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Insertion sequence (IS) elements are the simplest autonomous transposable elements
found in prokaryotic genomes'. We recently discovered that 1S110 family elements
encode arecombinase and a non-coding bridge RNA (bRNA) that confers modular
specificity for target DNA and donor DNA through two programmable loops?. Here we
report the cryo-electron microscopy structures of the IS110 recombinase in complex
withits bRNA, target DNA and donor DNA in three different stages of the recombination
reaction cycle. The IS110 synaptic complex comprises two recombinase dimers, one
of which houses the target-binding loop of the bRNA and binds to target DNA, whereas
the other coordinates the bRNA donor-binding loop and donor DNA. We uncovered
the formation of a composite RuvC-Tnp active site that spans the two dimers,
positioning the catalytic serine residues adjacent to the recombination sites in both
target and donor DNA. A comparison of the three structures revealed that (1) the top
strands of target and donor DNA are cleaved at the composite active sites to form
covalent 5’-phosphoserine intermediates, (2) the cleaved DNA strands are exchanged
andreligated to create a Holliday junction intermediate, and (3) this intermediate is
subsequently resolved by cleavage of the bottom strands. Overall, this study reveals
the mechanism by which a bispecific RNA confers target and donor DNA specificity to

IS110 recombinases for programmable DNA recombination.

Transposable elements are mobile DNA sequences that can move or
copy themselves to new locations within genomes. They are widespread
throughout all domains of life and have vital roles in shaping genome
function and evolution®. Transposons typically encode a transposase
gene and terminal inverted repeats at both ends of the elements.
Using diverse catalytic mechanisms, these transposases recognize
theinverted repeats to catalyse the excision and insertion of the trans-
posable element into new target sites in the genome*.

Insertion sequence elements are the simplest autonomous trans-
posable elements found in prokaryotic genomes and are classified
into approximately 30 families'. Typical insertion sequence elements
are excised and then randomly inserted into new genomic loci by the
actions of their cognate transposases. By contrast, the IS110 family
elements are excised as circular double-stranded DNA intermedi-
ates and theninserted into specific DNA target sequences through
unknown mechanisms® ' (Fig. 1a and Extended Data Fig. 1a). Given
the conservative transposition cycle of IS110 elements, their encoded
transposases can be referred to as recombinases, reflecting a closer
functional resemblance to site-specific recombinases such as Bxbland
Cre™2 IS110 family elements consist of aleft end, arecombinase-coding
sequence and aright end, flanked by the CT (cytosine-thymine) core
dinucleotide sequences (Fig.1a and Extended Data Fig. 1a), and unlike

most other insertion sequence elements, they do not encode long
terminalinverted repeat sequences, further obscuring their transpo-
sition mechanism. Consistent with these unique features of the IS110
elements, the IS110 recombinases differ from other known enzymes
and comprise a RuvC-like domain (Pfam PF01548, hereafter referred
to as RuvC for simplicity) with a DEDD motif?, as well as a Tnp domain
(Pfam PF02371) with a conserved serine residue? (Fig. 1b and Supple-
mentary Fig.1). These sequence features and functional observations
indicate thatIS110 elements use a distinctive mechanismof action that
has, until now, remained elusive.

In our accompanying study?, we established that the Escherichia coli
1S621 element’, a member of the IS110 family, reconstitutes a 0”%like
promoter at the right end-left end junction in its circular intermedi-
ate form to express a bRNA from the left end (Fig. 1a and Extended
DataFig. 1a). This bRNA encodes specificity determinants for both
donor DNA (dDNA; the IS621 circular form) and target DNA (tDNA; the
genomicinsertionsite) (Fig. lcand Extended DataFig.1a,b). The bRNA
target-binding loop (TBL) contains two guide segments: a left target
guide (LTG) and aright target guide (RTG), which base pair with the
left side of the bottom strand (left target) and the right side of the top
strand (right target) of a double-stranded tDNA, respectively (Fig. 1c,
Extended Data Fig. 1a,b and Supplementary Fig. 2a). The analogous
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Fig.1|1S621synaptic complex structure.a, Schematic of the IS621insertion
sequence element. LD, left donor; RD, right donor; LE, left end; RE, rightend,
LT, lefttarget; RT, right target; SL, stem loop. b, Domain structure of the [S621
recombinase. CC, coiled-coil domain. ¢, Schematics of bRNA-guided dDNA and
tDNArecognition. The 5’ stemloop and the linker region in the bRNA are omitted,
asthe TBLand DBLinasingle synaptic complexare derived from two different
bRNA molecules. BS, bottomstrand; TS, top strand. d, Nucleotide sequences of
thebRNA-complementary regionsin the tDNA and dDNA. Mismatched (MM)
nucleotidesintroduced to the top strands for the structural analysis are shown
aslowercaseletters. Bottomstrands are indicated by asterisks. e,f, Structures

architecture of the donor-binding loop (DBL; composed of aleft donor
guide (LDG) and aright donor guide (RDG)) base pairs with the left
donorandright donor regions ofadouble-stranded dDNA inasimilar
manner. Functionally, the IS621 recombinase associates with the bRNA
and catalyses recombination between dDNA and tDNA at acentral CT
coredinucleotide presentinboth DNA molecules (Fig.1aand Extended
Data Fig. 1a,b). We demonstrated its broad and modular reprogram-
mability to desired dDNA and tDNA substrates for genome insertion,
inversion and excision, laying the groundwork for a unified mechanism
for programmable DNA rearrangements?. In this study, we solved the
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of the IS621-bRNA-dDNA-tDNA synaptic complex (e) and the bBRNA-dDNA-
tDNA complex (f). Disordered regions are indicated by dotted lines, and the CT
coredinucleotides (positions 8and 9) are numbered. Inf, the S241 residues are
shownasstick models. g,h, Structures of the tetramer (g) and monomer (h) of
thelS621recombinase. The catalytic residues are shown as space-filling (g) and
stick (h) models.Inh, the core a-helices and B-strands in each domain are
numbered.Ind,f, DNA cleavagessites areindicated by yellow triangles.Ine,g,
theactivesiteswiththe ordered and disordered S241residues areindicated by
red solid and dashed circles, respectively.

high-resolution cryo-electron microscopy (cryo-EM) structures of
the IS621 synaptic complexes in several reaction intermediate states,
revealing the bRNA-guided DNA recombination mechanism.

1S621 synaptic complex structure

For cryo-EM analysis, we first attempted to reconstitute the synaptic
complex comprising the 1S621 recombinase, a full-length177-nucleotide
(nt) bRNA, a 44-base pair (bp) dDNA (the right end-left end junction
with the left donor-core-right donor sequence in the circular form)
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and a38-bp tDNA (the genomicinsertion site with the left target-core-
right target sequence) from the natural IS621 element found in £. coli
(Fig.1b,c, Extended DataFig.1a,b and Supplementary Fig. 2a). However,
the 1S621-bRNA complex did not forma stable synaptic complex with
dDNA and tDNA on size-exclusion chromatography (Extended Data
Fig. 2a). To facilitate bRNA-mediated DNA targeting, we introduced
mismatches into the top strand of the dDNA (6 nt) and tDNA (6 nt)
at positions 2-7, and found that these mismatches facilitated synap-
tic complex formation and in vitro DNA recombination (Fig. 1d and
Extended Data Figs. 1a,b and 2a,b). Using these mismatch-containing
dDNA and tDNA molecules, we determined the cryo-EM structure of
the 1S621-bRNA-dDNA-tDNA synaptic complex at 2.5 A resolution
(Extended DataFig. 2c-h).

