driven forward by similar
mechanistic logic but occur within structurally different
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complexes. In the initial substrate state of both types of synaptic
complex, the critical ond hinges that are the CCs’ pivot points are
located such that the CC tips can only interact with subunits
bound to a partner duplex, thus stabilizing synapsis. However,
rotation to the product state brings the 2" hinges of subunits
bound to a single product duplex close enough that they can
swap interaction partners to handcuff the product dimer.

The RDF not only unlocks the handcuffing of the attL- and
attR-bound dimers that are the products of integrative recombi-
nation (as previously proposed) but also changes the location of
the CCs’ second hinges. The RDF therefore favors a synaptic
complex with different geometry from that used in integrative
recombination and allows trapping of the attP-bound dimers
(and probably attB-bound dimers) that are the products of exci-
sive recombination. The use of structurally different synaptic
complexes for integration versus excision is conceptually similar
to the regulation of phage lambda integrase (a tyrosine recombi-
nase) even though the two systems differ wildly in mechanism
and complexity.?*2°

The work presented here provides a framework for engineer-
ing LSI-RDF pairs for use as genetic switches and genome edit-
ing tools. We suggest that optimization of reaction efficiency in a
particular pathway could be streamlined by focusing on protein
segments that adopt different interactions and/or conformations
in the excisive versus integrative pathways. The sequences of
those segments probably reflect evolutionary compromises be-
tween pathways—not only for efficiency in both directions but
also for inhibition of the “wrong” reaction in both directions.
They are therefore likely hotspots for mutations that optimize re-
action efficiency in one direction without regard for the other, as
seen in the clustering of efficiency mutations in CC region re-
ported in"? and for mutations that loosen directionality control,
as seen in CC region in Rowley et al.®

Integrase variants with altered sequence specificity are also of
interest to the engineering community. Two features of SPp Int
that are of particular interest are the p8-9 hairpin extending
from the inner portion of DBD1 and the p11-12 hairpin of
DBD2, which dock into the major groove and contact conserved
sequence motifs. Furthermore, these hairpins are likely to be
amenable to mutation because they protrude from the core
DBD folds. Variability in hairpin length among LSIs (Figure S7)
may contribute to differences in the stringency of sequence
specificity and in overall att site length. For example, SPp Int-
DNA contacts extend across 46 and 54 bp of attB and attP,
respectively—longer than is often assumed to be sufficient for
LSI binding, while DBD1 of LI integrase, which has a short 8-9
hairpin, has little sequence specificity.>’

Integrative-pathway structures have recently been reported
for Bxb1 and ¢C31 integrases,®®’® which confirm that, like
SPB Int, they follow the generalized model for integrative recom-
bination proposed by Rutherford and Van Duyne, in which CC-
CC interactions stabilize the initial synaptic tetramer. For ¢C31,
RDF-bound structures and handcuffed product dimers were
also reported. Although the @C31 RDF is structurally very
different from the SPp RDF, its mechanism is conceptually
similar: it binds to the inter-hinge region of the CC, dictates for-
mation of a different synaptic complex between attL and attR,
and allows handcuffing of an excision product dimer. Further-
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more, in the SPp and ¢@C31 integration product dimers, the
CCs contact different regions of the catalytic domains. Structural
differences among dimers are permissible because they are not
the catalytically active species, allowing for conformational vari-
ation without compromising the overall recombination pathway.

Beyond flexibility within the protein framework, SPp Int also
differs slightly from ¢C31 and Bxb1 integrases in that DBD2 is
shifted by 4 rather than 5 bp on attP versus attB half-sites. Similar
variations probably occur for other LSIs, given the variability in
DBD1-2 linkers, inter-hinge regions and predicted CC length
(e.g., Figure S7). Functionality only requires that attP can be
differentiated from attB and that the appropriate CC-CC interac-
tions can form throughout both recombination pathways. These
observations suggest that bioinformatic analyses of att sites
should consider the shift in DBD2-binding motifs as a variable.

