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Structural mechanism governing the 
directionality of bridge recombination

Masahiro Hiraizumi1,10, Januka S. Athukoralage2,10, Nicholas T. Perry2,3,4,10, Eisuke Tsujimoto1,10, 
Nami Shiojiri1,10, Naoto Nagahata1, Lauren Lee2, Gwanggyu Sun2, Matthew G. Durrant2,3, 
Sita S. Chandrasekaran2, Silvana Konermann2,5, Keitaro Yamashita6, Patrick D. Hsu2,3,7,8 ✉ & 
Hiroshi Nishimasu1,6,9 ✉

Bridge recombinases from the IS110 family of transposons, such as IS621, associate 
with a bridge RNA (bRNA) to mediate programmable recombination between donor 
DNA and target DNA1,2. Although insertion is mediated by the recombinase–bRNA 
complex, it remains unknown how IS621 elements are excised from host genomes  
to form the circular DNA intermediates required for transposition. Here we show  
that bRNA is weakly expressed from IS621 loci in the Escherichia coli genome and  
that the IS621 recombinase–bRNA complex mediates excision less efficiently than 
insertion. Furthermore, we present the cryo-electron microscopy structures  
of the IS621 recombinase–bRNA complex bound to excision DNA substrates, 
providing mechanistic insights into the excision reaction. Similar to the previously 
reported donor- and target-bound insertion complex2, the excision complex 
comprises two recombinase dimers, each accommodating the target- and donor- 
binding loops of the bRNA. However, DNA recognition differs notably between the 
two complexes. Although the donor and target DNAs form a bent U-shape during 
insertion2, the excision substrates adopt linear conformations and bind across  
both bRNA loops, forming an X-shaped structure. This geometry reduces the 
efficiency of top-strand exchange and contributes to the naturally observed  
bias favouring insertion over excision. Despite these differences, the efficiencies  
of both reactions are similarly modulated by base pairing between specific 
dinucleotides in the bRNA, termed handshake guides, and the top strands of the  
DNA substrates. Overall, this study provides mechanistic insights into the complete 
IS110 transposition cycle and facilitates the optimal design of programmable 
bridge-editing applications.

Insertion sequence (IS) elements are transposable DNA sequences 
found in prokaryotic genomes and are categorized into approximately 
30 families, including IS110 (ref. 3). The transposition cycle of IS110 fam-
ily elements involves two sequential recombination events: excision of 
the element from the host genome to form a circular double-stranded 
DNA intermediate and insertion of this circular form into a new target 
site4–10 (Fig. 1a,b and Extended Data Fig. 1a). Although insertion has 
been the focus of recent structural and functional studies1,2, the mecha-
nism by which IS110 elements are excised under native conditions has 
remained poorly understood. 

Unlike typical transposable elements11, IS110 elements, such as IS621 
from Escherichia coli6, comprise a left end (LE), a recombinase gene 
and a right end (RE), with conserved CT (cytidine–thymidine) core 
dinucleotide sequences at both boundaries (Fig. 1a,b and Extended 

Data Fig. 1a). The IS110 recombinase has a distinctive domain archi-
tecture: a RuvC-like nuclease domain with a non-canonical DEDD 
catalytic motif (hereafter, RuvC for simplicity), a coiled-coil domain 
that mediates dimerization and a Tnp domain harbouring a conserved 
catalytic serine residue1,6 (Extended Data Fig. 1b). During transposi-
tion, the IS110 recombinase catalyses recombination between the 
circular intermediate (donor DNA (dDNA), containing left donor 
(LD) and right donor (RD) sequences) and the genomic target site 
(target DNA (tDNA), containing left target (LT) and right target (RT) 
sequences), generating the LT–RD and LD–RT junctions at the inser-
tion site, referred to as the left half (LH) and right half (RH), respec-
tively (Fig. 1b and Extended Data Fig. 1a). Excision is the reverse 
process: recombination of the LH and RH regenerates the circular 
donor and the original target site.
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Fig. 1 | See next page for caption.
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We recently established that the IS621 circular intermediate expresses 
a non-coding bridge RNA (bRNA) from a promoter reconstituted 
across the RE–LE junction1. The bRNA comprises two programmable 
DNA-binding loops: a target-binding loop (TBL) and a donor-binding 
loop (DBL), each containing guide segments that hybridize with tDNA 
and dDNA, respectively, enabling the IS621 recombinase to catalyse 
sequence-specific recombination between diverse DNA substrates1 
(Extended Data Fig. 1c). Cryo-electron microscopy (cryo-EM) struc-
tures of the IS621 recombinase–bRNA complex bound to insertion 
substrates (referred to as the insertion complex) showed a tetrameric 
synaptic complex in which composite RuvC–Tnp active sites catalyse 
stepwise strand cleavage and exchange2 (Extended Data Fig. 1d). Fur-
thermore, we and others demonstrated that the bridge recombinase 
orthologue ISCro4 can mediate programmable rearrangement of the 
human genome12,13.

Studies on the IS110 family member ISEc21 showed that a non-coding 
RNA derived from the upstream non-coding region co-purifies with 
the recombinase and is essential for circular intermediate formation, 
with a minimum number of target-derived flanking bases required on 
each side of the element for excision to proceed14. In a related IS110 
family member, ISPpu9, multiple distinct circular intermediates are 
generated through recombination between different combinations 
of terminal sequences, in a process requiring an active recombinase 
and specific nucleotides at the element ends15. However, it remains 
unclear how the bridge recombinase–bRNA complex mediates exci-
sion under native conditions in bacterial cells, how the left and right 
element junctions are recognized, and how the bRNA is produced 
before circular intermediate generation, given that bRNA expression 
is itself driven by circularization. Here, we biochemically and structur-
ally characterized the IS621 excision reaction, providing a resolution 
to this chicken-and-egg problem.

Excision of the IS621 elements in E. coli
To investigate how the IS621 elements are excised by the IS621 recom-
binase–bRNA complex in bacterial cells, we transformed E. coli strain 
BL21(DE3), which naturally lacks IS621 elements, with plasmids encod-
ing IS621 in one of two configurations: either mimicking the excised 
circular intermediate, in which the RE–LE junction is reconstituted to 
generate a promoter upstream of the bRNA (Extended Data Fig. 2a), or 
mimicking the genomic (linear) arrangement, in which the element is in 
its LE–recombinase–RE configuration and lacks the junction promoter 
(Extended Data Fig. 2b). We then profiled transcription from both con-
structs by RNA sequencing (RNA-seq). Consistent with our previous 
study1, we observed transcription of the bRNA from the reconstituted 
RE–LE junction promoter (Extended Data Fig. 2a). We also detected 
low-level transcription across the full-length IS621 element in the LE–
recombinase–RE configuration, which lacks the junction promoter 

(Extended Data Fig. 2b), suggesting that both the recombinase and 
bRNA can be expressed at low levels even without promoter reconstitu-
tion. To assess the expression of the IS621 elements encoded in the E. 
coli genome, we sequenced the whole transcriptome of the E. coli strain 
Mach1, which contains three copies of the IS621 element (Fig. 1c and 
Extended Data Fig. 2c). We observed transcription originating from 
each genomic locus, with some transcripts extending into the region 
encoding the bRNA (Fig. 1d).