The synaptic complex consists of four IS621 recombinase protom-
ers (IS621.1-4) and the TBL and DBL modules of the bRNA, as well as
tDNA and dDNA (Fig. le-g and Supplementary Video 1). The 5 stem
loop of the bRNA, as well as the linker region between the TBLand DBL,
are not visible in the density map (Extended Data Fig. 2h), suggesting
their flexibility. Deletion of the 5’ stem loop decreased bRNA binding
to theS621recombinase (Extended Data Fig. 2i) and slightly reduced
IS621-mediated recombination in E. coli (Extended Data Fig. 2j), sug-
gesting that the 5’ stem loop does not form specific interactions with
the recombinase, but rather enhances the IS621-bRNA interaction,
possibly through nonspecific RNA backboneinteractions. The 5’ stem
loops are structurally conserved among IS110 orthologues, although
their sequences are diverse?, suggesting their conserved functional
roles. In the structure, the TBL 3’ end (C95) and the DBL 5’ end (A110)
are approximately 80 A apart (Extended Data Fig. 2k), suggesting that
twodifferent bRNA molecules contribute the TBL and DBL, respectively,
to a single synaptic complex. Supporting this notion, we observed
dimers of the synaptic complex during 2D classification, in which two
synaptic complexes are probably held together by two bRNA molecules
(Extended DataFig. 2d).

1S621.1 and 1S621.2 form a dimer that interacts with the TBL and
tDNA, while I1S621.3 and 1S621.4 form a dimer that interacts with the
DBL and dDNA (Fig. 1e). Consistent with our functional data showing
RNA-guided DNA recognition by the IS621 recombinase?, the TBL and
DBL base pair with tDNA and dDNA, respectively (Fig. 1f). The tDNA
and dDNA molecules bend around the central catalytic site, adopt-
ing an X-shaped architecture (Fig. 1e,f). Consistent with the observed
recombination adjacent to the CT core sequences?, both the tDNA
(between tT9 and tA10) and the dDNA (between dT9 and dT10) are
cleaved adjacent to the CT core sequences (tC8-tT9 and dC8-dT9),
with the conserved serineresidues (5241) in1S621.4 and IS621.2 forming
covalent 5’-phosphoserine linkages with tDNA tA10 and dDNA dT10,
respectively (Fig. 1e,f). As observed for serine recombinases®, SDS-
PAGE analysis of the synaptic complex revealed slower-migrating bands
that probably correspond to covalentIS621-DNA complexes (Extended
DataFig. 2a). We conclude that this structure represents the post-top
strand cleavage state of the IS621 synaptic complex before the dDNA
and tDNA strands are exchanged.

1S621 recombinase structure

The I1S621 recombinase consists of a RuvC domain (residues 1-122), a
two-stranded a-helical coiled-coil domain (residues 123-188) and a
Tnp domain (residues 189-326) (Fig. 1b,h). The RuvC domain adopts
an RNase H fold, comprising a five-stranded 3-sheet flanked by four
a-helices, with an active site formed by the DEDD motif (D11, E60,
D102 and D105) (Fig. 1h). Although the RuvC domain of IS621 shares
structural similarity to those of other proteins, such as Cas9, the third
residue in the DEDD motif (D102 in IS621) is often replaced in other
RuvC domains™ ™ (Extended DataFig. 3a). The Tnp domain comprises
sevena-helices, withthe conserved serineresidue S241locatedinaloop
region between helices a3 and a4 (Fig.1h). A Dalisearch” revealed that
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the Tnp domain lacks detectable structural similarity with any other
known proteins. The coiled-coil domain contains two «-helices and
mediates the dimerization between I1S621.1and I1S621.2 and between
1S621.3 and IS621.4 (Fig.1g,h).

The four IS621 protomers are structurally similar, except for the
D102 loopsinthe RuvC domains and the S241loopsinthe Tnp domains
(Extended Data Fig. 3b,c). The S241loops in 1IS621.2 and I1S621.4 are
ordered andinteract with the D102 loopsinIS621.3 and IS621.1, respec-
tively, forming composite active sites that span between the two dis-
tinctdimersin the synaptic complex (Fig.1g and Extended Data Fig. 3d).
By contrast, the S241loopsinIS621.1and IS621.3 are disordered, with the
D102loopsinlS621.2 and 1S621.4 adopting distinct conformations from
thosein1S621.1and 1S621.3 (Extended DataFig. 3b,c). Whereas typical
RuvC-like domains do not require other domains for their catalytic
activity, the RuvC domains of the IS110 recombinases function together
with their Tnp domains, with the third residue in the IS110-specific
DEDD motif (D102 in IS621) forming a composite active site with S241
of the IS110-specific Tnp domain. This distinctive arrangement of the
catalytic residues probably helps to connect the two dimers in the
synaptic complex and prevent DNA cleavage from occurring before
synaptic complex formation.

bRNA architecture

Our structure reveals how the target-binding and donor-binding mod-
ules of the bRNA confer DNA specificity to the IS621 ribonucleoprotein
complex. The TBL (nucleotides 34-98) comprises stem, LTG, stem
loop and RTG regions, which are connected by four linker regions
(C47-U49,U59,G72-U73and U83-U86), whereas the DBL (nucleotides
110-177) similarly comprises stem, LDG, stem loop and RDG regions
connected by four linker regions (G121-G122, A131-U132, G155-U156
and U168) (Fig. 2a-c and Supplementary Fig. 2a). The TBL and DBL
adopt similar pseudo-symmetric structures with common features,
suchasflipped-out Anucleotides (A43 and A67 in TBL and A116 and A150
in DBL) and G nucleotides with the syn conformation (G48 and G72in
TBL and G121and G155in DBL) (Fig. 2a-c and Supplementary Fig. 2b).
These A and G nucleotides are highly conserved among the I1S110
family elements® and are similarly recognized by the Tnp domains in
the four 1IS621 protomers (Extended Data Fig. 4 and Supplementary
Fig.2c,d). The TBL and DBL also interact with the IS621 recombinase
viasugar-phosphate backbone contacts (Extended DataFig.4). These
structural findings revealed how the IS621 recombinase dimers asso-
ciate with the structurally distinct TBL and DBL to form two similar
ribonucleoprotein complexes.

DNA recognition mechanism

As predicted by our covariation analysis between bRNA and tDNA-
dDNA?,LTG (A50-U58) and RTG (G77-G80) in the TBL form base pairs
with tT14*-tA6* and tC11-tC8 in the tDNA, respectively, whereas LDG
(A123-C130) and RDG (A157-U158/C162-G165) in the DBL form base
pairswith dT14*~-dG7* and dT14-dA13/dG11-dC8 in the dDNA, respec-
tively (Fig. 2a-c and Extended Data Figs. 4 and 5a,b). We noticed the
formation of non-canonical base pairs between TBL G53 and tDNA
tT11*and between DBL G161 and dDNA dT12. U159 and U160 are flipped
out from the RDG-right donor heteroduplex, with U159 forming a
base pair with A131 (Fig. 2a,c). Consistent with our computational and
functional analyses?, these structural findings demonstrate that the
LTG and RTG in the TBL, and the LDG and RDG in the DBL, recognize
the bottom and top strands of tDNA and dDNA, respectively, through
aunique base-pairing scheme.

ThelS621element and related orthologues contain highly conserved
CT coredinucleotides atboth ends, and the IS621 recombinase prefer-
entially catalyses recombination between dDNA and tDNA molecules
containing the CT core dinucleotide. Whereas the second T nucleotide
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Fig.2|bRNA architecture. a, Schematics showing base pairingbetween

the bRNA and tDNA (top) and bRNA and dDNA (bottom). The covalent
5-phosphoserine-DNA linkages are indicated by grey lines. Non-canonical
base pairingisindicated by red lines. Disordered nucleotides are indicated by
dashedcircles. The 5’ stemloop and the linker regionare omitted. CL, catalytic

isalmostinvariant, the first C nucleotideis less conserved. Indeed, the
GT,ATand TT core sequences also supported IS621-mediated recom-
bination in E. coli cells®. Our structure explains the preference of the
IS621 recombinase for the CT core dinucleotides. The tT9 and dT9
nucleobases in the CT cores of tDNA and dDNA are recognized by the
main-chain amide group of G63 in the RuvC.1and RuvC.3 domains,
respectively, explaining the stricter conservation of a T nucleotide
at position 9 (Extended Data Figs. 4 and 5¢,d). Although the tC8 and
dC8 nucleobases in the CT core do not contact the protein, the G80
(RTG) and G165 (RDG) nucleobases form hydrogen bonds with the
main-chain carbonyl group of A61in the RuvC.1and RuvC.3 domains,
respectively. Meanwhile, their complementary tG7* and dG7* nucle-
obases are recognized by the N84 residue in the RuvC.2 and RuvC.4
domains, respectively (Extended Data Figs. 4 and 5e,f). Modelling of G
atposition 8inthe tDNA and dDNA suggested that the G nucleobase at
this position can form hydrogen bonds with the main-chain carbonyl
group of A61, whereas A or T at position 8 would be incapable of this
interaction (Extended Data Fig. 5g), consistent with the preference of
I1S621 for C/G over A/T at the first position in the core dinucleotide?.
Together, these findings explain the core dinucleotide preference of
the IS621 recombinase.

