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Structural visualization of the molecular evolution of CRISPR-Cas9.
Nagahata et al., Nat Struct Mol Biol, 2026

Structural mechanism of the Retron-Eco7 anti-phage defense system.
Ishikawa et al., Nat Commun, 2025

Structural insights into RNA-guided RNA editing by the Cas13b-ADAR2 complex.
Ishikawa et al., Nat Struct Mol Biol, 2025

Structural mechanism of bridge RNA-guided recombination.
Hiraizumi et al., Nature, 2024

RNA-triggered protein cleavage and cell growth arrest by the type IlI-E CRISPR
nuclease-protease.
Kato et al., Science, 2022

Structure and engineering of the type IllI-E CRISPR-Cas7-11 effector complex.
Kato et al., Nat Commun, 2022

Structure and engineering of the type IllI-E CRISPR-Cas7-11 effector complex.
Kato et al., Cell, 2023
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——

Genomic rearrangements, encompassing mutational changes in the genome such
asinsertions, deletions or inversions, are essential for genetic diversity. These
rearrangements are typically orchestrated by enzymes that areinvolved in
fundamental DNA repair processes, such as homologous recombination, or in the
transposition of foreign genetic material by viruses and mobile genetic elements*~.
Here we reportthat IS110 insertion sequences, a family of minimal and autonomous
mobile genetic elements, expressastructured non-coding RNA that binds specifically
to their encoded recombinase. This bridge RNA contains two internal loops encoding
nucleotide stretches that base-pair with the target DNA and the donor DNA, whichis
theIS110 element itself. We demonstrate that the target-binding and donor-binding
loops can be independently reprogrammed to direct sequence-specific recombination
between two DNA molecules. Thismodularity enables the insertion of DNA into
genomic target sites, as well as programmable DNA excision and inversion. The 1S110
bridge recombination system expandsthe diversity of nucleic-acid-guided systems
beyond CRISPRand RNA interference, offering a unified mechanism for the three
fundamental DNA rearrangements—insertion, excision and inversion—that are
required for genome design.
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Insertion sequence (IS) elements are the simplestautc
found in prokaryotic genomes', We recently discovered that IS110 family elements
encode a recombinase 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 1S110 recombinase in complex
withitsbRNA, target DNA and donor DNA in three different stages of the recombination
reaction cycle. The IS110 synaptic complex comprises two recombinase dimers, one
ofwhich houses thetarget-binding loop of the bBRNA 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 recombinationsitesinboth
targetand donor DNA. A comparison of the threestructures 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

transposable el

Evolution has dedicated a vast number of enzymes to the task of rear-
ranging and diversifying the genome. This process enables the emer-
gence and functionalspecialization of new genes, the development of
immunity’and the opportunisticspread of viruses and mobile genetic
elements (MGEs)". MGEs are abundant throughout all domains of life
and often mobilize through atransposase, integrase, homingendonu-
clease orrecombinase. These enzymes typically recognize DNA through
protein-DNA contacts and can be broadly classified by their target
sequence specificity, which ranges from site-specific (for example,
Cre and Bxbl recombinases)** to semi-random (for example, Tn5 and
PiggyBac transposases)®”.

Insertion sequence (IS) elements are among the most minimal auto-
nomous MGEs, and are found abundantly across bacteriaand archaea.
Many characterized IS elements use a self-encoded transposase that
recognizes terminal inverted repeats (TIRs) through protein-DNA
interactions®. IS elements have been categorized into approximately
28families on the basis of their homology, architectureand transposition
mechanisms, but they can bebroadlygrouped by the conserved catalytic
residues of their encoded transposases. These include DDE, DEDD and
HUH transposases, and, less frequently, serine or tyrosine transposases®.

IS110 family elements are cut-and-paste MGEs that scarlessly excise
themselves from the genome and generate a circular form as part of

their transposition mechanism®*. Given what is known about this
mechanism and life cycle, IS110 transposases are more accurately
described as recombinases. Although circular intermediates are
found in other IS families, 1S110 is the only family that uses a DEDD
catalytic motifin its recombinase. The N-terminal DEDD domains
ofIS110 recombinases share homology with RuvC Holliday junction
resolvases, suggesting that they have a unique mechanism of action
compared with other IS elements. IS110 elements typically lack TIRs
and appear to integratein aSequEnCe'SpeClﬁC manner, oftentargeting
repetiti in 1. Although the mechanism
of DNA recognition and recombination for IS110 elements remains
unclear, previous studies have suggested that the non-coding ends
of the element flanking the recombinase ORF regulate recombinase
expression®,

Here we show that the IS110 circular form drives the expression of
anon-coding RNA (ncRNA) with two distinct binding loops thatsepa-
rately recognize the 15110 DNA donor and its genomic insertiontarget
site. By bridging the donor and target DNA molecules through direct
base-pairing interactions, the bispecific bridge RNA facilitates DNA
recombination by the IS110 recombinase. Each binding loop of the
bridge RNA can be independently reprogrammed to bind and recom-
bine diverse DNA sequences. We further show that this modularity
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1S110 recombinases for programmable DNA recombination.

Transposable elements are mobile DNA sequences that can move or
copy themselvesto new locations within genomes. Theyare widespread
throughout alldomains of life and have vital roles in shaping genome
function and evolution®. Transposons typically encodea transposase
gene and terminal inverted repeats at both ends of the elements.
Using diverse catalytic mechanlsms these transposases recognize
theinvertedrep ly isionand insertion of the trans-
posable element intonew targe& sitesin 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-
atesand then inserted into specific DNA target sequences through
unknown mechanisms®'® (Fig. 1a and Extended Data Fig. 1a). Given
the conservative transposition cycle of 15110 elements, their encoded
transposases can be referred to as recombinases, reflecting a closer
functional blance tosite-specific recc Bxbland
Cre™2,1S110 family ofaleftend,a i oding
sequence and aright end, flanked by the CT (cytosine-thymine) core
dinucleotide sequences (Fig. 1aand Extended DataFig. 1a), and unlike

most other insertion sequence elements, they do not encode long
terminal inverted repeatsequences, 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 distinctivemechanismof action that
has, untilnow, remained elusive.

Inouraccompanying 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 inits 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 1S621 circular form) and target DNA (tDNA; the
genomicinsertion site) (Fig. 1c and Extended Data Fig.1a,b). The bRNA
target-binding loop (TBL) contains two guide segments: a left target
guide (LTG) and a right target guide (RTG), which base pair with the
leftside of the bottomstrand (left target) and the right side of the top
strand (right target) of a double-stranded tDNA, respectively (Fig. 1c,
Extended DataFig. 1a,b and Supplementary Fig. 2a). Theanalogous
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NEWS AND VIEWS ‘ 26 June 2024

Programmable RNA-guided
enzymes for next-generation
genome editing

RNA-guided recombinase enzymes have been discovered that herald a new chapter for
genome editing — enabling the insertion, inversion or deletion of long DNA sequences at
user-specified genome positions.

By Connor J. Tou & Benjamin P. Kleinstiver &

TECHNOLOGY FEATURE ‘ 27 June 2024

No CRISPR: oddball jumping gene’
enzyme edits genomes without
breaking DNA

A programmable RNA that bridges a genetic donor and a target could herald a safer and
more flexible approach to large-scale chromosome changes.

By Heidi Ledford
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