To determine whether excision is supported by low-level transcrip-
tion from the LE–recombinase–RE configuration, we performed 
polymerase chain reaction (PCR) targeting both the expected cir-
cular intermediate (RE–LE) and the post-excision junction in E. coli 
BL21(DE3) cells harbouring a plasmid encoding IS621 in the linear 
configuration (Extended Data Fig. 3a). Both products were detected 
from the plasmid lacking the junction promoter (Extended Data 
Fig. 3b,c), indicating that read-through transcription can produce 
sufficient amounts of the recombinase and bRNA to mediate exci-
sion. When a transcriptional terminator was inserted upstream of 
the LE on the plasmid (Extended Data Fig. 3a), neither the expected 
circular intermediate nor the post-excision junction was detected by 
PCR (Extended Data Fig. 3b,c), indicating that transcription through 
the element is required for excision. Deletion of the bRNA-encoding 
region from the LE yielded similar results (Extended Data Fig. 3b,c), 
confirming that the bRNA itself, rather than the process of transcrip-
tion, is essential for excision.

We next asked whether excision also occurs from native IS621 loci in 
the E. coli genome. PCR analysis of total DNA from E. coli Mach1 detected 
the expected circular intermediate (RE–LE), whereas no product was 
observed in E. coli BL21(DE3), which lacks IS621 elements (Fig. 1c,e). 
Furthermore, PCR analysis of total DNA from E. coli Mach1 detected 
post-excision junctions at the expected genomic sites of all three ele-
ments (Fig. 1c,f), suggesting that the circular intermediates originate 
from any of the three loci across the population under basal conditions. 
As the three IS621 copies are highly homologous, we cannot exclude 
the possibility that the bRNA or recombinase expressed from one 
locus acts in trans to facilitate excision at another. Collectively, these 
results indicate that the bRNA and recombinase-coding transcripts are 
expressed from the IS621 elements in the E. coli genome and mediate 
the excision of these elements.

In vitro excision and insertion reactions
To investigate whether the IS621 recombinase–bRNA complex 
catalyses the excision reaction, we next measured the efficiencies 
of the excision and insertion reactions in vitro, using quantitative 
PCR (qPCR). As we previously found that IS621-mediated insertion is 
enhanced by extending the right-target guide (RTG; positions 74–76) 
and right-donor guide (RDG; position 161) segments of the bRNA1,2 

Fig. 1 | Biological and biochemical analyses of the IS621-mediated excision 
reaction. a, Schematic of the life cycle of the IS621 element. The CT core 
dinucleotide sequences are shown as green diamonds. b, Sequences of the DNA 
substrates for excision (left and right halves) and insertion (donor and target). 
c, Schematic of the IS621 sites in the E. coli Mach1 genome. Black arrows indicate 
PCR primers used to detect circular intermediates in e and post-excision sites 
in f. d, Transcription profiles of linear IS621 elements in the E. coli Mach1 genome. 
Mapped reads from the IS621 sites 1, 2 and 3 are overlaid. Reads that could  
not be assigned to specific loci due to sequence similarity were classified  
as nonspecific. Predicted transcription start sites (TSSs) are indicated by 
triangles. CPM, counts per million. e, Formation of circular intermediates in  
E. coli Mach1. The region spanning the LD–RD junction was amplified by PCR 
from E. coli Mach1 genomic DNA. E. coli BL21(DE3) was used as the control.  
f, Formation of post-excision sites in E. coli Mach1. The regions spanning the  
LT–RT junctions were amplified by PCR from E. coli Mach1 genomic DNA.  
In e and f, DNA was visualized with SYBR Gold. Data shown are representative  

of three technical replicates. For gel source data for e and f, see Supplementary 
Fig. 6. g, Schematic showing base pairing between the TBL/DBL in the wild-type 
bRNA and the DNA substrates before and after the top-strand exchange during 
excision and insertion. Non-canonical base pairs are indicated by red lines, and 
DNA cleavage sites are marked with yellow triangles. TS, top strand; BS, bottom 
strand. h,i, Recombination efficiencies of excision and insertion in vitro. DNA 
substrates were incubated with the IS621 recombinase and the engineered 
bRNA (RTG/RDG extensions and the G53A substitution) containing pre-top 
strand exchange (pre-TSE) and post-top strand exchange (post-TSE) HSG 
sequences (h) and various HSG sequences (i) at 37 °C for 2 h. Recombination 
efficiencies were quantified by qPCR. In h, data are shown as mean ± s.d. (n = 3 
technical replicates). In i, the differences in the number of HSG–DNA base pairs 
before and after top-strand exchange are displayed on each cell. The efficiencies 
for the pre-TSE and post-TSE HSG sequences are highlighted with solid and 
dashed yellow-green boxes. Data are shown as mean (n = 3 technical replicates). 
TSE, top-strand exchange.
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(Extended Data Fig. 4), we assessed the impact of bRNA modifica-
tions on the efficiencies of both processes. We used the purified IS621 
recombinase and the 177-nt bRNA with DNA substrates for excision 
(51-bp LH and 121-bp RH) or insertion (86-bp tDNA and dDNA) (Fig. 1g 
and Extended Data Fig. 5a). Consistent with our previous findings1,2, 
we observed substantial enhancements in insertion efficiency with 
the RTG extension, with further additive improvement in combination 
with the RDG extension (Extended Data Fig. 5b). Notably, excision was 
roughly 2,000-fold less efficient than insertion (0.03% compared 
with 63%) (Fig. 1h and Extended Data Fig. 5b), with efficient insertion 
requiring both the TBL and DBL (Extended Data Fig. 6a). Unexpect-
edly, DBL alone mediated both excision and insertion (Extended Data 
Fig. 6a), suggesting that DBL–DNA base pairing alone is sufficient 
for substrate recognition and that two DBL-containing recombi-
nase dimers can assemble into a productive tetramer even without 
TBL, consistent with our previous structural observations2. Every 
bRNA modification that increased the insertion efficiency caused 
a corresponding decrease in the excision efficiency (Extended  
Data Fig. 5b).

We next explored whether extended bRNA transcripts, potentially 
resulting from read-through transcription originating at the pro-
moter of an upstream gene, could support recombination in vitro. 
Using several transcripts (up to 775 nt) extended at the 5′ end, the 3′ 
end or both ends, designed based on a transcription start site mapped 
to an upstream coding sequence (Extended Data Fig. 2c), we found 
that the extended bRNAs were compatible with both excision and 
insertion (Extended Data Fig. 6b). When both ends were extended to 
mimic read-through from the upstream transcription start site into the 
recombinase-coding sequence, the excision and insertion efficiencies 
were reduced approximately two-fold relative to the minimal 177-nt 
bRNA (Extended Data Fig. 6b). Together, these results indicate that 
read-through transcription from flanking genes can produce func-
tional bRNA transcripts that support the excision of IS621 elements 
from the E. coli genome. Overall, these biochemical data show that the 
IS621–bRNA complex can mediate excision, albeit with substantially 
lower efficiency than insertion.