Our structure also reveals how the Tnp domains destabilize the DNA
duplexes to promote bRNA-mediated recognition of both tDNA and
dDNA.Y264,M265and M268inthe Tnp.1and2 and Tnp.3 and 4 domains
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(c).Disorderedregions are indicated by dotted lines. The S241residues are
depicted as space-filling models. Ina-c, DNA cleavage sites are indicated by
yellow triangles.

wedgebetweenthe tAl1-tT14*and tA14-tT1* pairsintDNA and between
the dA1-dT14* and dT14-dA1l* pairs in dDNA, respectively (Extended
Data Figs. 4 and 5h). Mutations of these three residues substantially
reduced the IS621-mediated recombination in E. coli (Extended Data
Fig. 5i,j), confirming the functional importance of the hydrophobic
wedge. Hydrophobicresidues are quite common at these three positions
among IS110 orthologues (Supplementary Fig. 1), suggesting that the
hydrophobic wedge is a conserved feature of the IS110 recombinases.

Synaptic complex formation

The I1S621 synaptic complex appears to result from the assembly of
the two 1S621.1/2-TBL-tDNA and 1S621.3/4-DBL-dDNA dimeric com-
plexes (Fig. 3a,b). The RuvC domains have a primary role in synaptic
complex formation, with the two dimers contacting each other through
RuvC-RuvC interactions (Fig. 3c,d and Supplementary Video 2). As
described above, the S241loops in Tnp.4 and Tnp.2 penetrate the
DBL and TBL to interact with the D102 loops in RuvC.1 and RuvC.3,
respectively, thereby forming the composite active sites comprising
D11, E60 and D105 (RuvC) and S241 (Tnp) (Fig. 3c,d and Supplementary
Video 2). The D102 residues from RuvC.1 and RuvC.3 form hydrogen
bonds with the conserved G242 residues of Tnp.4 and Tnp.2 to stabilize
the conformation of the S2411loops (Extended DataFig. 6a). In contrast
to this physical proximity and interaction between RuvC.1 and Tnp.4
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Fig.3|Synaptic complex formation. a,b, Surfacerepresentations of the [S621
synaptic complex, coloured according to the protomers (a) and domains (b). In
b, thecatalyticresiduesare colouredinred. c,d, Active sites formed by RuvC.1
and Tnp.4 (c) and RuvC.3 and Tnp.2 (d). The TBL and DBL are shown as space-
fillingmodels. DNA cleavage sites are indicated by yellow triangles. Disordered
regions areindicated by dottedlines. e, Locations of the active sites relative to
the tDNA and dDNA. f,g, Close-up views of the active sites formed by RuvC.1

and betweenRuvC.3 and Tnp.2, the other two Tnp domains are farther
away from their respective RuvC partners, rendering their S241loops
incapable of forming the same kind of composite active site (Fig.3c-e).

The synaptic complexis further stabilized by the interaction between
the stemloop of the DBL (DBL-SL) and RuvC.1 (Extended Data Fig. 6b).
U142, U143 and C144 in DBL-SL form base-specific contacts with T30,
H28andR27inRuvC.1, respectively (Extended DataFig. 6c). Thereplace-
ment of nucleotides 137-147 of DBL-SL with a GAAA tetraloop reduced
theinvitrorecombinationactivity of the system (Extended DataFig. 6d),
indicating the functionalimportance of these interactions for synaptic
complex assembly. By contrast, the corresponding stem loop of the TBL
(TBL-SL)is shorter than DBL-SL and does not contact RuvC.3 (Extended
DataFig. 6b). Separate TBL and DBL molecules similarly supported
I1S621-mediated recombinationin vitro (Extended DataFig. 6e), lending
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and Tnp.4 (f) and RuvC.3 and Tnp.2 (g). Cryo-EM density maps are shown as
grey semi-transparent surfaces. The Mg?* ions and water molecules are depicted
ascyanandredspheres, respectively. Hydrogen and coordinate bonds are
shown as green dashed and solid lines, respectively. DNA cleavage sites are
indicated by yellow triangles. h, Superimposition of the RuvC domainsin the
four1S621 protomers. The Mg* ions are depicted as spheres.

further confidence to the notion that the TBL and DBL within a single
synaptic complex are derived from two distinct bRNA molecules. We
observed that tT3* tG4* and tT5* of the tDNA form base pairs with dA5*,
dC4*and dA3* of the dDNA, respectively (Extended DataFig. 6b,f). How-
ever, donor-target base pairing at these positions did not affect recom-
bination efficienciesin our bacterial recombination assays?, indicating
that these donor-target base pairs are not functionally important.
Giventhe structural similarity between the 1S621.1/2-TBL-tDNA and
1S621.3/4-DBL-dDNA dimeric complexes (Supplementary Fig. 3a,b),
wewondered whether 1IS621 can mediate target-target and/or donor-
donor recombination. We found that IS621 is capable of donor-donor,
but not target-target, recombinationinvitro (Supplementary Fig.3c).
A model of the IS621-TBL-tDNA tetrameric complex suggests that
two IS621-TBL-tDNA dimeric complexes cannot form the tetrameric



synaptic complex, due to the lack of the DBL-SL-RuvC interactions
(Supplementary Fig. 3d), thus explaining why IS621 cannot mediate
target-target recombination. By contrast,amodel of the IS621-DBL-
dDNA tetrameric complexindicates that the DBL-SL-RuvCinteraction
on both constituent dimers may promote synaptic complex forma-
tion (Supplementary Fig. 3e), thereby potentially allowing donor-
donor recombination® We observed rare instances of donor-donor
recombination, but not target-target genomic rearrangements, in
E.coli?, suggesting that the low target-target recombination efficiency
of IS621 biologically contributes to preventing unintended genomic
rearrangements. Together, our analyses reveal that the 1IS621 synaptic
complexisstabilized by the protein-proteinand protein-nucleic acid
interactions between the two distinct dimers.

Active site architecture

In the RuvC.1-Tnp.4 composite active site, the top strand of tDNA
is cleaved between tT9 and tA10, adjacent to the CT core (tC8-tT9)
(Fig. 3f).S241in Tnp.4 forms a covalent 5’-phosphoserine intermedi-
ate with tA10, generating a 3’-OH group on tT9. This 3’-OH group and
the phosphate group of tA10-S241.4 are coordinated by aMg?" ion,
whichis further coordinated by D11 and E60 in RuvC.1and two water
molecules, which in turn form hydrogen bonds with E60, D105 and
T12in RuvC.1. Inthe RuvC.2-Tnp.3 active site, the top strand of dDNA
is cleaved between dT9 and dA10, thereby generating a 3’-OH group
indT9 and a5’-phosphoserineintermediate between dA10 and S241.2,
whichare stabilized by aMg* ionbound to RuvC.3 (Fig. 3g). Although
D11 and E60 assume similar conformations in all four RuvC domains,
D102 and D105 adopt distinct conformations in RuvC.1 and RuvC.3
compared withRuvC.2and RuvC.4, as the RuvC.1and RuvC.3 domains
neither interact with the S2411loop nor participate in composite active
site formation (Fig. 3h). The mutation of D11, E60, D102, D105 or S241
abolished IS621-mediated recombinationin our in vitro and bacterial
recombination assays (Extended Data Fig. 6g,h), confirming the essen-
tialrole of the RuvC-Tnp composite active site. Together, these findings
revealed that D11, E60, D102 and D105 in the RuvC.1and RuvC.3 domains
and S241inthe opposite Tnp.4 and Tnp.2 domains form the composite
active sites that cleave the top strands of tDNA and dDNA adjacent to
the CT core, respectively, thereby generating the 5’-phosphoserine
intermediates during IS621-catalysed recombination.