Additional differences between synaptic tetramer structures
for ¢C31 and SPp integrases may reflect different reaction
stages. For ¢C31, an active site mutant was used to trap the
pre-DNA-cleavage state, whereas for SPp mismatched central
dinucleotides were used to trap the post-cleavage state. The
@C31 tetramer displays a smaller crossing angle between
E-helices at the center of the tetramer, a less extensive interface
between the attP- and attB-bound subunits, and a greater dis-
tance between the two DNA duplexes. There may be multiple
sub-states along the pathway from initial synapsis to the swivel-
ing-competent cleaved state, with catalysis itself occurring
somewhere between those two points. If the catalytic sites
were always fully assembled and active, the system would risk
(1) premature DNA cleavage before verification of a proper attP
and attB pairing and (2) hydrolysis of the phosphoserine linkage
during subunit rotation. The latter consideration explains why the
catalytic arginines were not well ordered around the phospho-
serine in the SPp tetramers.

For LSI-catalyzed DNA recombination to proceed efficiently,
the reaction pathway must avoid deep energy wells before the
final handcuffed product dimer state is reached. This may be
achieved by balancing favorable macromolecular interactions
with conformational strain, including the bending of the DNA.
For example, we noted an unusual tilt of the attP DNAs toward
the catalytic domains in post-cleavage SPp tetramers that was
not seen in pre-cleavage ¢C31 tetramers. We propose that there
is a balance between having all four DBD2s bound to DNA with
both CC-CC pairs interacting across the synapse versus confor-
mational strain in the DNA near the active site. Such a balance
would explain the difficulties reported in obtaining pre-cleavage
@C31 particles with well-ordered CC-CC pairs on both sides of
the tetramer. DNA cleavage may relieve some conformational
strain, driving the tetramer to the cleaved and swiveling state.
Religation of the DNA in the product configuration would re-
introduce the strain, but would also favor dissociation into di-
mers, which are then trapped by CC-CC handcuffing. In
contrast, religation in the substrate configuration would re-intro-
duce the strain with no energetic compensation.

Overall, the LSI reaction pathway is remarkably simple in its
protein and DNA requirements, yet entails a delicate energetic
balance among numerous protein-protein and protein-DNA in-
teractions to guide the reaction forward. The protein-protein in-
teractions must be strong enough to stabilize key intermediates
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and enforce directionality, yet transient enough to avoid kinetic
trapping prior to product formation. Directionality thus arises
from dynamic control of conformational strain, DNA bending,
and selective interaction switching rather than from any single
dominant interaction. Together, this architecture enables tuning
of LSIs to combine stringent reaction control with catalytic effi-
ciency and provides a general framework for understanding
and ultimately engineering directionality in complex DNA recom-
bination systems.

Limitations of the study

While we have visualized the key steps along both the integration
and excision reaction pathways, there may have been additional
conformations not analyzed because they were present as a
small percentage of the particles in the cryo-EM data—e.g., rota-
tional states of the tetramers other than 0° and 180°. Additionally,
we do not yet fully understand the conformational dynamics of
the CAT domains, which were visualized before and after phos-
photransfer, but not during. Finally, although specific CC-CAT
contacts are observed during the integrative (but not excisive)
pathway, their potential roles in catalytic activation in the
tetramer state and inhibition in the dimer state require more
exploration.
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SPB Integrase-RDF This paper N/A
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Deposited data
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Cryo-EM map of SPp Int post-rotation state This paper EMD-47289
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Cryo-EM map of SPp Int attPmm tetramer This paper EMD-47290

Coordinates of SPf Int attPmm tetramer This paper PDB: 9DXK

Cryo-EM map of SP Int attLsym dimer This paper EMD-72552

Coordinates of SPp Int attLsym dimer This paper PDB: 9Y66

Cryo-EM map of SPp Int RDF This paper EMD-47284

pre-rotation state
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Cryo-EM map of SPp Int RDF This paper EMD-47286

post-rotation state
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Cryo-EM map of SPf Int RDF attPmm dimer This paper EMD-47287