Because the handshake guide (HSG) dinucleotides in the bRNA 
(positions 81–82 and 166–167) can base-pair with DNA substrates 
either before or after top-strand exchange2 (Extended Data Fig. 4), 
we reasoned that this pairing might modulate the reaction direc-
tionality. We investigated how the HSG–DNA base pairing affects 
excision and insertion, using wild-type and engineered bRNA scaf-
folds with four different HSGs. As reported previously2, insertion 
was facilitated by HSG–DNA base pairing after top-strand exchange, 
as in the natural reaction (Fig. 1h, i and Extended Data Fig. 7a). Nota-
bly, we observed an inverse trend in the relationship between the 
HSG sequences and the excision efficiencies (Fig. 1h,i and Extended 
Data Fig. 7a), suggesting that the top strands of the RD-containing 
LH and the RT-containing RH are recognized by the DBL RDG and TBL 
RTG, respectively, before top-strand exchange (Fig. 1g). Moreover, 
these findings indicate that in both insertion and excision, the opti-
mal HSG configuration promotes a transition from fewer to more 
base pairs in the complex after top-strand exchange. We refer to the 
HSG configurations that maximize RNA–DNA base pairing before 
top-strand exchange as pre-TSE and those that maximize pairing 
after exchange as post-TSE. Together, these findings indicate that 
(1) the IS621–bRNA complex mediates both excision and insertion, 
(2) the HSG configuration modulates the favourability of top-strand 
exchange, thus determining the overall efficiency and directionality 
of recombination, and (3) insertion is generally more efficient than 
excision (for example, the efficiencies of insertion and excision were 
about 70% and 1%, respectively, with their post-TSE configurations)  
(Fig. 1h).

To determine the relative contributions of bRNA expression and 
sequence to the excision efficiency, we constructed plasmids encoding 

the IS621 element with a T7 promoter upstream of the LE in both 
wild-type bRNA (pre-TSE) and engineered bRNA (post-TSE) contexts. 
The engineered bRNA carries the post-TSE HSG configuration, RTG/
RDG extensions and an LTG G53A substitution (to enable canonical 
A–T base pairing), which collectively promote the excision reaction 
(Extended Data Fig. 7b). We transformed E. coli BL21(DE3) with these 
plasmids and assessed the excision efficiency by qPCR, quantifying 
the post-excision junctions relative to the total plasmid. With the 
wild-type bRNA, the T7 promoter drove an approximately 100-fold 
increase in excision efficiency relative to the construct lacking a T7 
promoter (Extended Data Fig. 7c), consistent with bRNA expression 
contributing to excision frequency. Without a T7 promoter, the engi-
neered bRNA increased excision approximately 13,000-fold over the 
wild-type bRNA under the same conditions (Extended Data Fig. 7c). 
Adding the T7 promoter to the engineered bRNA did not further 
increase the excision efficiency (Extended Data Fig. 7c). Consist-
ent with these qPCR results, both the circular intermediate and the 
post-excision junction were detected by PCR (Extended Data Fig. 7d,e). 
Together, these results indicate that the bRNA sequence, rather than 
its expression level, is the primary determinant of the excision effi-
ciency, and that this barrier can be overcome by engineering the bRNA 
to favour strand exchange, with no additional benefit from increased  
transcription.

Pre-TSE excision complex structure
Although the HSG configurations modulate the relative efficiencies of 
both reactions, insertion is generally more efficient than excision. To 
explain why the IS621–bRNA complex mediates these reactions with 
different efficiencies, we determined the cryo-EM structure of the IS621 
recombinase bound to the bRNA and its DNA substrates (referred to as 
the excision complex). Similar to the insertion reaction2, excision was 
enhanced by the engineered bRNA scaffold with the post-TSE HSG and 
DNA substrates carrying four-nucleotide mismatches at positions 2–5 
in the top strand, designed to locally destabilize the DNA duplex and 
thereby promote base pairing with the bRNA guides (Extended Data 
Fig. 8a,b). Furthermore, both insertion and excision were inhibited by 
the bRNA with the pre-TSE HSG (Extended Data Fig. 8b). Previously, 
we used bRNAs containing the pre- and post-TSE HSGs to determine 
the structures of the insertion complexes in the pre- and post-strand 
exchange states, respectively2. Therefore, we initially reconstituted 
the excision complex in the pre-strand exchange state by mixing the 
IS621 recombinase, the engineered bRNA with the pre-TSE HSGs (A81/
U82/G166/U167C), and the mismatch-containing LH and RH DNA sub-
strates, and then determined its cryo-EM structure at 2.5-Å resolution 
(Fig. 2a–c, Extended Data Figs. 4 and 8a, Supplementary Fig. 1a–e and 
Supplementary Video 1).

The excision complex consists of four IS621 recombinase molecules 
(IS621.1–IS621.4), the TBL and DBL modules of the bRNA, and two 
DNA molecules (LH and RH) (Fig. 2b,c). As in the insertion complex2, 
the recombinase dimers (IS621.1/2 and IS621.3/4) bind the TBL and 
DBL, respectively, which in turn recognize the two DNA substrates 
through RNA–DNA base pairing (Fig.  2a–c and Supplementary 
Fig. 2a,b). However, the DNA substrates adopt strikingly different 
conformations within the insertion and excision complexes. Dur-
ing insertion, the tDNA and dDNA are bent into U-shaped conforma-
tions within each dimer2 (Extended Data Fig. 9a). During excision, the 
LH and RH instead adopt extended, linear conformations that cross 
between both dimers, producing an X-shaped arrangement (Fig. 2c 
and Extended Data Fig. 9b). Furthermore, the DNA substrates are 
recognized by the TBL and DBL differently in these two complexes. In 
the insertion complex, the tDNA and dDNA are recognized by the TBL 
and DBL within each dimer, respectively2 (Extended Data Fig. 9a). By 
contrast, in the excision complex, the LH and RH are recognized by 
both the TBL and DBL, resulting in each dimer interacting with both 
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substrates simultaneously (Fig. 2c and Extended Data Fig. 9b). As in 
the insertion complex2, the catalytic S241 loops in IS621.2 and IS621.4 
are ordered and interact with the D102 loops in IS621.3 and IS621.1, 
respectively, creating composite active sites to cleave the top strands 
of both DNA substrates and form 5′-phosphoserine intermediates 
(Supplementary Fig. 2a,b). The corresponding S241 loops in IS621.3 
and IS621.1, which would mediate bottom-strand cleavage, are disor-
dered in this structure (Supplementary Fig. 2a,b). Thus, this structure 
represents the top-strand cleaved, pre-strand exchange state during 
the excision reaction.

Excision DNA recognition
The cryo-EM structure of the excision complex explains how the 
IS621–bRNA complex recognizes the excision DNA substrates (LH 
and RH). As in the insertion complex2, the TBL and DBL adopt simi-
lar pseudo-symmetric architectures and are recognized by the pro-
tein (Fig. 2d–f and Supplementary Fig. 3a). The TBL LTG and the DBL 
LDG base pair with the LH LT and the RH LD, respectively, whereas 
the TBL RTG and the DBL RDG base pair with the RH core–RT and 

the LH core–RD, respectively (Fig. 2d–f and Supplementary Fig. 3a). 
As expected, the HSG regions in the TBL (positions 81–82) and DBL 
(positions 166–167) base pair with the RH (A6–T7) and the LH (G6–
C7), respectively, thereby preventing top-strand exchange. Unlike in 
the insertion complex2, nucleotides U49, U73, G122 and U156, which 
flank the four guide segments, form stacking interactions with the 
DNA nucleobases at positions 3 and 3*, helping the DNA strands pass 
across the TBL- and DBL-bound dimers (Supplementary Fig. 3a,b). 
Moreover, in the excision complex, U160 in the RDG adopts a differ-
ent conformation compared with that in the insertion complex and 
stacks with A6* in the RH, contributing to DNA binding (Supplementary  
Fig. 3a,b).