Handshake base pairing

The tyrosine recombinase Cre forms a tetrameric synaptic complex
with two DNA molecules containing loxP sequences and cleaves the top
strands of both DNA molecules, forming covalent 3’-phosphotyrosine-
DNA linkages and free 5’-OH groups™. The 5-OH groups then attack
the 3’-phosphotyrosine intermediates in the opposite DNA molecule
toachieve top-strand exchange, creating a Holliday junctioninterme-
diate that is resolved by cleavage of the bottom strand followed by a
second strand exchange to complete the recombination reaction'.
Thus, the 5’-phosphoserine-DNA intermediates that we observed in
theIS621structure suggest that the top strands of tDNA and dDNA are
exchanged after cleavage. However, the present structure is trapped
in the pre-strand exchange state, probably because strand exchange
is prevented due to the base pairs between the TBL/DBL and the mis-
matched nucleotides that we introduced for cryo-EM analysis (A81:tT7,
U82:tT6 and G166:dA7).

Our nucleotide covariation analysis® detected uncharacterized
covariation signals indicating base-pairing potential between posi-
tion7 ofthe tDNA and dDNA with their non-cognate bRNA loops across
hundreds of IS110 orthologues (thatis, position 7in tDNA and position 7
in dDNA may base pair with position 166 in the RDG and position 81
in the RTG, respectively) (Extended Data Fig. 7a,b). These observa-
tions suggest that the formation of new base pairs at these positions

after strand exchange isimportant for promoting the strand exchange
process. We named these nucleobases (positions 81-82 and 166-167
in the bRNA) handshake guides (HSGs), due to their potential role in
helping to ‘introduce’ the donor top strand to the TBL and the target
top strand to the DBL for top-strand exchange.

Totest the effect of handshake base pairing (HSB) on I1S621-mediated
recombination, we performed in vitro recombination experiments
using three bRNAs with different HSG sequences, along with tDNA (with
tG6andtC7)and dDNA (with dA6 and dT7) (Extended DataFig. 8a). The
wild-type (WT) bRNA produced the expected recombination product,
but also substantial amounts of cleaved tDNA and dDNA, suggest-
ing that strand exchange was less efficient than top-strand cleavage
(Extended Data Fig. 8b). In the second bRNA variant (post-HSB), we
extended the RTG-right target complementarity by three additional
base pairs (U74:tA14-U76:tA12), which enhanced the recombination
efficiencyin E. coli’. In addition, we reprogrammed U167 in the HSG to
C, sothat the HSGs of the TBL and DBL base pair with positions 6-7 in
dDNA and tDNA after strand exchange, respectively (thatis, TBL-dDNA
and DBL-tDNA non-cognate base pairs). In contrast to the WT bRNA,
the post-HSB bRNA strongly supported DNA recombinationin vitroand
drastically reduced the production of cleaved dDNA (Extended Data
Fig. 8b). Inthe third bRNA variant (pre-HSB), we mutated the HSGs of
each binding loop to base pair with their cognate DNA before strand
exchange (thatis, TBL-tDNA and DBL-dDNA cognate base pairs). The
pre-HSBbRNA mediated robust cleavage of the top strands of tDNA and
dDNA, butdid notlead to productive in vitro recombination (Extended
DataFig. 8b). Theseresultsindicate that the base pairing between the
HSGs of the TBL and DBL and their non-cognate DNA facilitates strand
exchange, whereas the base pairing between the HSGs and their cognate
DNA inhibits strand exchange.

Next, we explored whether the potential of the DBL HSG to base
pair with tDNA would affect the efficiency of recombination in £. coli.
Mirroring our resultsin vitro, we observed that the G166A mutationin
the DBL, which enables base pairing to dT7 of the dDNA, dramatically
reduced the recombination efficiency, whereas G166 (WT), G166C and
G166U allowed functional recombination (Extended Data Fig. 8c). Fur-
thermore, reprogramming U167 to G, which can base pair with tCé of
the tDNA after strand exchange, enhanced the recombination efficiency
(approximately 1.2-fold). Together, our in vitro and in cellulo recom-
bination assays revealed that the HSG positions can be programmed
as a key determinant of recombination efficiency.

Tounderstand how the pre-HSBbRNA precludes recombination, we
determined the cryo-EM structure of the synaptic complex with the
pre-HSB bRNA (Supplementary Fig. 4a-d). The structure is similar to
our original structure, with the top strands of tDNA and dDNA cleaved
to form 5’-phosphoserine intermediates (Supplementary Fig. 4e-h).
However, in contrast to the original structure, the HSGs inthe TBL and
DBL formthe expected base pairs with thetDNA and dDNA, respectively,
thereby impeding top-strand exchange (Supplementary Fig. 4e-h).
Thus, our biochemical and structural observations indicate that the
cognate base pairing with the HSGs traps the IS621 synaptic complex
inthe pre-strand exchange ‘locked’ state and does not allow recombi-
nation to proceed. Collectively, these findings strongly support our
hypothesis that HSGs, which are conserved in many natural IS110 sys-
tems, enable the top strands of both dDNA and tDNA to form base pairs
with the opposite bRNA loop, thereby facilitating strand exchange.

Strand exchange mechanism

Toexplore the next steps of the IS621-catalysed recombination mech-
anism, we determined the cryo-EM structure of the IS621 synaptic
complex containing the post-HSB bRNA with the following features
that would facilitate recombination: (1) RTG extension (positions
74-76), in which U74, C75 and U76 in the TBL base pair with tA14, tG13
and tAl12in the tDNA, respectively to stabilize the synaptic complex;
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8180

Fig.4|Strand exchange mechanism. a-i, Schematics of TBL-tDNA and DBL-
dDNA and the structures of tDNA and dDNA, and TBL-tDNA and DBL-dDNA, in
thelS621synapticcomplexesinthe pre-strand exchange state (the complex
withthe WT bRNA for comparison) (a-c); the post-strand exchange, Holliday
junctionintermediate state (state1) (d-f); and the post-strand exchange,

(2) replacement of non-canonical base pairs observed in the original
structure (positions 53 and 161); and (3) one additional handshake base
inthe DBL (position167) (Fig.4a-iand Supplementary Fig. 5a-g). Our
cryo-EM analysis revealed two distinct conformational states: state 1
(2.9 A resolution) and state 2 (2.7 A resolution) (Fig. 4d-i, Extended
DataFig.9a,band Supplementary Video 3). As expected, inboth states
1and 2, U74-U76 of bRNA base pair with tA14-tA12 of tDNA, whereas
G53 and A161of bRNA form canonical base pairs with tC11* of tDNA and
dT12 of dDNA, respectively (Fig.4d,g). Of note, the top strands of tDNA
and dDNA are cleaved downstream of the CT core (between tT9 and
tA10intDNA and betweendT9 and dT10in dDNA) and then exchanged,
resulting in the formation of new TBL-dDNA and DBL-tDNA base pairs,
as predicted by our HSG experiments (Fig. 4d-i). The RDG remains

1000 | Nature | Vol 630 | 27 June 2024

78

67 89 110 12
Partially

(s241.3)
$241.3
| TG-matched LT

76

8180 78 76
Goiel Extended RTG |

RT

(s241.1)
 Partially dDNA
«: cleaved

11 BS

6

Holliday junctionresolution state (state 2) (g-i). DNA cleavage sites are
indicated by yellow triangles, whereas partial cleavage and religation are
indicated by green triangles.Inb,e,h, cryo-EM density maps areshown as grey
semi-transparentsurfaces.Inb,c, disordered regions are indicated by dotted
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bound to positions 10-14 of the dDNA, while forming new base pairs
with the incoming core (tC8-tT9) of the tDNA top strand. Adjacent to
this interaction, positions 166-167 of the DBL (the HSG region) also
base pair with positions 6-7 of the tDNA. Similarly, the RTG remains
bound to positions 10-14 of the tDNA, while forming new base pairs
with the incoming core (dC8-dT9) of the dDNA top strand. In addi-
tion, positions 81-82 of the TBL (the other HSG region) base pair with
positions 6-7 of the dDNA.