Coordinates of SP Int RDF attPmm dimer This paper PDB: 9DXG

Cryo-EM map of SP§ Int RDF This paper EMD-72632

attPsym dimer

Coordinates of SPp Int RDF attPsym dimer This paper PDB: 9Y6V

attLsym bound Int raw cryoEM data This paper PDB: 9Y66; EMPIAR-12972

Int-RDF raw cryoEM data This paper PDB: 9DXD, 9DXF, 9DXG; EMPIAR-12973

Int-RDF raw cryoEM data This paper PDB: 9Y6V; EMPIAR-12957

Int raw cryoEM data This paper PDB: 9DXH, 9DXJ, 9DXK; EMPIAR-12974

All other source data Mendeley Mendeley Data: https://doi.org/10.17632/

9cd374hrv5.1

Oligonucleotides

attL.sym_top: CATGTCATTAATATCA
GTACAGATATAGCTGTATA
TTAAGATACTTACTACA
TATCTAAAAAAAAAA

attLsym_bot: T TAGATATGTAG
TAAGTATCTTAATATACAGCT
ATATCTGTACTGATATTAATGACATG

attL.sym_top for cryoEM:
GCAGCATGTCATTAATATCA
GTACAGATATAGCTGTATATTAAGAT
ACTTACTACAAAAAAAA

attL.sym_bot for cryoEM:
TTTTTTTTGTAGTAAG
TATCTTAATATACAGCTATATCTGTACT
GATATTAATGACATGCTGC
attRsym_top:
AAAAAAAAAAAGAAAAGTAGT
AAGTATCTTAAAAAACAGATATAGCT
GTATCTCCTGTGAACACAAT

attRsym_bot:
ATTGTGTTCACAGGAGATACAGCTA
TATCTGTTTTTTAAGATCATTACTA
CTTTTCTTITITTITIIT

attLmm_top:
CATGTCATTAATATCAGTACAG
ATTTAGCTGTATATTAAGATAC
TTACTACAAAAAAAA

attLmm_bot: GTAGTAAGTATCT
TAATATACAGCTTTATCTGTA
CTGATATTAATGACATG

attPmm_top: AAAAAAAAGGTAGTAAGTAT
CTTAAAAAACAGATTTAGCTGTATA
TTAAGATACTTACTAC

attPmm_bot:
GTAGTAAGTATCTTAATATAC
AGCTTTATCTGTTTTTTAAGAT
ACTTACTACTTTTTTITTT

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

attPsym_top:
AAAAAAAAAAAGGTAGTAAGT
ATCTTAAAAAACAGATATAGCTG
TATATTAAGATACTTACTACATA

attPsym_bot:
TATGTAGTAAGTATCTTAATAT
ACAGCTATATCTGTTTTTTAAGATA
CTTACTACCTTTITTTTITTIT

attBmm_top:
CATGTCATTAATATCAGTACAG
ATTTAGCTGTATCTCCTGTGAAC
ACAATAAAAAAAA

attBmm_bot:
TTTTTTTITATTGTGTTCACAGGAG
ATACAGCTTTATCTGTACTG
ATATTAATGACATG

attBsym_top: GCAGCATGTCATTAATATC
AGTACAGATATAGCTGTATC
TCCTGTGAACACAATAAAAAAAAAAAAA

attBsym_bot: T TTATTGTGT
TCACAGGAGATACAGCTAT
ATCTGTACTGATATTAATGACATGCTGC

5’fluorescein labeled attB_top for
recombination: /56-FAM/,
CATGTCATTAATATCAGTA
CAGATAAAGCTGTATCTCC
TGTGAACACAAT

Unlabeled attB_bot for recombination
assay:
ATTGTGTTCACAGGAGATACAGCTTTA
TCTGTACTGATATTAATGACATG