During the insertion process, the TBL- and DBL-bound recombinase 
dimers separately bind only the tDNA and dDNA, respectively, and 
then come together to form the tetrameric complex2 (Extended Data 
Fig. 10a). By contrast, the excision complex structure suggests that the 
TBL- and DBL-bound recombinase dimers can bind both the LH and 
RH substrates (Extended Data Fig. 10b). Microscale thermophoresis 
measurements showed that the TBL- and DBL-bound dimers each bind 
both LH and RH with comparable affinity, whereas they preferentially 
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bind the tDNA and dDNA, respectively (Extended Data Fig. 10c), indi-
cating the different assembly processes between the two complexes. 
Together, these data show how the IS621–bRNA complex recognizes 
the LH and RH sequences during the excision process.

Excision DNA cleavage
As in the insertion complex2, the top strands of the RH and LH sub-
strates are cleaved adjacent to their CT core motifs (C8–T9) within the 
composite active sites (RuvC.1–Tnp.4 and RuvC.3–Tnp.2), generating 
free 3′-OH groups on the T9 nucleotides of both substrates and cova-
lent 5′-phosphoserine intermediates with S241 of Tnp.4 and Tnp.2, 
respectively (Fig. 3a–c and Supplementary Fig. 2b). Consistently, our 
in vitro recombination experiments with fluorescently labelled DNA 
substrates showed the presence of the top-strand-cleaved interme-
diates during both the excision and insertion reactions (Extended 
Data Fig. 8b). The top-strand-cleaved intermediates accumulated 
to similar levels in both reactions, yet the final recombination prod-
uct was markedly less abundant during excision (Extended Data 
Fig. 8b). This suggests that strand exchange, rather than initial cleav-
age, is the rate-limiting step for excision and accounts for much of 
the efficiency difference between the two reactions. Together, these 
data indicate that the top strands of the RH and LH substrates are 

cleaved adjacent to the CT core, forming 5′-phosphoserine interme-
diates and 3′-OH groups, which enable subsequent strand exchange  
(Fig. 3d).

Post-TSE excision complex structure
To further investigate the excision mechanism, we determined the 2.6-Å 
resolution cryo-EM structure of the excision complex in the post-strand 
exchange state, using the engineered bRNA with the post-TSE HSGs 
(A81G/U82C/G166A/U167), which facilitate HSG–DNA base pairing 
after top-strand exchange (Fig. 4a–c, Supplementary Fig. 4a–e and 
Supplementary Video 2). As expected, the top strands of the LH and 
RH are cleaved adjacent to the CT core and exchanged, forming new 
TBL–LH and DBL–RH base pairs (Fig. 4a–d). After exchange, the RDG 
retains its base pairing with positions 10–14 of the LH top strand, while 
forming new base pairs with the incoming core (C8–T9) of the RH top 
strand (Fig. 4a,c). Immediately adjacent to this core interaction, the 
HSG region (A166–U167) of the DBL base pairs with T7–A6 of the incom-
ing RH strand, stabilizing the post-strand exchange state. Similarly, 
the RTG remains bound to positions 10–14 of the RH top strand, while 
forming new base pairs with the incoming core (C8–T9) of the LH top 
strand, with the HSG region of the TBL (G81–C82) base pairing with 
C7–G6 of the LH (Fig. 4a,c). These structural observations indicate 
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that, similar to the insertion reaction2, the top strands of the DNA 
substrates are exchanged after strand cleavage during the excision  
reaction.

Discussion
In this study, we showed that bRNA is expressed at low levels from linear 
IS621 elements in E. coli cells and that the IS621 recombinase–bRNA 

complex mediates the recombination between the two junction 
sequences flanking the element, the LH (LT–RD) and RH (LD–RT), 
enabling the excision of the IS621 element from the genome (Fig. 5a). 
Our biochemical data showed that the IS621–bRNA complex catalyses 
excision with much lower efficiency than insertion. Furthermore, the 
cryo-EM structures provided insights into how the IS621–bRNA com-
plex recognizes the excision DNA substrates to mediate their recom-
bination. These findings suggest that excision is normally suppressed 
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in E. coli, but once a rare excision event occurs, the resulting circular 
intermediate reconstitutes the RE–LE junction promoter, boosting 
recombinase and bRNA expression. As the natural system is inher-
ently configured to favour insertion, this would preferentially drive 
transposition into a new target site.

A structural comparison between the excision complex and the 
insertion complex2 showed mechanistic similarities between the 
IS621-mediated excision and insertion processes (Fig. 5b, Supple-
mentary Fig. 5 and Supplementary Video 3). Initially, the IS621–bRNA 
complex recognizes DNA substrates for both excision (LH and RH) 
and insertion (dDNA and tDNA) primarily through identical RNA–DNA 
base pairing at four guide regions. In both processes, the top strands 
of the DNA substrates are cleaved at the CT core within the RuvC–Tnp 
active sites, forming 5′-phosphoserine intermediates and 3′-OH groups 
on the top strands and allowing top-strand exchange. It is likely that 
the bottom strands are subsequently cleaved at the other RuvC–Tnp 
active sites during excision, as observed during insertion2. These 
structural findings highlight the ability of the IS621 bridge system to 
mediate programmable recombination by similar but distinct stepwise 
catalytic mechanisms: excision (that is, recombination within a single 
double-stranded DNA (dsDNA) molecule with LT–RD and LD–RT) and 
insertion (that is, recombination between two dsDNA molecules with 
LT–RT and LD–RD).

Notable mechanistic differences exist between the excision and 
insertion reactions. First, the DNA substrates adopt different confor-
mations in the two complexes. The insertion complex contains bent, 
U-shaped tDNA and dDNA substrates, whereas the excision complex 
binds linear LH and RH substrates, which form an X-shaped structure 
(Fig. 5a,b and Supplementary Video 3). As the transition from bent to 
linear conformations in the cleaved DNA top strands is likely energeti-
cally favourable, top-strand exchange would occur more efficiently 
during insertion than during excision, consistent with our biochemi-
cal data (Extended Data Fig. 8b). These conformational differences 
probably contribute to the different efficiencies of the two processes. 
Moreover, our structural and biochemical data indicate the distinct 
assembly mechanisms of the IS621–bRNA–DNA tetrameric complex 
in excision and insertion. During insertion, IS621 recombinase dimers 
bound to TBL/tDNA and DBL/dDNA assemble into a functional tetra-
meric complex2. By contrast, during excision, tetramers can form 
through multiple pathways, because TBL- and DBL-bound recom-
binase dimers can each bind both LH and RH substrates (Extended 
Data Fig. 10c). Productive excision complexes form when a TBL-bound 
recombinase dimer engaged with the LH and RH assembles with a 
DBL-bound recombinase dimer engaged with the RH and LH, respec-
tively (Fig. 5a). However, alternative, non-productive combinations 
may occur and could reduce the overall excision efficiency. Although 
two TBL-bound recombinase dimers could simultaneously bind to the 
LH and RH sequences in the natural IS621 locus, they cannot form a 
productive complex, preventing recombination and thereby reducing 
excision in E. coli cells (Fig. 5a). Our biochemical data showed that the 
DBL alone can support excision (Extended Data Fig. 6a), suggesting 
that recombinase dimers bound to DBL–LH and DBL–RH can form a 
productive complex, in which the DNA substrates probably adopt 
U-shaped rather than X-shaped conformations because of a steric clash 
between the linear LH and RH substrates. Furthermore, in the natural 
IS621 system, the LH (LT–RD) and RH (LD–RT) sequences are located at 
both ends of the elements on the same DNA molecule (genomic DNA), 
whereas the target (LT–RT) and donor (LD–RD) sequences reside on 
separate DNA molecules (genomic DNA and circular intermediates) 
(Fig. 5a). These positional differences in the recognition sequences 
are also likely to affect the efficiencies of the excision and insertion 
processes.