Inbothstructures, phosphodiester bonds are formed between dDNA
dT9 and tDNA tA10 and between tDNA tT9 and dDNA dT10, with the
S241.4 and S241.2 residues dissociated from tDNA tA10 and dDNA dTI10,
respectively, creating aHolliday junctionintermediate (Extended Data
Fig.9c-f).Instate1, the phosphodiester bond between dDNA dT9 and
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Fig.5|Bridge recombination mechanism.a,b, Proposed mechanisms

of theIS621synaptic complex formation (a) and the IS621-mediated DNA
recombination (b). Two IS621 recombinase molecules bind to the TBL and DBL
from two different bRNA molecules to form the IS621-TBL and 1IS621-DBL
dimeric complexes, respectively.[S621-TBL and IS621-DBL recognize tDNA
and dDNA, respectively, and then1S621-TBL-tDNA and IS621-DBL-dDNA form
the tetrameric synaptic complex. In the synaptic complex, the top strands of
tDNA and dDNA are cleaved at the RuvC-Tnp active sites, with the catalytic S241

tDNA tA10 exhibits relatively weak density, with S241.4 located close
to tDNA tA10 (Extended Data Fig. 9c), suggesting partial religation
between dDNA dT9 and tDNAtA10. Together, these observations sup-
port the notion that IS621 cleaves the top strands of tDNA and dDNA,
followed by strand exchange and religation to formaHolliday junction
intermediate.

In state 1, the S241 loops in Tnp.1 and 3 are disordered and the
bottom strands of tDNA and dDNA are intact, as in the pre-strand
exchange structure (Fig. 4d-fand Extended Data Fig. 9a,g,h). By con-
trast, in state 2, the S241loops in Tnp.1 and 3 become ordered and
the bottom strands of tDNA and dDNA are cleaved between tC9*
and tC10* and between dT9* and dA10* at the RuvC.2-Tnp.3 and
RuvC.4-Tnp.1 active sites, with the S241.3 and S241.1 residues cova-
lently linked to tDNA tC10* and dDNA dA10*, respectively (the bottom
strand of dDNA is partially cleaved) (Fig. 4g-i and Extended Data
Fig.9b,i,j). Accordingly, the Holliday junction intermediate is resolved
by the cleavage of the tDNA and dDNA bottom strands at the RuvC-Tnp

residues forming covalent 5-phosphoserine intermediates. The top strands are
thenexchanged andreligated to form aHolliday junction (H)) intermediate,
whichisresolved by the cleavage of the bottom strands at the RuvC-Tnp active
sites. Itis possible that the bottom strands are exchanged, and mismatched
nucleotides are excised and repairedin E. coli cells, thereby completing the
recombination. DNA cleavage sites are indicated by yellow triangles. Canonical
and non-canonical base pairsareindicated by grey and red lines, respectively.

composite active sites of the two I1S621 protomers that did not par-
ticipate in top-strand cleavage (RuvC.2-Tnp.3 and RuvC.4-Tnp.1). We
conclude that the IS621 synaptic complex structures in states1and 2
represent the post-strand exchange, the Holliday junction interme-
diate state and the Holliday junction resolution state, respectively.
Together, our structural and functional data reveal a step-by-step
mechanism explaining how the IS621 recombinase and its bispecific
bRNA orchestrate programmable recombination between donor and
target DNA.

Discussion

The IS621 recombinase of the IS110 family utilizes a bispecific bRNA
withindependently programmable target-binding and donor-binding
loops to orchestrate recombination between diverse pairs of DNA
sequences?. Here we provide the first view of this new class of RNA-
guided DNA recombinase complexes, illuminating how the 1S621
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recombinase brings together two bRNA-specified DNA molecules to
catalyse their recombination (Fig. 5a,b).

Like site-specific recombinases such as Cre'?, the IS621 recombinase
catalyses the recombination reaction consisting of top-strand cleav-
age and exchange, Holliday junction formation, and bottom-strand
cleavage and exchange (Extended Data Fig. 10 and Supplementary
Discussion). However, IS621 uses a distinct domain architecture, RuvC-
Tnp composite active sites and a bRNA guide, thereby distinguish-
ing it from all known recombinase systems>"'>!#° (Supplementary
Fig. 6). Although many recent studies have expanded the known uni-
verse of RNA-guided enzymes?® %, our discovery of the IS110 bridge
RNA illustrates a conceptually distinct way by which enzymes utilize
RNA-mediated DNA recognition to manipulate nucleic acids (Supple-
mentary Discussion). Not only does IS621 represent the first example
of asingle-protein RNA-guided DNA recombinase but its bRNA also
contains two distinct guide segments that base pair with both the top
and bottom strands of the dDNA and tDNA — a unique feature among
all characterized RNA-guided systems to date.

The cryo-EM structures that we determined in this study represent
theinsertion step in the IS621 transposition cycle, where the circular
intermediate (ADNA) recombines into the genomic target site (tDNA).
Other stages of the IS621 transposition cycle remain to be mechanisti-
cally investigated. Notably, the IS621 system comprises only a single,
small protein (326 amino acids) and a single non-coding RNA mol-
ecule (177 nt) toaccomplish modular and programmable recognition
of dDNA and tDNA and their recombination — without introducing
double-stranded DNA breaks. Collectively, this work provides funda-
mentalinsightsinto transposable element spreading and RNA-guided
enzymatic mechanisms, and offers amechanistic framework to under-
stand and engineer bridge recombination systems as flexible tools for
genome design.
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Methods

Protein and RNA preparation

The IS621 recombinase gene was cloned into a modified pFastBacl
expression vector (Thermo Fisher Scientific), which encodes an
N-terminal Hisg tag, a Twin-Strep tag and a human rhinovirus 3C pro-
tease cleavage site (Supplementary Table 1). The IS621 protein was
expressed in Sf9 cells (Thermo Fisher Scientific), using the Bac-to-Bac
baculovirus expression system (Thermo Fisher Scientific). Sf9 cells
were cultured in Sf900Il medium (Thermo Fisher Scientific), infected
with the recombinantbaculovirus at a density of approximately 2 x 10°
cells per millilitre, and thenincubated at 27 °C for 48 h. The cells were
collected by centrifugation at 5,000g and stored at —80 °C before use.
The Sf9 cells were lysed by sonication in lysis buffer (20 mM Tris-HCI
(pH7.5),1MNacCl,2 mMMgCl,, 2% Triton X-100 and protease inhibitor
cocktail), and the lysate was clarified by centrifugation at 40,000g.
The supernatant was mixed with Strep-Tactin XTresin (IBA) at 4 °C for
1h. The resin was washed with wash buffer (20 mM Tris-HCI (pH 7.5),
500 mMNacl,2 mMMgCl,, 3 mM2-mercaptoethanoland10% glycerol),
andthe protein was eluted with wash buffer containing 80 mM biotin.
The eluted protein was purified by size-exclusion chromatography on
aSuperdex 200 Increase10/300 GL column (Cytiva), equilibrated with
buffer (20 mM Tris-HCI (pH 7.5), 500 mM NaCl, 1 mM dithiothreitol
(DTT),10% glyceroland 2 mM MgCl,). The peak fractions were collected
andstored at-80 °Cuntiluse. The S241A and D11A/E60A/D102A/D105A
mutants were similarly expressed and purified. The bRNAs were tran-
scribedin vitrowith T7 RNA polymerase and purified by 10% denaturing
(7 M urea) PAGE (Supplementary Table 1).