56-FAM-SPBc_attLsym2_top: /56-FAM/,
CATGTCATTAATA
TCAGTACAGATATAGCTGTATATT
AAGATACTTACTACATATCTA
AAAAAAAAA

56-FAM-SPBc_attlsym2_bot: /56-FAM/,
TTTTTTTTGTAGTAAGT
ATCTTAATATACAGCTTTATCTGTAC
TGATATTAATGACATG

Unlabeled attLsym2_top:
CATGTCATTAATATCAGTA
CAGATATAGCTGTATATTAAGATACT
TACTACATATCTAAAAAAAAAA

Unlabeled attLsym2_bot:
TTTTTTTTGTAGTAAGTATCTTAATA
TACAGCTTTATCTGTACTGATATTA
ATGACATG

56-FAM-SPBc_attRsym2_top: /56-FAM/,
AAAAAAAAAAAGAAAAGTAGTAAGTA
TCTTAAAAAACAGATATAGCTGTATC
TCCTGTGAACACAAT

56-FAM-SPBc_attRsym?2_bot: /56-FAM/,
ATTGTGTTCACAGGAGATACAGCTA
TATCTGTTTTTTAAGATCATTACTAC
TTTTCTTTTITTITTITITT

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

e3 Molecular Cell 86, 1-17.e1-e7, November 19, 2026

(Continued on next page)



10.1016/j.molcel.2026.09.028

Please cite this article in press as: Shin et al., Structural basis of directionality control in large serine integrases, Molecular Cell (2026), https://doi.org/

Molecular Cell

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

puUC19 NEB Cat#N3041L

pET-28a(+) Novagen Cat#69864-3

pBAD33 Guzman et al.”® N/A

pSC101 Cohen et al.”® N/A

pTPR11_SPB_LR This study N/A

pTPR12_SPp_PB This study N/A

Software and algorithms

SBGrid Morin et al.”” https://sbgrid.org/

MotionCor2 Zheng et al.”® https://github.com/singleparticle/
MotionCor2

Topaz Bepler et al.”® https://github.com/tbepler/topaz

cryoSPARC 4.6.0 Punjani et al.®° https://cryosparc.com

AlphaFold 2 (AF2) Jumper et al.?’ https://www.alphafold.ebi.ac.uk/

Coot 0.9.8.8 Emsley and Cowtan® https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

Phenix 1.21 Adams et al.®® https://www.phenix-online.org/

Molprobity Williams et al.®* https://github.com/rlabduke/MolProbity

UCSF Chimera 1.17.3
UCSF ChimeraX 1.4
ISOLDE
deepEMhancer 0.14

Petterson et al.®®

Pettersen et al.®®
Croll et al.?”

Sanchez-Garcia et al.®®

https://www.cgl.ucsf.edu/chimera/
https://www.cgl.ucsf.edu/chimerax/
https://tristanic.github.io/isolde/
https://github.com/rsanchezgarc/

deepEMhancer
PyMOL 3.1.3 Schrédinger®® https://www.pymol.org
BioRender BioRender https://biorender.com
ImageJ 1.54g Schneider et al.*” https://imagej.org
Other

Quantifoil R1.2/1.3 300-mesh, Cu
CFlat R4.0/1.0 300-mesh, Cu grids

Electron Microscopy Sciences
Electron Microscopy Sciences

Cat#Q3100CR1.3
Discontinued

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Escherichia coli strains
E.coli pET28-a(+) (Novagen) was used for plasmid construction, while E.coli BL21(DE3)pLysS (Novagen) was used for protein expres-
sion. E.coli DS9417* was used for in vivo integrase mediated inversion assays.

METHOD DETAILS

Cloning and plasmid construction

The DNA sequence of SPp Integrase was optimized for expression in E. coli and cloned between the Ndel and Xhol sites of pET-
28a(+) (Novagen). The proteins expressed from this vector have an N-terminal hexahistidine tag followed by a thrombin cleavage
site (the tag was not cleaved off, but was not visible in the density maps). The DNA sequence encoding the SPf integrase-RDF fusion
protein was made by joining the coding sequences for SPp integrase and its RDF via a 54 bp DNA linker sequence between the Spel
and Xhol sites in pET28-a(+). The DNA linker sequence is translated to a flexible 18-residue linker (TSGSGGSGGSGGSGRSGT) be-
tween the C terminal residue of SPg integrase and the second amino acid residue in the RDF. Mutants of Integrase and Integrase-RDF
were generated using site-directed mutagenesis, and all constructs were verified by whole plasmid sequencing of the expression
vectors.