Typically, RNA-guided enzymes such as CRISPR–Cas916 recognize 
nucleic-acid targets by base pairing with an RNA guide and cleave 
them within the guide–target duplex. By contrast, the IS621 bridge 

recombinase recognizes two DNA substrates by base pairing with 
the four RNA guide segments in the bRNA, and then a portion of the 
substrates (positions 6–9 in the top strands) must dissociate from the 
guides after top-strand cleavage for the subsequent strand exchange 
(Fig. 5b and Supplementary Fig. 5). As the CT core dinucleotides (posi-
tions 8–9 in the top strands) are invariant and always base pair with 
the guide segments, the extent of the base pairing between the top 
strand of the DNA substrates at positions 6–7 and the HSG dinucleo-
tides of the bRNA (TBL positions 81–82 and DBL positions 166–167) 
serves as the primary determinant of the recombination efficiency 
(Fig. 5b and Supplementary Fig. 5). Our previous study showed that 
HSG–DNA base pairing before and after strand exchange inhibits and 
facilitates the insertion reaction, respectively2. In this study, we found 
that HSG–DNA base pairing also affects the efficiency of the exci-
sion reaction, highlighting a common mechanistic principle between 
excision and insertion. The wild-type bRNA contains AU (positions 
81–82 in TBL) and GU (positions 166–167 in DBL) as the HSG sequences, 
whereas the wild-type tDNA and dDNA have GC and AT at positions 6 
and 7, respectively (Fig. 5b and Supplementary Fig. 5). The wild-type 
HSG sequences form only one Watson–Crick base pair with the DNA 
before strand exchange, but three after exchange. This asymmetry 
drives the insertion reaction forward while simultaneously disfavour-
ing excision, consistent with our biochemical data. Together, these 
observations suggest that, apart from the low bRNA expression and 
the limited excision activity of the IS621 complex, the native HSG–DNA 
base-pairing pattern substantially contributes to suppressing excision 
in E. coli cells. This base-pairing pattern is highly conserved among 
other IS110 elements2, supporting the role of HSGs as key regulators 
of the IS110 life cycle.

This study clarifies the programmable recombination mechanism of 
IS110 bridge systems and shows that the optimal bRNA designs for inser-
tion are inherently unfavourable for excision—a principle essential for 
maximizing the persistence of genome modifications. The engineering 
principles presented here offer a practical guide for optimizing bRNA 
scaffolds to favour either insertion or excision. Several modifications, 
including the split bRNA system and RTG/RDG extensions, have already 
improved recombination efficiency in human cells12,13, underscoring 
the translational relevance of our findings.
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Methods

RNA sequencing and analysis
E. coli BL21(DE3) cells (NEB: C2527H), which lack endogenous copies of 
IS621 elements, were transformed with plasmids encoding either the 
RE–LE junction or the LE–recombinase–RE region of the IS621 element. 
The cells were plated on LB (lysogeny broth) agar with kanamycin and 
grown overnight at 37 °C. Colonies were scraped from the plates, and 
RNA was extracted using a Direct-zol RNA miniprep kit (Zymo Research). 
To assess the expression of the IS621 elements encoded in the E. coli 
genome, RNA was extracted using a Direct-zol RNA miniprep kit from 
One Shot E. coli Mach1 T1R cells (F– φ80lacZΔM15 ΔlacX74 hsdR(rK–, mK+) 
ΔrecA1398 endA1 tonA) (Thermo Fisher Scientific, C862003) harvested 
from bacterial plates 24 h after plating at 37 °C.

RNA-seq was carried out on a NovaSeq X Plus sequencer in collab-
oration with Novogene Research Services (Novogene). Paired-end 
RNA-seq reads from each sample were aligned to the respective 
plasmid and genomic reference sequences using Burrows–Wheeler 
Aligner-MEM17. Aligned reads were filtered using SAMTools18 for reads 
that originated from the strand that encodes the bRNAs. For each locus 
of interest on the reference sequences, we used the Pysam Python 
module to count the coverage depth at the single-base level from 
these filtered reads, with a quality threshold of 0. As the E. coli Mach1 
genome has three separate IS621 loci that are highly homologous with 
one another, many of the RNA-seq reads that mapped to these regions 
were expected to lack unique mapping to one of the three loci. Thus, 
among the reads that were mapped to any of the IS621 loci, pairs of 
reads in which either pair had a mapping quality of zero (meaning the 
read can map equally well to other parts of the reference sequence) 
were classified as ‘nonspecific’ reads, and the coverage from these 
reads was counted separately from the reads that mapped specifically 
to one of the three IS621 loci.

Detection of plasmid-based IS621 excision by PCR
Plasmids containing elements with the wild-type bRNA (pre-TSE for 
excision) or the engineered bRNA (post-TSE for excision) were trans-
formed into E. coli BL21(DE3), which lacks endogenous copies of IS621 
elements, ensuring that all detected excision events originate from 
the plasmid-borne construct. For constructs lacking a T7 promoter 
upstream of the bRNA, bacteria were plated on LB agar with kanamycin 
and grown overnight at 37 °C. For constructs with a T7 promoter, plates 
were supplemented with 0.07 mM IPTG. Colonies were scraped from 
plates, and plasmid DNA was extracted using a QIAprep Spin Miniprep 
Plus Kit (Qiagen). Primers were designed to span the post-excision 
(LT–RT) junction site left after element excision from the plasmid and 
yield a 110-bp product. The same primers used to detect circularized 
IS621 intermediates from the Mach1 genome were also used to con-
firm the production of circular intermediates from plasmid-borne 
constructs, yielding a 725-bp product. All PCRs were performed with 
the same protocol described below for the detection of native IS621 
excision and were fractionated on 2% agarose gels and visualized 
with SYBR Gold (Thermo Fisher Scientific). All PCR products were 
sequence-verified by Sanger sequencing.

Detection of circular intermediates and post-excision sites
Genomic DNA was isolated from freshly purchased aliquots of E. 
coli strains in liquid culture using Zymo Quick DNA Miniprep Plus 
Kits (Zymo), according to the instructions of the manufacturer. 
Whole-genome sequencing was performed at 100× coverage using 
the Plasmidsaurus whole-genome nanopore sequencing service, which 
confirmed that the One Shot Mach1 E. coli T1R strain harbours three cop-
ies of IS621, whereas the E. coli BL21(DE3) strain contains zero copies. 
Bacteria were plated on LB agar and grown overnight at 37 °C. Colonies 
were then scraped from the plates, and total DNA was extracted using a 
Zymo Quick DNA Miniprep Plus Kit. Primers were designed to match all 

three IS621 recombinase-coding sequences in the Mach1 genome, such 
that PCR amplification would occur only on excised and circularized 
IS621 sequences from any locus. Moreover, primers were designed to 
base pair with the junction remaining post-excision at all three loci 
encoding IS621, such that amplification with a downstream primer 
would yield a specific product. All PCRs were performed using Platinum 
SuperFi 2× MasterMix (Thermo Fisher Scientific) with the following 
protocol: 98 °C for 120 s; 25 cycles of 98 °C for 10 s, 65 °C for 15 s and 
72 °C for 15 s; and 72 °C for 2 min. PCR products were subsequently 
fractionated on 2% agarose gels and visualized with SYBR Gold.