Synaptic complex preparation

The 1S621-bRNA-dDNA-tDNA synaptic complex was reconstituted
by mixing the purified IS621 recombinase, a177-nt bRNA (177 nt plus
5-GGGforinvitrotranscription),a44-bp dDNAand a38-bp tDNA, ata
molar ratio of 4:1:1:1. To obtain a synaptic complex with the WT bRNA
(pre-strand exchange state), six mismatches were introduced into
the top strands of the tDNA and dDNA (Supplementary Table 1). To
obtainasynaptic complex with the pre-HSB bRNA (pre-strand exchange
locked state) or the post-HSB bRNA (post-strand exchange state), four
mismatches were introduced into the top strands of the tDNA and
dDNA (Supplementary Table 1). The IS621-bRNA-dDNA-tDNA syn-
aptic complex was purified by size-exclusion chromatography on a
Superose 6 Increase 10/300 column (Cytiva), equilibrated with buffer
(20 mM Tris-HCI (pH 7.5), 300 mM NacCl, 5 mM MgCl, and 1mM DTT).
The peak fraction containing the synaptic complex was concentrated to
0.5-1mg ml™, using an Amicon Ultra-4 Centrifugal Filter Unit (MWCO
50 kDa; Millipore). Protein concentrations were measured by the Pierce
660 nm Protein Assay Reagent (Thermo Fisher Scientific).

Cryo-EM analysis
The grids were glow-discharged in low-pressure air atal0-mA current
inaPIB-10iongenerator (Vacuum Device). The synaptic complex solu-
tionwas applied toafreshly glow-discharged Quantifoil Holey Carbon
Grid (R1.2/1.3, Au, 300 mesh) (SPT Labtech) using a Vitrobot Mark IV
system (Thermo Fisher Scientific) at4 °C, with awaiting time of 10 sand
ablotting time of 6 sunder 100% humidity conditions. The grids were
plunge-frozeninliquid ethane cooled at liquid nitrogen temperature.
The grids containing the synaptic complex with the WT bRNA or the
pre-HSB bRNA were transferred to a Titan Krios G3i electron micro-
scope (Thermo Fisher Scientific) running at 300 kV and equipped with
aGatan Quantum-LS Energy Filter (GIF) and a Gatan K3 Summit direct
electron detector. The grid containing the synaptic complex with the
post-HSBbRNA was transferred to a Titan Krios G4 electron microscope
(ThermoFisher Scientific) running at 300 kVand equipped with a Gatan
Quantum-LS Energy Filter and a Gatan K3 Summit direct electron detec-
tor. Imaging was performed at a nominal magnification of x105,000,

corresponding to a calibrated pixel size of 0.83 A per pixel. For the
synaptic complex with the WT bRNA, each movie was dose fractionated
to 50 frames and recorded using the correlated double-sampling mode
atadoserateof 7.7 e px's7, resultinginatotal accumulated exposure
of 50 e~ A2 of the specimen. For the synaptic complex with the pre-HSB
bRNA, each movie was dose fractionated to 48 frames and recorded
using thenormalmode atadoserate of14.7 e px's™, resultinginatotal
accumulated exposure of 49 e~ A2 of the specimen. For the synaptic
complexwith the post-HSBbRNA, each movie was dose fractionated to
64 frames and recorded using the correlated double-sampling mode at
adoserateof9.5e px's™, resultinginatotal accumulated exposure of
62 e A of the specimen. The data were automatically acquired using
theimage-shift method in the EPU software (Thermo Fisher Scientific),
with a defocusrange of -0.8 to 2.0 um.

The data were processed using the cryoSPARC v4.3.0 software
package®. The dose-fractionated movies were aligned using Patch
motion correction, and the contrast transfer function (CTF) para-
meters were estimated using patch-based CTF estimation. For the syn-
apticcomplex with the WT bRNA, particles were automatically picked
using Blob picker and template picker, followed by reference-free 2D
classificationto curate particle sets. The particles were further curated
by heterogeneousrefinement, using the map derived from cryoSPARC
ab initio reconstruction as the template. The best-class particle set
was refined using non-uniform refinement, yielding a map at 2.58 A
resolution. Local motion correction followed by non-uniform refine-
ment with CTF value optimization yielded amap at 2.52 A resolution,
according to the Fourier shell correlation (FSC) = 0.143 criterion®.
The local resolution was estimated by BlocRes in cryoSPARC.

For the synaptic complex with the pre-HSBbRNA, particles were auto-
matically picked using template picker, followed by reference-free 2D
classification of the WT bRNA sets. The particles were further curated
by heterogeneousrefinement, using the WT bRNA maps as atemplate.
The best-class particle set was refined using homogeneous refine-
mentand non-uniform refinement, yieldinga map at 2.79 A resolution.
Local motion correction followed by non-uniform refinement with CTF
value optimization yielded amap at 2.72 A resolution, according to the
FSC = 0.143 criterion. The local resolution was estimated by BlocRes
in cryoSPARC.

For the synaptic complex with the post-HSB bRNA, particles were
automatically picked using template picker, followed by reference-free
2D classification of the WT bRNA datasets. The particles were further
curated by heterogeneous refinement, using the WT bRNA maps as a
template. To further distinguish the conformational heterogeneity,
the selected particles after homogeneous refinement were divided
into four classes using 3D classification. The particle sets in the two
selected classes were further refined using homogeneous refinement
and heterogeneous refinement. Non-uniform refinement with CTF
value optimization yielded maps at 2.88 A resolution (state1) and 2.73 A
resolution (state 2), according to the FSC = 0.143 criterion. The local
resolution was estimated by BlocRes in cryoSPARC.

Model building and validation

The models of the IS621-bRNA-dDNA-tDNA synaptic complexes were
manually built using COOT?®, starting from amodel predicted by Colab-
Fold®. The models were refined using phenix.real_space_refine*® and
Servalcat® against unsharpened half maps. The models were validated
using MolProbity*. The statistics of the 3D reconstruction and model
refinement are summarized in Extended Data Table 1. The molecular
graphics and cryo-EM density map figures were prepared with CueMol
(http://www.cuemol.org) or UCSF ChimeraX*.,

Invitro recombination assays

For in vitro recombination assays, linear tDNA and dDNA substrates
were synthesized by Eurofins Genomics, and labelled with FAM or
Cy5atthe5 end of the top or bottomstrand (Supplementary Table1).


http://www.cuemol.org
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The tDNA (0.1 pM) and dDNA (0.1 pM) substrates were mixed with the
pre-incubated IS621-bRNA complex (1.4 pM) in 100 pl buffer (20 mM
Tris-HCI (pH 7.5),300 mM NaCl, 5 mMMgCl,and1 mM DTT), and then
thereactions wereincubated at 37 °C for 1 h. The reaction mixture was
mixed with proteinase K (Nacalai Tesque) and then boiled at 95 °C for
3 minin denaturing buffer (7 M urea). The samples were analysed by
18% urea-PAGE, and fluorescent signals were imaged using FUSION Solo
S (Vilber Bio Imaging). For gel source data, see Supplementary Fig. 7.

Microscale thermophoresis

Microscale thermophoresis experiments were performed using
a Monolith NT.115pico Series instrument (NanoTemper), as previ-
ously described? The 1S621 recombinase was labelled using the
RED-MALEIMIDE 2nd generation cysteine reactive kit (NanoTemper).
The labelled protein was eluted in buffer (20 mM Tris-HCI (pH 7.5),
500 mM NacCl, 5 mM MgCl,,1mMDTT and 0.01% Tween 20). To deter-
mine the affinity of the IS621 recombinase for RNA, 20 nM recombi-
nase was incubated with adilution series (0.076-250 nM) of the bRNA
(177 nt), its reverse complement (177 nt) or the bRNA mutant lacking
the 5’stemloop (146 nt). Microscale thermophoresis experiments were
performed at 37 °C using premium capillaries (NanoTemper) at medium
microscale thermophoresis power with the LED excitation power set
to automatic (excitation ranged from10%to 50%). Data were analysed
using the NanoTemper MO.affinity analysis software package, and raw
data were plotted using GraphPad Prism 9 (GraphPad).