Protein expression and purification

Expression plasmids containing SPf Int or SPp Int-RDF were used to transform E. coli BL21(DE3)pLysS competent cells. The trans-
formed cells were grown at 37 °C in LB broth supplemented with 50pg/ml Kanamycin and 100 uM ZnSO,, until ODggo reached 0.7.
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Protein expression was induced with isopropylf-D-1-thiogalactopyranoside (IPTG) at final concentration of 0.5 mM, and the cultures
were grown overnight at 20 °C. The cells were pelleted by centrifugation at 8,000 r.p.m. in a Fiberlite F9-6X1000LEX rotor for 7 minutes
at 4 °C and stored at -20 °C.

Cell pellets were resuspended in 50ml per liter of original culture of Ni A buffer (50mM Sodium Phosphate, 1M NaCl, 5% Gilycerol,
1mM Tris(2-carboxylethyl) phosphine (TCEP), pH 7.5) plus 1 tablet of complete Mini EDTA-free protease inhibitor cocktail (Roche)
and 200 pg/ml lysozyme, then lysed by ultrasonication in 3 1-minute pulses in an ice bath. The lysate was clarified by centrifugation
at 18,000 r.p.m. in an SS-34 rotor for 1 hour at 4 °C. The supernatant was collected, filtered and then loaded on a 5ml Ni Sepharose
HisTrap HP affinity column (Cytiva). The column was washed with 95% Ni A /5% Ni B buffer (Ni B = Ni A plus 500 mM Imidazole pH
7.5) until the baseline was flat, then eluted by a gradient from 5% to 100% Ni B) over 40’ with 2ml/min and 2ml/fraction. The protein
peak fractions were analyzed on a Novex 8-16% Tris-Glycine Minigel (Invitrogen). The cleanest fractions were pooled and dialyzed
into Ni A buffer at 4 °C O/N, then rechromatographed on the Ni column as before. The best fractions were pooled, then diluted into
Heparin A buffer 20mM MES, 5% Glycerol, 1TmM TCEP, pH 5.5) to a final salt concentration of 200-300mM, and then loaded onto a
20ml Heparin column (Heparin FF, 16/10, Cytiva), washed with 15% Heparin B buffer (Heparin A buffer plus 2M NaCl, pH5.5) and
eluted with a gradient from 15% to 75% B over 90’ at 2ml/min and 2ml/fraction. The cleanest peak fractions were and concentrated
to a small volume, then dialyzed into 20 mM Tris-Cl pH 8, 200 mM NaCl, 2 mM TCEP, and 20% glycerol. The protein concentration
was determined by Axgg and the presence of contaminating endonucleases was ruled out by incubating the sample with supercoiled
pUC19 and 10mM MgCl, followed by agarose gel electrophoresis.

For the fluorescently labeled oligos, some of the oligos listed above were custom ordered with 5’ fluorescein label or 3’ Cy5 label
from Integrated DNA technologies (IDT). Complementary oligos were mixed at a final concentration of 1 mM in TE buffer containing
100 mM NaCl and annealed by incubating at 80 °C for 20 minutes. Afterward, the water bath was turned off and samples were left in it
to cool to room temperature.