In vitro recombination measurement by qPCR
DNA substrates (51-bp LH, 121-bp RH, 86-bp tDNA and 86-bp dDNA) 
were purchased from IDT as ssDNA and annealed by heating to 95 °C fol-
lowed by slow cooling to 4 °C over 1 h in a thermocycler. DNA substrates 
(0.25–0.5 µM) were mixed with the IS621–bRNA complex (10 µM) in 
20 µl buffer containing 20 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM 
MgCl2 and 1 mM dithiothreitol (DTT), and then the reactions were incu-
bated at 37 °C for 2 h. The reactions were quenched by the addition of 
50 mM EDTA, treated with 8 µg RNase A (NEB) at 50 °C for 1 h, and then 
treated with 3 units of Proteinase K at 37 °C for 1 h. After RNA and protein 
digestion, the DNA was purified using DNA Clean & Concentrator-5 
(Zymo Research) and eluted with 75 °C nuclease-free water. For qPCR 
analysis, reaction dilutions were prepared, and qPCR was performed 
on a LightCycler 480 II instrument (Roche) using primers and Prime-
Time qPCR probes (final concentration 0.5 µM) purchased from IDT, 
along with TaqMan Fast Advanced qPCR mix. In vitro recombination 
products are expected to have an unligated bottom strand, with the two 
nucleotides adjacent (3′) to the core mismatched with the top strand, 
after the bottom strand exchange step of the reaction mechanism. 
Therefore, to accurately quantify the reaction efficiency, considering 
the polymerase processivity through lesions and the primer binding 
near nicks, qPCR signals for different reactions were compared with 
standard curves generated using known quantities of 121-bp RH (LD–RT, 
insertion product) DNA and 86-bp target (LT–RT, excision product) DNA 
containing an unligated bottom strand with the expected mismatches 
adjacent to the core. These standards were prepared by annealing the 
top strand of RH/target (121/86 nt) with two oligos (56- and 65-nt RH 
and 56- and 30-nt target) constituting the bottom strand.

In vivo excision efficiency measurement by qPCR
To determine the excision efficiency in E. coli using the wild-type 
(pre-TSE for excision) and the engineered bRNA (post-TSE for excision) 
encoded within the LE of the IS621 element, 100 ng of sequence-verified 
plasmid, confirmed by nanopore sequencing to lack pre-excised mol-
ecules in the input population, was transformed into chemically com-
petent BL21(DE3) cells, which were recovered in SOC (super optimal 
broth) medium for 1 h at 37 °C, plated onto kanamycin-selective agar 
and grown overnight at 37 °C. All colonies from a single transformation 
plate were bulk-harvested by scraping into liquid medium, providing 
a population-level average of excision efficiency across thousands 
of independent clonal lineages and minimizing bias from stochastic 
colony-to-colony variation. Total plasmid DNA was extracted from 
each pooled sample using a QIAprep Spin Miniprep Plus Kit (Qiagen), 
and qPCR was carried out on 400 ng of the extracted plasmid. Primers 
and probes were designed to amplify the KanR resistance marker (HEX) 
as a measure of total plasmid, as well as the post-excision junction 
(LT–RT, FAM) on plasmids that had undergone excision of the IS621 
element. Multiplexed TaqMan qPCR was performed on a control plas-
mid containing both the post-excision junction and the KanR marker 
to determine the relative amplification efficiencies of the two probes. 
This inter-channel correction factor was applied when calculating the 
excision efficiency from experimental samples. At least three independ-
ent transformations were performed to confirm the reproducibility of 
the population-level measurement.
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Protein and RNA preparation
The IS621 recombinase protein was prepared as described previously2. 
Briefly, the IS621 gene was cloned into a modified pFastBac1 vector 
encoding an N-terminal His6–Twin-Strep tag and an HRV3C cleavage 
site. Sf9 cells were infected with the baculovirus and cultured at 27 °C 
for 48 h. The cells were harvested and lysed, and the soluble fraction 
was purified by Strep-Tactin affinity chromatography followed by 
size-exclusion chromatography. The purified protein was concentrated 
and stored at −80 °C, in buffer containing 20 mM HEPES-NaOH, pH 7.5, 
500 mM NaCl, 2 mM MgCl2, 1 mM DTT and 10% glycerol, until use. The 
bRNAs were transcribed in vitro with T7 RNA polymerase and purified 
by 10% denaturing (7 M urea) polyacrylamide gel electrophoresis (Sup-
plementary Table 1).

In vitro recombination assays with fluorescently labelled DNA 
substrates
DNA substrates (38-bp LH, 44-bp RH, 38-bp tDNA and 44-bp dDNA) were 
purchased from Eurofins Genomics. The LH and tDNA were labelled 
with Cy5 at the 5′ ends of the top strand (Supplementary Table 1). The 
DNA substrates (0.4 µM; LH and RH for excision or tDNA and dDNA for 
insertion) were mixed with the pre-incubated IS621–bRNA complex 
(2 μM) in 10 µl buffer containing 20 mM Tris-HCl, pH 7.5, 300 mM NaCl, 
5 mM MgCl2 and 1 mM DTT, and then the reactions were incubated at 
37 °C for 1 h. The reaction mixture was mixed with Proteinase K (Nacalai 
Tesque) and incubated at 95 °C for 2 min in denaturing buffer (7 M 
urea). The samples were analysed on an 18% TBE–urea denaturing gel, 
and fluorescent signals were imaged using FUSION Solo S (Vilber Bio 
Imaging).

Excision complex preparation
The excision complex was reconstituted by mixing the purified IS621 
recombinase, a 177-nt bRNA (177 nucleotides plus a 5′ GGG leader for 
in vitro transcription) and DNA substrates (LH and RH) containing 4-nt 
mismatches on the top strands. The bRNAs with pre-TSE and post-TSE 
were used for reconstitution of the excision complex in the pre- and 
post-strand exchange states, respectively. The reconstituted com-
plex was purified by size-exclusion chromatography on a Superose 
6 Increase 10/300 column (Cytiva), equilibrated with buffer (20 mM 
Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM MgCl2 and 1 mM DTT). The purified 
excision complex was concentrated to 0.5–1 mg ml−1 using an Amicon 
Ultra-4 centrifugal filter unit (MWCO 50 kDa; Millipore). Protein con-
centrations were determined using the Pierce 660 nm Protein Assay 
Reagent.

Cryo-EM analysis
For cryo-EM data collection, Quantifoil Holey Carbon Grids (R1.2/1.3, 
Au, 300 mesh) (SPT Labtech) were glow-discharged in low-pressure air 
at a 10 mA current in a PIB-10 (Vacuum Device). The excision complex 
solution was applied to freshly glow-discharged grids using a Vitrobot 
Mark IV system (Thermo Fisher Scientific) at 4 °C, with a waiting time 
of 10 s and a blotting time of 6 s under 100% humidity conditions. The 
grids were plunge-frozen in liquid ethane cooled by liquid nitrogen.

The grids were transferred to a Titan Krios G3i TEM (Thermo Fisher 
Scientific), running at 300 kV and equipped with a Gatan Quantum-LS 
Energy Filter (GIF) and a Gatan K3 Summit direct electron detector. 
Imaging was performed at a nominal magnification of 105,000×, cor-
responding to a calibrated pixel size of 0.83 Å per pixel (px). Each movie 
was dose-fractionated to 50 frames at a dose rate of 7.8 e− px−1 s−1 at the 
detector in the correlated double sampling mode, resulting in a total 
accumulated exposure of 50 e− Å−2 of the specimen. The data were auto-
matically acquired using the image-shift method in the EPU software 
(Thermo Fisher Scientific), with a defocus range of −0.8 μm to −2.0 μm.