Bacterial recombination assays

Bacterial recombination assays were performed, as previously
described”. Inbrief, E. coli BL21(DE3) cells (NEB) were co-transformed
witha pTarget plasmid encoding atarget sequence and a T7-inducible
IS621 recombinase, and a pDonor plasmid encoding a bRNA, a donor
sequence and GFP, such that, upon recombination into pRecombi-
nant, GFP expression would be activated by the synthetic Bba_R0040
promoter adjacent to the target site (Supplementary Table 1). pDo-
nor encodes the WT IS621 donor sequences and pTarget encodes a
DNA sequence not foundin the E. coli genome, and the bRNA was pro-
grammed to recombine these two DNA sequences. Co-transformed
cells were plated on fresh LB agar containing kanamycin, chloram-
phenicoland 0.07 mMIPTG toinduce recombinase expression. Plates
were incubated at 37 °C for 16 h and then at room temperature for 8 h.
Hundreds of colonies were scraped from the plate, resuspended in
terrific broth and diluted to an appropriate concentration for flow
cytometry. About 5 x 10* cells were analysed on aNovoCyte Quanteon
Flow Cytometer to assess the fluorescence intensity of GFP-expressing
cells (Supplementary Fig. 8). The mean fluorescence intensity of the
population (including both GFP* and GFP cells) was plotted.

Covariation analysis

Covariation analysis toidentify base-pairing potential between bRNA
and tDNA or dDNA was performed, as previously described?. In brief,
IS621 orthologue sequences were searched (blastp) against a curated
database of IS110 elements extracted from publicly available genomic
sequence archives*. Next, a covariance model (CM) of the bRNA pri-
mary and secondary structures was used to identify homologues
of the bRNA sequence in the non-coding ends of these orthologous
sequences®. Target and donor sequences centred around the predicted
corewere extracted. Predicted bRNA sequences were aligned using the
cmalign toolinthe Infernal package. Two paired alignments were then
generated that contained concatenated target and bRNA sequences,
and concatenated donor and bRNA sequences. These alignments were
analysed using CCMpred (-n 100’) to identify covarying nucleotides
between target-donor and bRNA sequences**. These covariationscores
were normalized and multiplied by the sign of abase-pairing concord-
ance score to produce the covariation score scale, which ranged from
-1 (top strand base pairing) to +1 (bottom strand base pairing).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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images have been deposited in the Electron Microscopy Public Image
Archive, under the accession code EMPIAR-11804.
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Extended DataFig.1|1S621insertionsequence element. (a) Transposition
cycleofthelS62linsertionsequence element. The IS621elements consist of
theleftend (LE), therecombinase-coding sequence, and theright end (RE),
flanked by the CT core dinucleotide sequences at both ends. The transposition
cycle ofthe IS621 elements consists of excision (generation of a circular form)
andinsertion (recombination between the circular formand genomictarget
sites) steps. In the excision step, recombination would occur between the 5’ left
target (LT)-core-right donor (RD) region and the 3’ left donor (LD)-core-right
target (RT) regioninthelS621locus, resultinginthe LT-core-RT regioninthe
original genomicsite and the LD-core-RDregion atthe RE-LE junctioninthe
circular form. Importantly, the RE-LE junction contains the reconstituted o”°-
like promoter sequence, since REand LE containa-35boxanda-10 box,
respectively?. Thus, the bRNA encoded in the LE is expressed downstream of

the coresequence at the RE-LE junctioninthe circularintermediate. However,
itremains unclear whether the excision is mediated by the IS621-bRNA complex
and, if so, how the IS621-bRNA complex accomplishes both excision and
insertion reactions. For our cryo-EM analysis, we used the 44-bp donor DNA
(the RE-LE junction with the LD-core-RD sequence in the circular form) and
the38-bp target DNA (the genomictarget site with the LT-core-RT sequence)
from the natural 1IS621element found in £. coli, with the indicated minor
modifications to assist structural analysis. 5’ SL, 5 stem loop; TBL, target-
bindingloop; DBL, donor-bindingloop; LTG, left target guide; RTG, right target
guide; LDG, left donor guide; RDG, right donor guide; TS, top strand; BS, bottom
strand. (b) Schematics showing base-pairing between the bRNA and tDNA/
dDNA. Mismatched (MM) nucleotidesintroduced to the top strands for the
structural analysis are shown as lower-case letters.
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Extended DataFig.2|Cryo-EM analysis of the IS621synaptic complex.

(a) Preparation of the IS621-bRNA-dDNA-tDNA synaptic complex. The 1S621
recombinase, bRNA, and dDNA/tDNA (containing no mismatch (WT) or 6-nt
mismatches (MM) at positions 2-7in dDNA and tDNA) were mixed, and then
purified by aSuperose 6 Increase 10/300 column. The peak fraction of the
synaptic complex with the mismatched DNA (indicated by ared line) was
analyzed by SDS-PAGE (10-20%) and TBE-urea PAGE (15%). The proteins and
nucleicacids were visualized with CBB and SYBR Gold, respectively. We observed
three slower-migrating bands that may correspond to covalent IS621-DNA
intermediates during recombination (probably IS621-dDNA, 1S621-tDNA, and
1S621-dDNA-tDNA). Experiments were repeated at least three times with
similar results. (b) Invitro DNA recombination experiments. The 38-bp tDNA
and 44-bp dDNA substrates (containing no mismatch (WT) or 6-nt mismatches
(MM) at positions 2-7 in their top strands) were incubated with the IS621-bRNA
complexat37°Cforlh,andthenthereactionwasanalyzed usingan18% TBE-
ureagel. ThetDNA waslabeled with Cy5atthe 5’ end of the top strand. The
bandintensities of the product and cleaved DNAs were quantified, and the
recombinationratios (product DNA/product DNA + cleaved DNA) were
calculated. Experiments were repeated at least three times with similar results.
(c) Single-particle cryo-EM image processing workflow. (d) Representative 2D

averaged classimages. (e) Angular distribution of particlesin the final
reconstruction. (f) Fourier shell correlation (FSC) curves. The map-to-map FSC
curvewas calculated between the two independently refined half-maps after
masking (blueline), and the overall resolution was determined by the gold
standard FSC = 0.143 criterion. The map-to-model FSC curve was calculated
betweenthe refined atomic model and the full map (redline). (g, h) Cryo-EM
density maps, colored according to thelocal resolution (g) and the protein
domains (h).In (h), the active sites with the ordered and disordered S241
residues areindicated by red solid and dashed circles, respectively. (i) Effects
of 5’SLdeletion on bRNA binding to the IS621 recombinase. Binding of the
purified1IS621recombinase to the bRNA, its reverse complement (RC), or the
bRNA lacking the 5’ SL (nucleotides A1-U33) (A5’ SL) was analyzed using
microscale thermophoresis. Dataare shown as mean + SEM for three technical
replicates. (j) Effects of 5’ SL deletion on1S621-mediated recombinationin
E.coli.Dataare shown as mean = SD for three biological replicates. (k) Distance
between TBL and DBL. Nucleotides U96-A109 are disorderedin the present
structure. Modeling of nucleotides U96-A109 (colored grey) suggests that C98
and C99 are -40-A apart, indicating that the TBL and DBL in the synaptic complex
structure are derived from two different bBRNA molecules.
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5-phosphoserine DNA intermediates, thereby facilitating DNA cleavage and Theactivesites formed by RuvC.1-Tnp.4 and RuvC.3-Tnp.2 are indicated by
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ionsand catalyse the DNA cleavage reaction (i.e., the nucleophilicattack of an
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betweenRuvC.1and DBL-SL. (d) In vitro DNA recombination activities of 1IS621
incomplex withthe WTbRNA or the ADBL-SLbRNA mutant,inwhich nucleotides
C137-G147 werereplaced with GAAA. The tDNA (38 bp) substrate was labeled
with Cy5atthe 5 end of the top strand. The Cy5-tDNA (38 bp) and non-labeled
dDNA (100 bp) wereincubated with the IS621-bRNA complexat37°Cfor1h,
and thenthereactionwas analyzed using an18% TBE-ureagel. Recombination
between the Cy5-tDNA and dDNAyields a 69-bp Cy5-labeled product.
Experiments wererepeated at least three times with similar results. (e) In vitro
DNArecombination activities of [IS621in complex with the WT bRNA or
separated TBL (nucleotides 31-104) and DBL (nucleotides 99-177). The tDNA
(38 bp) substrate was labeled with Cy5 at the 5’ end of the top strand. The
Cy5-tDNA (38 bp) and non-labeled dDNA (44 bp) (containing 6-nt mismatches