In vivo integrase mediated inversion assay

The design and protocol for the in vivo recombination assay were similar to those previously described.*"°The substrate for in vivo
intramolecular recombination (inversion) is a reporter plasmid (kanamycin resistance) in which attP/attB or attR/attL sites are in in-
verted orientation and flank a constitutive promoter that drives either expression of GFP or RFP (Figure S19A). To assay recombina-
tion activities in vivo, E. coli DS941 cells were cotransformed with a substrate plasmid and an arabinose-inducible expression vector,
pBAD33 (chloramphenicol resistance) containing the gene of interest (Int, Int-RDF fusion or its mutants cloned between Ndel and
Xhol sites). To do so, 2ul of each plasmid at 20ng/pl was incubated with 100ul chemically competent DS941 cells on ice for 5’,
then heat shocked at 37 °C for 5’, then iced for 2°. 200ul LB+0.2% glucose was then added, cells were allowed to recover 37 °C
for 2 hours, then added to 10ml LB+0.2% glucose+50ug/ml kanamycin (kan) +30pg/ml chloramphenicol (cam) and grown overnight
at 37 °C. All liquid cultures for these experiments were shaken at 200 rpm. Glucose was added to suppress protein expression, and
we noted that the overall experiment worked best if the overnight culture reached an ODggg of > 1.5 —if not it was best to restart with
freshly made competent cells.

200ul of the overnight culture was used to inoculate 10ml LB + 0.2% Glucose + kan (50 pg/ml) + cam (30pg/ml), then grown at 37 °C
for 1.5 hours, at which point ODggo Was ~0.4-0.5. Cells were spun down to remove the glucose, then resuspended in 10ml LB + 0.2%
L-Arabinose + kan (50 pg/ml) + cam (30 pg/ml) and incubated at 37 °C for 2 hours or overnight, after which the plasmids were recov-
ered by miniprep. 1pl of miniprepped plasmid was then used to transform 50ul chemically competent DS941 cells: 5’ on ice, 5’ heat
shock at 37 °C and 2’ on ice then recovery in 500ul LB at 37C for 90°. We choose to isolate and then retransform the product plasmids
to separate out individual copies of the substrate plasmid, which carries a pSC101 origin and can be present in multiple copies per
cell. Two different volumes of each culture (20pl and 100pl) were then plated LB + Kan (50 pg/ml) agar plates and incubated at 37 °C
overnight. Plates were visualized in a chemi-doc (Bio-Rad, Hercules, CA, USA) with blue epi illumination and a 530nm+28nm band-
pass filter for GFP visualization and red epi illumination with a 695nm+55nm bandpass filter for RFP. Exposure times were set at
0.025s and 0.25s respectively.

For quantification shown in Figure S19, a custom Python script was used to classify colonies as red or green. Briefly, green and red
colonies were segmented by hue, saturation, and value (HSV) color thresholding, and detected independently. The automated
counts for red or green were then reviewed and manually corrected before final counts were recorded for each plate. For each plate,
the number of green and red colonies was calculated as a proportion of the total colony count on that plate. All mutants were tested
on both reporter plasmids as an internal control, and all individual assays were repeated at least twice. For the elongated-hinge mu-
tants, proportions were averaged across replicates, which followed the protocol described above. The mean proportions of red and
green colonies (+SD) were plotted for each condition. The initial assays for the other mutants were carried out with a slightly different
protocol (cells were switched back to glucose and then grown longer before miniprepping, etc) and therefore, while they gave very
similar results, their quantification was not averaged with that shown in Figure S19.

A slightly simplified protocol was used to generate the data shown in (Figure S20). Overnight cultures of each recombination strain
were grown at 37 °C in LB media to mid-log phase (approximately 2 hours) with kanamycin (50 pg/ml) and chloramphenicol (25 pg/ml)
selections. Integrase or integrase-RDF expression was induced for 2 hours by addition of 0.2% arabinose after which cultures were
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diluted 1:1000 in fresh LB media containing 0.2% glucose to repress further integrase expression. The cultures were grown for further
16 hours with shaking (200 rpm) at 37 °C. Cultures were diluted 1/100, 000 in fresh LB media and spread on LB agar plates containing
kanamycin (50 pg/ml).

Due to the thickly plated colonies, the overall green and red colony areas were quantified using ImagedJ.®° Color thresholding was
used to isolate green and red colonies separately. The background outside each selected colony population was cleared, and the
resulting images were converted to 8-bit grayscale. Thresholding was then applied to generate binary images in which the selected
colonies appeared as white pixels. The total white-pixel area (px?) was measured separately for the green and red colonies. The frac-
tion of green and red colony areas was then calculated for each plate. At least two independent experiments were performed for each
construct (three for the 3L and M409 mutants, both with and without the RDF), and the mean and standard deviation of the calculated
red and green fractions were plotted for comparison.