The data were processed using the cryoSPARC v.4.4.0 software 
package19. The dose-fractionated movies were aligned using Patch 

Motion Correction, and the contrast transfer function (CTF) parameters 
were estimated using patch-based CTF estimation. For the excision 
complex with the pre-TSE bRNA, particles were automatically picked 
using Blob Picker and Template Picker, followed by reference-free 
two-dimensional classification to curate particle sets. The particles 
were further curated by several cycles of Heterogeneous Refinement. 
The best class particle set was refined using Homogeneous Refine-
ment, yielding a map at 2.71-Å resolution. Reference-Based Motion 
Correction followed by Non-Uniform Refinement with optimization 
of the CTF value yielded a map at 2.44 Å resolution (according to the 
Fourier shell correlation (FSC) = 0.143 criterion)20 using a tight mask; 
however, the final reported resolution was determined to be 2.53 Å 
based on the FSC calculated using the softer refinement mask. For 
the excision complex with the post-TSE bRNA, particles were auto-
matically picked using Template Picker followed by reference-free 
two-dimensional classification. The particles were further curated 
by several cycles of Heterogeneous Refinement. The best class par-
ticle set was refined using Non-Uniform Refinement, yielding a map 
at 2.62 Å resolution. Reference-Based Motion Correction followed by 
Non-Uniform Refinement with optimization of the CTF value yielded a 
map at 2.41 Å resolution (according to the FSC = 0.143 criterion) using 
a tight mask; however, the final reported resolution was determined 
to be 2.55 Å based on the FSC calculated using the softer refinement 
mask. The local resolution was estimated by BlocRes in cryoSPARC.

Model building and validation
The models of the excision complexes were manually built with COOT21, 
using the IS621 insertion complex model (PDB ID: 8WT6) as the ini-
tial model, and then refined using Servalcat22 against unsharpened 
half-maps. The models were validated using MolProbity23. The statistics 
of the three-dimensional reconstruction and model refinement are 
summarized in Extended Data Table 1. The cryo-EM density maps were 
calculated with UCSF ChimeraX24, and molecular graphics figures were 
prepared with CueMol (http://www.cuemol.org).

Microscale thermophoresis
Microscale thermophoresis (MST) was performed using a Mono-
lith NT.115 Pico Series instrument (NanoTemper Technologies) with 
premium capillaries. The IS621 recombinase was labelled using a 
RED-MALEIMIDE 2nd Generation cysteine-reactive kit (NanoTemper 
Technologies), according to the instructions of the manufacturer. The 
labelled protein was diluted in buffer containing 20 mM Tris-HCl, pH 7.5, 
500 mM NaCl, 5 mM MgCl2, 1 mM DTT and 0.01% Tween 20, and ligands 
were prepared by dilution in the same buffer. For ligand preparation, 
DNA was purchased from IDT and annealed in buffer containing 10 mM 
Tris, pH 8.0, 5 mM MgCl2 and 5 mM KCl. To determine the affinities 
of the IS621–RNA complex for the DNA substrates (tDNA, dDNA, LH 
and RH), the IS621–RNA complex (20 nM) was incubated with serial 
dilutions (0.3 nM to 10 µM) of each relevant DNA ligand. MST measure-
ments were performed at 37 °C with 8% LED excitation and medium 
MST power in the Pico-RED excitation mode. Data were analysed using 
the NanoTemper MO.affinity analysis software package, and raw data 
were plotted on Prism for visualization.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Cryo-EM density maps have been deposited in the Electron Micros-
copy Data Bank under the accession codes EMD-65978 (pre-strand 
exchange state) and EMD-65979 (post-strand exchange state). Atomic 
coordinates have been deposited in the Protein Data Bank under IDs 
9WHX (pre-strand exchange state) and 9WHY (post-strand exchange 
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state). The raw images have been deposited in the Electron Microscopy 
Public Image Archive, under the accession code EMPIAR-13446. The 
RNA-seq data and the E. coli Mach1-T1R chromosome assembly used 
as the reference for RNA-seq alignment in this study have been depos-
ited under NCBI BioProject accession PRJNA1455502. The Mach1-T1R 
chromosome assembly can also be accessed using GenBank acces-
sion number JCAHTY000000000, and the RNA-seq data using the 
Gene Expression Omnibus (GEO) database under accession number 
GSE328474. The Mach1-T1R strain was obtained from Thermo Fisher 
Scientific (cat. no. C862003).
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | IS621 element. (a) Schematic of the life cycle of the 
IS621 element. TS, top strand; BS, bottom strand. (b) Domain structure of the 
IS621 recombinase. (c) Schematics of base pairing between the bRNA (TBL and 
DBL) and DNA substrates (tDNA and dDNA) before and after strand exchange 
during insertion. Non-canonical base pairing is indicated by red lines. HSG, 

handshake guide. (d) Cryo-EM structures of the IS621 insertion complex in  
the pre- and post-strand exchange states (PDB: 8WT7 and 8WT8)2. The four 
recombinase molecules are depicted as semi-transparent ribbon models.  
In (c) and (d), DNA cleavage sites are indicated by yellow triangles.

https://doi.org/10.2210/pdb8WT7/pdb
https://doi.org/10.2210/pdb8WT8/pdb
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Extended Data Fig. 2 | Expression profiles of the IS621 element.  
(a, b) Transcription profiles of the excision intermediate (RE–LE only) (a) and 
the full-length linear IS621 elements (LE–recombinase-coding region–RE) (b) 
encoded on a plasmid in E. coli. TSS, transcription start site. (c) Schematic of 

annotated coding sequences upstream of the three IS621 elements in the E. coli 
Mach1 genome. Predicted TSSs are indicated by black triangles. The orange 
triangle denotes the TSS upstream of IS621-1 used to design the 5′-extended 
bRNAs for in vitro recombination assays.



Extended Data Fig. 3 | Involvement of transcription through the bRNA and 
the IS621 element in excision. (a) Schematics of plasmids encoding either the 
wild-type (WT) IS621 element, the element lacking the bRNA in the LE (ΔbRNA), 
or the element with a BBa_B1006 high-efficiency transcriptional terminator 
inserted upstream of the LE. (b, c) PCR gel images showing detection of the 
circular intermediate (b) and the post-excision (LT–RT) junction (c) in DNA 

extracted from E. coli BL21(DE3) cells transformed with one of the three plasmids 
shown in (a). Controls include a plasmid containing only the post-excision site 
(LT–RT), which should yield a signal for the post-excision junction but not for 
the circular intermediate, and an empty vector, which should yield neither 
signal. Data are representative of three technical replicates. For gel source 
data, see Supplementary Fig. 6.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Sequences of the bRNA and DNA substrates. 
Sequences of the wild-type bRNA and DNA substrates for insertion (tDNA and 
dDNA). Nucleotide modifications are shown below, with replaced nucleotides 
highlighted on white backgrounds. The wild-type HSG (WT) and the pre-TSE 

and post-TSE HSGs are shown in yellow-green boxes. Non-canonical base 
pairing is indicated by red lines. HSG, handshake guide; pre-TSE, pre-top strand 
exchange; post-TSE, post-top strand exchange.
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Extended Data Fig. 5 | Biochemical analyses of IS621-mediated excision and 
insertion. (a) Schematic of qPCR used to quantify efficiencies of excision and 
insertion in vitro. (b) Effects of bRNA modifications on excision and insertion 
efficiencies. DNA substrates were incubated with the IS621 recombinase and  
a bRNA containing various modifications at 37 °C for 2 h. Recombination 

efficiencies were quantified by qPCR. Data are shown as mean (n = 3 technical 
replicates). Schematics illustrating the base pairing between the wild-type 
(WT) and engineered bRNA scaffolds and the DNA substrates during excision 
and insertion are shown on the right.