intheir top strands) wereincubated with the IS621-bRNA complex at 37 °C
for1h,andthenthereactionwasanalyzed usingan18% TBE-urea gel.
Recombinationbetween the Cy5-tDNA and dDNA yieldsa49-bp Cy5-labeled
product. Experiments were repeated at least three times with similar results.
(f) Base-pairing between tDNA and dDNA. In (a), (c), and (f), cryo-EM density
maps are shown as grey semi-transparent surfaces. (g) DNArecombination
activities of the WT 1S621 and the active-site mutantsinthe in vitrorecombination
assays. The tDNA (38 bp) substrate was labeled with Cy5 at the 5’ end of the top
strand. The Cy5-tDNA (38 bp) and non-labeled dDNA (100 bp) were incubated
withtheIS621-bRNA complex at 37 °C for1 h, and then the reaction was
analyzed using an18% TBE-ureagel. Recombination between the Cy5-tDNA
and dDNAyields a 69-bp Cy5-labeled product. Experiments were repeated
atleast three times with similar results. dRuvC, D11A/E60A/D102A/D105A.
(h) DNArecombinationactivities of the WT1S621and the active-site mutants
inthebacterial recombination assays. Dataare shown as mean + SD for three
biological replicates.
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Extended DataFig. 8| Effects of handshake base-pairing. (a) Schematics of
the TBL/DBL and tDNA/dDNA sequences used for cryo-EM analysis and in vitro
recombination assays. The pre-and post-HSB (handshake base-pairing) bRNAs
stabilize the synaptic complexin the pre-and post-strand exchange states,
respectively. Mutated nucleotides in the pre- and post-HSB bRNAs and their
complementary DNA nucleotides are highlighted. (b) Effects of handshake
base-pairingoninvitro DNA activity of IS621. Three bRNAs with different
HSGs, A81/U82/G166/U167 (WT), G81/C82/A166/U167 (pre-HSB) or A81/
U82/G166/C167 (post-HSB), were used for the in vitro DNA recombination
experiments. The tDNA (38 bp) and dDNA (44 bp) substrates were labeled
with Cy5and FAM at the 5’ ends of the top and bottom strands, respectively.
The Cy5/FAM-tDNA (38 bp) and Cy5/FAM-dDNA (44 bp) were mixed with the

non-labeled dDNA (100 bp) and tDNA (102 bp), respectively. The DNA substrates
wereincubated with the IS621-bRNA complex at 37 °C for1h, and the reaction
wasthenanalyzed using an18% TBE-ureagel. Recombination between the Cy5/
FAM-dDNA and tDNA and between the Cy5/FAM-tDNA and dDNAyields 60-and
69-bp Cy5-labeled products, respectively. For the results with the labeled tDNA
and pre-and post-HSBbRNAs, the band intensities of the product and cleaved
DNAswere quantified, and the recombinationratios (product DNA/product
DNA +cleaved DNA) were calculated. Experiments were repeated at least three
times with similar results. (c) Effects of handshake base-pairing between

the DBL-HSG and dDNA on I1S621-mediated DNA recombinationin E. coli.
Dataareshownasmean + SD for three biological replicates.
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Extended DataFig. 9|Structures of theIS621synaptic complexesinthe
post-strand exchange states. (a, b) Structures of the IS621 synaptic complexes
inthe post-strand exchange states (state1) (a) and (state 2) (b). The active sites
with the ordered and disordered S241residues are indicated by red solid and
dashed circles, respectively. (c—j) Close-up views of TS-TBL (state 1) (c), TS-DBL
(statel) (d), TS-TBL (state 2) (e), TS-DBL (state 2) (f), BS-TBL (state 1) (g), BS-DBL
(state1) (h), BS-TBL (state 2) (i), and BS-DBL (state 2) (j). Cryo-EM density maps
areshown as grey semi-transparent surfaces. The Mg* ions are depicted as cyan
spheres.In(c), (d), (i), and (j), the density maps are contoured at two different

levels. The top strand is partially religated at the RuvC.1-Tnp.4 active site in
state1(greenarrow) (c), whereas the top strandis fully religated at the RuvC.1-
Tnp.4 activesiteinstate 2 (cyanarrow) (e). Thetop strands are fully religated at
theRuvC.3-Tnp.2 activesiteinstatesland 2 (cyanarrows) (d, f). The bottom
strands oftDNA and dDNA are not cleaved instate1(g, h). The bottom strand of
tDNA s fully cleaved at the RuvC.2-Tnp.3 active site in state 2 (yellow arrow) (i),
whereas that of dDNA is partially cleaved at the RuvC.4-Tnp.1activesite in
state2 (greenarrow) (j). TS, top strand; BS, bottom strand.
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Extended DataFig.10| Comparison of1IS621and Cre. Comparison of the
synaptic complex structures, DNA recognition mechanisms,and DNA
recombination mechanisms betweenIS621and Cre (PDB:1CRX and 3CRX).
Inthe recombination reactions catalysed by IS621and Cre, the top strandsin
two DNA molecules are cleaved, forming covalent protein-DNA intermediates.
DNA cleavage sites areindicated by yellow triangles. Note that the relative

angles between the two DNA molecules differ by -180° between the synaptic
complexes of IS621and Cre, resulting in the opposite orientations of their HJ
intermediates (parallel for IS621and antiparallel for Cre). The orientations of
the two DNA molecules areindicated by arrows. TS, top strand; BS, bottom
strand.
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Extended Data Table 1| Cryo-EM data collection, refinement, and validation statistics

State

Pre-strand exchange = Pre-strand exchange  Post-strand exchange Post-strand exchange

state locked state state (State 1) state (State 2)
EMDB ID EMD-37827 EMD-37828 EMD-37829 EMD-37830
PDB ID 8WT6 8WT7 8WT8 8WT9
Data collection and processing
Microscope Titan Krios G3i Titan Krios G4
Detector Gatan K3 Camera with Quantum LS energy filter
Magnification 105,000
Voltage (kV) 300
Electron exposure (e7A2) 49 50 64
Defocus range (um) -0.8to -2.0 -0.8to-1.6
Pixel size (A/px) 0.83
Symmetry imposed C1
Number of movies 5,586 5,499 15,672
Initial particle images 3,912,397 4,563,380 11,156,243
Final particle images 450,219 875,289 630,357 752,628
Map resolution (A) 2.52 2.72 2.88 2.73
FSC threshold 0.143 0.143 0.143 0.143
Model building and refinement
Model composition
Protein residues 1,246 1,246 1,246 1,258
RNA residues 127 127 127 127
DNA residues 106 112 112 112
Protein atoms 9,843 9,855 9,889 9,952
RNA atoms 2,718 2,691 2,691 2,691
DNA atoms 2,176 2,294 2,335 2,335
Other atoms 6 6 1 4
Average B factor (A?)
Protein 84.6 101.7 41.9 29.7
RNA 101.3 123.9 57.2 48.9
DNA 111.2 131.8 70.2 61.0
Other 72.0 941 36.9 29.6
R.M.S. deviations from ideal
Bond lengths (A) 0.003 0.003 0.003 0.003
Bond angles (°) 1.05 0.91 0.90 0.96
Validation
Clashscore 0.44 0.25 0.22 0.58
Rotamer outliers (%) 0.40 0.49 0.59 0.98
Ramachandran plot
Favored (%) 99.3 99.3 98.1 99.2
Allowed (%) 0.7 0.7 1.9 0.8
Outlier (%) 0.0 0.0 0.0 0.0
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Methodology
Sample preparation All cells were E. coli. Cells were scraped from agar plates, resuspended in DPBS, and diluted to the appropriate concentration.
Instrument Agilent NovoCyte Quanteon
Software NovoExpress software was used for flow cytometry analysis
Cell population abundance At least 50,000 cells were analyzed.
Gating strategy The majority (95%) of cells were gated on FSC/SSC. No further gating was performed.
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