In vitro recombination and binding assays

For binding and recombination assays, protein and DNA were used in ratio 2:1 (final concentrations: DNA, 0.2 pM; protein, 0.4 pM).
The reactions were performed in a buffer containing 20 mM Tris-HCI pH 8.0, 100 mM NaCl, 10 % glycerol, 50 pg/ml BSA, 0.5 mM
TCEP. Samples were incubated at 37 °C for 1 hr.

After the incubation, the samples were divided into two sets. To assess recombination, 10 % of Sodium Dodecyl Sulfate (SDS) and
6X DNA loading dye (6X Gel loading dye, purple—New England Biolabs) were added, resulting in final concentrations of 1.1% SDS
and 1X loading dye. Both sets of samples were separated on Novex 6% TBE gels (Invitrogen) in 1X TBE running buffer at 160V for
45 minutes or until the dye front reached near the bottom of the gel. The gels were visualized using a Chemidoc gel imager (Bio-Rad).

Sample preparation for single particle cryo-EM

Purified and concentrated SPf integrase (Int) or Int-RDF fusion proteins in storage buffer (20 mM Tris-Cl pH 8, 200 mM NaCl, 2 mM
TCEP, and 20 % glycerol) were mixed with annealed mismatched or symmetrized dsDNA substrates to assemble protein-DNA com-
plexes. These complexes contained either covalently trapped reaction intermediates with cleaved central dinucleotides or product
dimer complexes with uncleaved central dinucleotides.

To generate and visualize covalently trapped intermediates, Int was mixed with attPmm and attBmm, whereas Int-RDF was mixed
with attLmm. For the product dimer complexes, Int was mixed with attLsym, and Int-RDF was mixed with attPsym and attBsym. In all
preparations, the final protein and DNA concentrations were 80 pM to 40 pM, respectively, in low salt buffer (20 mM Tris-Cl pH 8,
100mM NaCl, and 0.125mM TCEP).

Samples were incubated at 37 °C for 1 hour and purified using size-exclusion chromatography (SEC) on a Superose 6 10/300 GL
column (Cytiva) pre-equilibrated with low salt buffer (20mM Tris-Cl pH 8, 100mM NacCl, and 0.125mM TCEP). Fractions containing the
target complexes were pooled and concentrated to 5mg/ml using using Amicon Ultra Centrifugal Filter (30kDa MWCO,
MilliporeSigma).

Immediately prior to blotting and vitrification, samples were adjusted to a final concentration of 2mg/ml with low salt buffer (20mM
Tric-Cl pH 8, 100mM NaCl, and 0.125mM TCEP) and supplemented with fluorinated octyl maltoside (FOM, Anatrace) to a final con-
centration of 0.02 % (w/v). Then, 3.5 pl of the sample was applied to a freshly glow discharged CFlat 4.0/1.0 300-mesh grid or Quan-
tifoil 1.2/1.3 300-mesh grid, blotted for 5.5 seconds with blot force set to 0, and plunged into liquid ethane using a Vitrobot™ MK IV
(FEI) at 18 °C and 100 % relative humidity.

Data collection for single particle cryo-EM

Imaging of particles was performed using a Titan Krios G3i (Thermo Fisher Scientific) operating at 300 kV and equipped with a Gatan
K3 direct detection camera. Data collection was conducted at the Advanced Electron Microscopy Facility, the University of Chicago.
Each movie consisted of 54 frames with a total exposure of approximately 65 electrons per A2 The defocus range was set at -0.9 pm
to -1.9 pm. Additional acquisition and imaging parameters are detailed in Table 1.

Image processing

All data processing steps were conducted using cryoSPARC (v4.6.0)%° and are summarized in Figures S3, S8, S12, and S18. For both
datasets, micrograph movies were aligned, summed, and dose-weighted; contrast transfer function (CTF) parameters were esti-
mated using patch based CTF estimation from cryoSPARC. Micrographs with significant non-vitreous ice contamination or outliers
in motion correction and CTF estimation were excluded.