Extended Data Fig. 6 | Effects of bRNA engineering on IS621-mediated 
excision and insertion. (a) In vitro recombination mediated by split TBL and 
DBL. DNA substrates were incubated with the IS621 recombinase and either 
TBL, DBL, or both (with different modifications) at 37 °C for 2 h. Recombination 
efficiencies were quantified by qPCR. Data are shown as mean (n = 3 technical 
replicates). Schematics illustrating the base pairing between the wild-type 

(WT) and engineered bRNA scaffolds and the DNA substrates during excision 
and insertion are shown on the right. (b) In vitro recombination mediated by 
extended bRNAs. DNA substrates were incubated with the IS621 recombinase 
and bRNAs extended at either the 5′ end, the 3′ end, or both, at 37 °C for 2 h. 
Recombination efficiencies were quantified by qPCR. Data are shown as 
mean ± s.d. (n = 3 technical replicates).
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | Effects of HSG–DNA base pairing on the efficiencies 
of excision and insertion. (a) Effects of HSG–DNA base pairing on the 
efficiencies of excision and insertion in vitro. DNA substrates were incubated 
with the IS621 recombinase and the wild-type bRNA containing various HSG 
sequences at 37 °C for 2 h. Recombination efficiencies were quantified by 
qPCR. The differences in the number of HSG–DNA base pairs before and after 
top-strand exchange are displayed on each cell. The efficiencies for the pre-TSE 
and post-TSE HSG sequences are highlighted with solid and dashed yellow-
green boxes. Data are shown as mean (n = 3 technical replicates). TSE, top-
strand exchange. (b) Schematics of the wild-type bRNA (pre-TSE for excision) 
and the engineered bRNA (post-TSE for excision). (c) Relative contributions of 
bRNA engineering and expression to excision efficiency. E. coli BL21(DE3) cells 
were transformed with plasmids containing the IS621 element with either the 
wild-type (WT) bRNA (pre-TSE for excision) or the engineered (EN) bRNA (post-
TSE for excision) encoded in the LE, with or without a T7 promoter upstream of 

the LE. When present, T7-driven expression was induced with IPTG. Cells were 
grown on agar plates at 37 °C for 24 h, and excision efficiency was quantified by 
multiplexed TaqMan qPCR, comparing total plasmid to post-excision junction 
abundance from 400 ng of total plasmid DNA extracted from bulk-harvested 
colonies. Data are shown as mean ± s.d. (n = 3 biological replicates). (d, e) PCR 
gel images showing detection of the circular intermediate (d) and the post-
excision (LT–RT) junction (e) in DNA extracted from E. coli BL21(DE3) cells 
transformed with plasmids encoding the wild-type (WT) bRNA (pre-TSE for 
excision) or the engineered (EN) bRNA (post-TSE for excision), with and without 
a T7 promoter driving expression across the element. Controls include a 
plasmid containing only the post-excision site (LT–RT), which should yield a 
signal for the post-excision junction, and an empty vector, which should yield 
neither signal. Data are representative of three technical replicates. For gel 
source data, see Supplementary Fig. 6.
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Extended Data Fig. 8 | In vitro recombination assay using fluorescently- 
labelled DNA substrates. (a) Sequences of the DNA substrates for excision  
(LH and RH) and insertion (tDNA and dDNA) used for biochemical and structural 
analyses. Nucleotides substituted relative to the wild-type sequences are 
highlighted with white backgrounds. Mismatched nucleotides introduced to 
the top strands are shown as lower case letters. (b) In vitro recombination assay 
using fluorescently-labelled DNA substrates. The DNA substrates (LH/RH for 
excision and tDNA/dDNA for insertion) with either no mismatch (WT) or 4-nt 

mismatches (MM) at positions 2–5 in their top strands were incubated with the 
IS621 recombinase and either the wild-type (WT) bRNA or the engineered (EN) 
bRNA containing pre-TSE (Pre) or post-TSE (Post) at 37 °C for 1 h. The reaction 
products were analysed on an 18% TBE–urea denaturing gel. The LH and tDNA 
were labelled with Cy5 at the 5′ end of the top strand. Experiments were 
repeated at least three times with similar results. For gel source data, see 
Supplementary Fig. 6.



Extended Data Fig. 9 | Structural comparison between the excision and 
insertion complexes. (a, b) Structures of the insertion (PDB: 8WT7) (a) and 
excision (b) complexes in the pre-strand exchange states. The recombinase 
tetramer is depicted as semi-transparent ribbon models for clarity. Nucleobases 

at positions 79–82 (TBL), 164–167 (DBL), and 6–9 (tDNA, dDNA, LH, and RH) are 
depicted as cartoon models to highlight RNA–DNA base pairing. DNA cleavage 
sites are indicated by yellow triangles.

https://doi.org/10.2210/pdb8WT7/pdb
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Extended Data Fig. 10 | See next page for caption.



Extended Data Fig. 10 | Distinct assembly mechanisms of the excision and 
insertion complexes. (a, b) Structures of the insertion (PDB: 8WT7) (a) and 
excision (b) complexes in the pre-strand exchange states. The DNA-bound 
IS621–TBL and IS621–DBL dimers, predicted based on the tetrameric complex, 
are shown on the right. (c) DNA binding to the TBL- and DBL-bound IS621 
recombinase dimers. The IS621–TBL and IS621–DBL dimers were pre-assembled 
by mixing the IS621 recombinase with either the TBL or DBL with wild-type or 

scrambled guides. The IS621 dimeric complexes were incubated with different 
concentrations of DNA substrates (dDNA, tDNA, RH, or LH), and DNA binding 
was assessed by microscale thermophoresis. Structural models of the DNA-
bound IS621–TBL/DBL dimeric complexes, predicted by AlphaFold325, are 
shown below the graphs. Data are shown as mean ± s.e.m. (n = 3 technical 
replicates).

https://doi.org/10.2210/pdb8WT7/pdb
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Extended Data Table 1 | Cryo-EM data collection, refinement, and validation statistics

State Pre-TSE Post-TSE
EMDB ID EMD-65978 EMD-65979
PDB ID 9WHX 9WHY

Data collection

Microscope Titan Krios G3i
Detector Gatan K3 Camera with Quantum LS energy filter
Magnification 105,000
Voltage (kV) 300
Electron exposure (e–/Å2) 50

Defocus range (µm) −0.8 to −2.0
Pixel size (Å/px) 0.83
Symmetry imposed C1
Number of movies 6,588 7,668
Initial particle images 4,917,491 5,474,552
Final particle images 558,374 515,470
Map resolution (Å) 2.53 2.55

FSC threshold 0.143 0.143

Model building and refinement

Model composition
Protein residues 1,254 1,250
RNA residues 118 125
DNA residues 112 114
Protein atoms 9,876 9,870
RNA atoms 2,501 2,649
DNA atoms 2,294 2,335
Other atoms 6 6

Average B-factor (Å2)
Protein 100.3 96.4
RNA 106.1 124.6
DNA 130.9 134.8
Other 94.2 79

R.M.S. deviations from ideal
Bond lengths (Å) 0.006 0.007
Bond angles (°) 1.660 1.670

Validation

Clashscore 1.84 2.43
Rotamer outliers (%) 3.26 2.86
Ramachandran plot

Favored (%) 99.1 98.7
Allowed (%) 0.9 1.3
Outlier (%) 0.0 0.0
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