Initial particle picking was performed using the blob particle picker to generate two-dimensional (2D) classifications. After a second
round of 2D classification, selected classes showing intact complexes were used as templates for automated particle picking. False-
positive or poorly defined particles were filtered out after additional rounds of 2D classification. The remaining particles were used to
train a Topaz’® model, which were applied to the combined micrographs for refined particle picking.

Particles classes showing clear secondary structures were iteratively classified, and three to five three-dimensional (3D) ab initio
models were generated with C1 or C2 symmetry. Classes representing intact synaptic complexes were selected and further refined
through heterogenous and non-uniform refinement steps. Resolutions for both Int and Int-RDF datasets were improved through
focused refinement steps, where particles from both pre- and post-rotated classes were combined, resulting in the alignment of
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the half complex. Reference-based motion correction was applied, followed by particle subtraction to remove the unaligned part of
the other half complex, and the final set of particles were used for local refinement.

To refine flexible regions of the complexes, built-in 3D variability analysis®' and 3D flex reconstruction®® from cryoSPARC®® were
performed to address disordered regions and deconvolute the heterogeneous conformations of the complex into top three compo-
nents ranked by significance in conformational variability. Using the outputs of these two analytical programs, we generated movies
(see Videos S2, S5, S6, S7, S8, S9, S10, and S11) depicting the various conformational variabilities in the consensus maps and in the
focused maps within UCSF Chimera (v.1.17.3).%° Four maps from the last stage of the non-uniform refinement cycle, corresponding
to pre- and post-rotated states in both the Int and Int-RDF datasets, were used as representative consensus maps. Two focused
refined half-complex maps were then combined using the corresponding consensus map as a guide to generate composite
maps for these rotational states. The final maps were sharpened using cryoSPARC's built-in map sharpening tools, and the compos-
ite maps for pre- and post- rotated states were further processed with deepEMhancer (v.0.14).%8

Model building, refinement and validation

Alphafold2-multimer®'-° was used to create the starting model of the synaptic complex. Specifically, the complex was predicted in
overlapping fragments to allow flexibility in relative domain arrangements. These fragments were subsequently positioned and
aligned according to the cryo-EM map using ChimeraX (v.1.4).%° Overlapping regions were manually corrected, adjusted, and refined
in COOT (v.0.9.8.8).? All of the DNA could be modeled except for the 3’ most of the two overhanging Ts created by the DNA cleavage
reaction. While most protein residues were built, some regions containing flexible loops, the 20aa long N-terminal tag, 28aa C-ter-
minal residues and the linker connecting the Int and RDF were not built because they were disordered in the maps. The register of the
main chain was carefully checked and corrected based on bulky residues.

B-form DNA starting models for the DNA substrates were built in ChimeraX and fitted into the cryo-EM map with local restraints
using COOT.?? ISOLDE (v.1.4),%” embedded in UCSF ChimeraX,®® was used to introduce phosphoserine linkages between the pro-
tein and DNA, and to correct most of peptide bond geometry, rotamer, and Ramachandran outliers.

Manual model building and refinement were performed iteratively using COOT,®? ISOLDE,®” and PHENIX (v.1.21)%° real-space
refinement. Both unsharpened and sharpened maps, as well as 3D-flex reconstructed maps, were used in conjunction with previ-
ously solved truncated structures and Alphafold2®":°® predicted models to guide the model building process. Geometry restraints
for zinc-binding sites were applied based on a zinc-binding model to ensure accurate representation of these regions.

Molecular graphics and structural analyses were conducted using UCSF ChimeraX and PyMOL (v. 3.1.3).%°

QUANTIFICATION ANT STATISTICAL ANALYSIS
All'in vitro and in vivo biochemical data were generated from independent biological replicates. Data were analyzed using Matplotlib

or Gnuplot. No data were excluded from the analyses. No statistical methods were used to determine sample size. No blinding or
randomization methods were used during these experiments.
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